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1 Introduction

The discovery of extrasolar planets ([1], [2], [3]) is arguably one of the most
exciting developments in astronomical observations in the past two decades.
At the time of this writing over 200 planets are known to orbit around stars
other than the sun. Almost all of these have been discovered using the so-called
“Doppler wobble” method: the measurement of the subtle Doppler shifts of
the stellar absorption lines due to the motion of the star about the star-planet
barycenter.

The measurement of stellar radial velocities is a technique that dates back
over 100 years, starting with the first measurements by [4] and [5]. With such
an old technique, why did it take a century to discover extrasolar planets? The
answer is simple: precision. Classical techniques could rarely achieve standard
errors of better than a few tenths of kilometer per second. By comparison the
best modern stellar radial velocity measurements can achieve a radial velocity
(RV) precision of ≈ 1 m s−1.

Figure 1 shows the velocity amplitude of a solar mass star about the
barycenter as a function of orbital period due to the presence of stellar com-
panions in the mass range 0.05 – 0.5 M⊙. Also shown is the velocity amplitude
as a function of period for substellar companions with masses in the range of
0.35 – 10 MJupiter (0.01M⊙). The horizontal line shows the nominal precision
of traditional methods for the measurement of a star’s radial velocity (here
we take σ ≈ 0.5 km s−1). The small points show the RV amplitude and peri-
ods for known extrasolar planets around solar-type stars. The large symbols
show the location of the first two extrasolar planets discovered: HD 114762 b
(square) and 51 Peg b (triangle). The large dot marks the location of Jupiter.

From this figure it is clear that classical techniques could have only discov-
ered those extrasolar planets for which the host star had the highest amplitude
reflex motion. HD 114762 was discovered using a more traditional method for
measurement of the stellar radial velocity, but only because of the relatively
high RV amplitude due to the mass of the planet (11 MJupiter) and its short
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period (90 days). The companion to 51 Peg or even a Jupiter analog would
have been impossible to discover using traditional RV measurement methods.

This book is devoted to planets in binary stars. Even though most planet
searches have focused on single stars, the basic technique for the detection
of planets in binary systems is the same – the measurement of precise stel-
lar radial velocities. In this chapter we will review the various methods for
achieving a very precise stellar radial velocity measurement required for the
detection of extrasolar planets. We end this contribution by presenting a few
examples of planets in binary stars.
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Fig. 1. The velocity of a solar type star about the barycenter due to various mass
companions. Companion mass are in solar masses except for the bottom two which
are in Jupiter masses. Small points are the known extrasolar planets. Large points
are 51 Peg b (triangle), HD 114762 b (square), and Jupiter (dot).
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2 Traditional Methods of Stellar RV Measurements

Most astronomical detectors such as charge coupled devices (CCDs) do not
record any wavelength information; they merely record the intensity of light
as a function of location on the detector. This spectral intensity as a function
detector position (pixel) must be converted into intensity versus wavelength
by observing a calibration source, typically a Thorium-Argon hollow cathode
lamp. The problem for precise stellar RV measurements is that the wavelength
comparison source is taken at a different time (either before or after the stel-
lar spectrum) and usually the light from the star traverses a different optical
path through the telescope + spectrograph. Most modern spectrographs do
not have the mechanical and thermal stability to achieve an intrinsic velocity
precision at the level of 10 m s−1. These uncontrolled or unmeasured instru-
mental shifts ultimately limit one’s ability to detect extrasolar planets with
the Doppler method.

Figure 2 shows the instrumental shifts in m s−1 from two spectrographs,
the CES spectrograph of the European Southern Observatory at La Silla
and the coude spectrograph of the 2.7m telescope at McDonald Observatory.
These shifts were calculated from a long time series of observations of an
iodine absorption cell (see below). Both show long-term trends where the
spectrograph shifts by at least 100 m s−1 over 1–2 hours. There are also short-
term shifts up to 100 m s−1 on time scales of several minutes. Clearly, if one
had to depend on the intrinsic stability of these spectrographs it would be
impossible to detect extrasolar planets around stars with an expected reflex
motion around 10 m s−1.

Fig. 2. Instrumental shifts for two spectrographs. Left: The CES Spectrograph of
the European Southern Observatory. Right: The coude spectrograph of the 2.7m
telescope of McDonald Observatory.

Figure 3 shows RV measurements of γ Cep, a binary star whose primary
star hosts an giant planet. The dots represent measurements made with more
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traditional techniques by [6]. The crosses are modern precise RV measure-
ments taken at McDonald Observatory with an iodine absorption cell. The
improvement is dramatic. One can see slight variations on top of the binary
orbit (solid line) with the precise RVs that are due to the planetary compan-
ion. These are completely hidden in the older measurements due to the much
poorer RV precision. These can only detect the high amplitude orbital motion
due to the stellar companion.

In the following sections we describe in detail how astronomers were able
to achieve a factor of 100–1000 improvement in the RV precision in the last
2 decades. These improvements allowed for the phenomenal progress in the
field of extrasolar planets.
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Fig. 3. RV measurements for the binary star γ Cep. Dots represent measurements
made using traditional RV measurements. Crosses are those taken with precise RV
measurements, in this case with an iodine absorption cell. The solid line represents
the binary orbital solution.

Modern precise stellar radial velocity measurements correct for the instru-
mental shifts like the ones shown in Figure 2 by recording the wavelength
reference simultaneously to that of the stellar spectrum. We will discuss three
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approaches for doing this: 1) using telluric features produced by the earth’s
atmosphere, 2) gas absorption cells, and 3) simultaneous Thorium-Argon cal-
ibration.

3 The Telluric Technique

Griffin & Griffin ([7]) were the first to point out that one factor limiting
the precision of stellar radial velocity measurements is that the light from
the wavelength comparison source is taken at a different time and usually
traverses a different optical path. They proposed using telluric O2 lines at
6300 Å lines as a wavelength reference that is recorded simultaneously with the
stellar spectrum. As starlight passes through the earth’s atmosphere molecular
oxygen produces sharp absorption features. If one measures radial velocity
shifts with respect to these telluric lines instrumental shifts are minimized
because both the reference and stellar light illuminate the spectrograph in
the same manner, and are recorded at the same time.

Figure 4 shows the spectral region covered by the telluric O2 features. The
top panel is a spectrum of Vega, an A0-type star that has no spectral features
in this wavelength region. The narrow lines appearing as doublets are caused
by atmospheric O2. The bottom panel shows a spectrum of a solar-type star,
µ Her where the O2 features are now superimposed on the stellar spectrum.
Doppler shifts of the star are computed with respect to the telluric O2 lines.

Griffin & Griffin suggested that a velocity precision of 15-20 m s−1 was
possible using the telluric method. During the initial stages of the McDonald
Observatory Planet Search Program we employed the telluric O2 technique
to search for extrasolar planets and our experience indeed confirms that a
velocity precision of ≈ 20 m s−1 is indeed possible. Figure 5 shows radial
velocity measurements for HD 114762 using the telluric method ([8]). These
are shown by the large dots. Also shown as small dots are the measurements
from the discovery paper of Latham et al. ([2]). These were taken with a
more traditional technique for the RV measurement with a precision of ≈ 500
m s−1. The improvement is substantial. The traditional method was also able
to detect this sub-stellar companion, but it required far more measurements
than the telluric method.

The advantages of the telluric method is that it is simple, inexpensive, and
easy to use. Almost any high resolution spectrograph can be used to achieve
an RV precision of a few tens of m s−1. This method has also been extended
to the near infrared using the telluric A and B bands between 6860 to 6930
Å and 7600 to 7700 Å, respectively ([9]). There are, however, significant dis-
advantages. Suitable O2 lines are found only over a very narrow wavelength
range and this translates into a poorer RV precision. The biggest disadvantage
is that one is unable to control the earth’s atmosphere. Pressure and temper-
ature changes, as well as winds in the earth’s atmosphere are ultimately what
limits the RV precision.
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Fig. 4. The telluric method for RV measurements. (Top) A spectrum of Vega. The
absorption features shown are due only to telluric O2. (Bottom) A spectrum of the
solar type star µ Her. Spectral features are from both the star and telluric O2.

4 Absorption Cells

The telluric method could be improved if we could somehow control the ab-
sorbing gas that creates the wavelength reference. This is the principle behind
the use of a gas absorption cell. One chooses a gas that creates a character-
istic absorption spectrum (preferably with lines not found in the stellar or
earth’s atmospheres), inserts it into a sealed glass cell that is then placed in
the optical path of the telescope. This cell is temperature stabilized so that
the absorption spectrum of the gas is constant. Like the telluric method, the
wavelength reference will be superimposed on the stellar spectrum, only in
this case there are no shifts of the wavelength reference due to temperature
or pressure changes, or wind! The use of a gas absorption cell as a wavelength
metric is not a new idea and one that has been employed by solar astronomers
([10], [11]). Marcy & Butler ([12]) where the first to apply the technique to
stellar radial velocities.
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Fig. 5. (Large dots) RV measurements of HD 114762 taken with the telluric method.
(Small dots) RV measurements taken with traditional techniques. The solid line
represents the orbital solution. (Taken from Cochran, Hatzes, & Hancock (1991).)

4.1 The Hydrogen-Fluoride Absorption Cell

The first use of a gas cell for planet detection via the RV method was the
pioneering work of Campbell & Walker ([13]). This program used the 3-0
band R-branch absorption lines of Hydrogen-Fluoride (HF) at 8670-8770 Å
as the velocity metric. Figure 6 shows the spectral region of the HF at 8700
Å along with spectrum of a star taken with and without the HF cell.

Campbell and Walker were able to demonstrate that the HF cell could
achieve an RV precision of 13 m s−1. From Figure 1 one can see that Campbell
& Walker had sufficient RV precision to have detected most of the currently
known extrasolar planets. Indeed, their measurements were the first to detect
the possible perturbations of the binary orbit of γ Cep and they hypothesized
that these could result from a planetary companion ([14]).

Later in the chapter we will show that their RV measurements did show
evidence for an extrasolar planet. Why did Campbell & Walker not discover
more extrasolar planets? Simply that the sample size was too small. The
CHFT sample consisted only of 26 solar-type stars. We currently believe that
approximately 5% of solar-type stars have giant planets. With this frequency
Campbell & Walker should have found at most one extrasolar planet. Indeed,
they did detect the planetary companion to γ Cep; however, Walker et al.
([15]) later cast doubt on this by suggesting that this additional RV variations
might be due to stellar rotation. If they had a significantly larger sample size,
or a bit of luck, the field of extrasolar planets would be entering its third
decade.

Although the HF cell is capable of achieving good RV precision, there were
several disadvantages to using HF as the absorbing medium:
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Fig. 6. (top) Spectrum of the HF cell at 8720 Å. (bottom) Spectrum of a star taken
without (top spectrum) and with HF. Taken from Campbell & Walker (1979).

• It provides absorption features over only a limited wavelength range in the
optical (about 100 Å)

• HF is sensitive to pressure shifts
• HF requires a rather large path length (about 1 meter) to produce suitable

absorption lines. This could be a problem if space was limited in your
spectrograph.

• HF is a highly corrosive and dangerous gas. The HF cell had to be filled
for each observing run. So safety concerns are a real issue.

4.2 Iodine Absorption Cells

An alternative to the HF cell is the use of iodine absorption cell. Molecular
iodine has several advantages over HF for absorption cells: 1) It is a relatively
benign gas that can be permanently sealed in a glass cell. The amount of
iodine that is used is so small that there is no health hazard should the cell
break. 2) I2 has useful absorption lines over the interval 5000–6000 Å. This
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Fig. 7. A typical iodine gas absorption cell. The cell is about 15 cm long and 5 cm
in diameter. When in use the cell is surrounded by a heater, temperature sensor,
and insulation.

increases the number of spectral lines used for the Doppler measure by about
a factor of 10 over the telluric and HF techniques. 3) A typical pathlength
for an I2 cell is about 10 cm which can easily fit in front of the entrance slit
of most spectrographs. 4) The I2 cell can be stabilized at relatively modest
temperatures (50–70 C). 5) Molecular iodine is less sensitive to pressure shifts
than HF. 6) The rich density of narrow I2 absorption lines enables one to
model the instrumental profile of the spectrograph (more on this later).

Figure 7 shows a typical iodine gas absorption cell. Cells are typically about
10–15 cm in length and a have a width of a few cm. The iodine is permanently
sealed in a glass that is surrounded by a heater foil and a temperature sensor
that ensures that the cell is thermally stabilized during its use. Figure 8 shows
the spectrum of a white light source taken through an iodine cell with an
echelle spectrograph. Note the rich forest of spectral lines.

Iodine cells have become a popular method for the measurement of precise
stellar radial velocities. Such cells are currently in use at the McDonald Ob-
servatory 2.7m ([16]) and 2.1m telescopes ([17]), The Hobby-Eberly Telescope
([17]) Lick Observatory ([18]), ESO’s VLT+UVES ([19]), Keck Observatory
([20]), Tautenburg Observatory ([21]), the Anglo Australian Telescope ([22]),
Bohyunsan Optical Astronomical Observatory ([23]), to name a few. The ma-
jority of known extrasolar planets discovered by the Doppler method were
made using iodine absorption cells.

Details on the use of the Iodine Absorption Cell

After constructing the cell a very high resolution (R = λ/δλ = 500,000), high
signal-to-noise spectrum of the cell is made with a Fourier Transform Spec-
trometer (FTS). This spectrum must be taken at the same temperature that
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Fig. 8. A spectrum of molecular iodine taken with an echelle spectrograph. Each
band represents a different spectral order and redder wavelengths are to the right
and bottom. The iodine spectral lines begin to become visible at about 5000 Å.

the cell will be operated at the telescope. This high resolution spectrum is
required not only to provide the wavelength reference to for the RV measure-
ment, but also to model the instrumental profile (IP) of the spectrograph, or
equivalently the δ-function response of the spectrograph primarily caused by
the optics. This is important because changes in the IP, particularly asymmet-
ric ones, can introduce shifts in the spectral lines of order 1–10 m s−1. Since the
FTS spectrum is taken at much higher resolution than the spectrograph used
for the RV measurements (these typically have R = 60,000 – 100,000), when
this is re-binned to the observed I2 spectrum used for the stellar observations
it is a suitable approximation of the δ-function response of the spectrograph.
Comparing this to the observed I2 taken with the spectrograph optics enables
one to reconstruct the IP ([24]).

The observational procedure consists of taking a “template” spectrum, IS ,
of each target star made without the I2 cell. This requires a high signal-to-noise
spectrum. For the best precision this template should be deconvolved by the
instrumental profile as determined using the iodine spectral lines. To measure
the IP a spectrum of the I2 cell must be made with the spectrograph optics
illuminated in the same manner as the stellar observations. This is commonly
done by taking a spectrum of a hot, rapidly rotating early-type star through
the cell. The velocity computation consists of computing the model spectrum,
Im which best matches the observed spectrum:

Im = k[TI2(λ)IS(λ + δλ)] ∗ IP (1)

where IS is the intrinsic stellar spectrum, TI2 is the transmission function of
the I2 cell, k is a normalization factor, δλ is the wavelength (Doppler) shift,
IP is the spectrograph instrumental profile, and ∗ represents the convolution.
Use of the IP modeling in the calculation of the Doppler shift was pioneered
by Butler et al. ([18]) and with modifications by Endl et al. ([25])

The results of the modeling process is shown in Figure 9. The observed
spectrum (solid line) of a star taken through the I2 cell has absorption lines
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Fig. 9. Modeling the observed spectrum taken with an iodine cell. The pure stellar
spectrum is Doppler shifted and multiplied by the pure iodine spectrum. This prod-
uct is then convolved with the instrumental profile to give the model spectrum. The
difference between the observed and model spectra is shown at the top.

from both the star and the gas cell. The “pure” stellar template spectrum
(without I2) is shown as the dashed line, and the high resolution FTS I2
spectrum rebinned to the dispersion of the stellar observation is shown as the
dotted line. The model spectrum computed according to Eq. 1 is shown as the
dot-dashed line which is coincident with the solid observed star spectrum. The
difference of the observed and model spectrum is shown as the long-dashed
line at the top.

The key to obtaining the best RV precision is a proper modeling of the
IP. Valenti et al. ([24]) proposed parameterizing the IP as a sum of several
Gaussian components which is the most common practice, but other func-
tions may be used as well, including a slit function. Figure 10 illustrates the
IP parameterization process for one echelle spectral order of the cs23 spectro-
graph on the 2.7m telescope at McDonald Observatory ([26]). The spectrum
has been divided into 20 different wavelength chunks of width typically a few
Angstronms (only 16 are shown). The IP in each chunk has been parameter-
ized by a superposition of five Gaussian functions and the sum convolved with
a top-hat function giving the resulting curve.

Figure 11 demonstrates the value of the IP modeling procedure. It shows
the RV measurements for a constant star, τ Ceti, taken with the CES spec-
trograph of the European Southern Observatory’s 3.6m telescope at La Silla
([25]). Without the treatment of the IP asymmetries the scatter of the RV
measurements is about 36 m s−1. By treating the IP asymmetries the scatter
of the measurements decreases by more than a factor of three to σ = 11.6
m s−1. The improvement in the RV precision by modeling the IP depends of
course on the stability of your spectrograph. If the instrument is intrinsically
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Fig. 10. An example of the instrumental profile determination for one echelle order
of a spectrum taken with the McDonald Observatory 2.7m cs23 spectrograph. The
grey curves are the individual Gaussian functions and the dotted line is the slit
function. The heavy line shows the final IP.

stable then one may only achieve small improvement in the RV precision. If
the spectrograph has large thermal and mechanical variations, then the IP
modeling should improve the RV precision. However, if these variations are
too large it may be difficult to achieve a proper parameterization of the IP
making it difficult to achieve the best quoted precisions of 1–3 m s−1.

5 Simultaneous Thorium-Argon Calibration

Use of an absorption cell is not the only technique capable of achieving a
precise measurement of the stellar radial velocity. An alternative method is to
use a traditional hollow-cathode lamp such as Thorium-Argon, but to record
this simultaneously with the stellar spectrum. This is done using one fiber
optic to feed the light from the star into the spectrograph, and a second to
feed the light from the Th-Ar lamp during the exposure. The Th-Ar spectrum
is recorded on the CCD detector adjacent to the stellar spectrum. Since the
wavelength calibration spectrum is recorded at the same time as the stellar
observation instrumental shifts like those shown in Figure 2 are minimized.
This technique was pioneered with the ELODIE spectrograph [27]. Subsequent
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improvements to the techniques were incorporated into CORALIE ([28]) and
finally HARPS ([29]).

Fig. 11. RV measurements of the constant star τ Ceti taken with the CES spec-
trograph of the ESO 3.6m telescope at La Silla. (Top) With modeling of the IP
asymmetries. (Bottom) Without modeling of the IP asymmetries. (taken from Endl
et al. 2000)

Figure 12 shows a stellar spectrum recorded using the simultaneous Th-
Ar technique. This spectrum was recorded using the HARPS spectrograph of
ESO’s 3.6m telescope at La Silla. The continuous bands represent the stellar
spectrum. In between these one can see the emission spectrum from the Th-
Ar fiber. This method has also been quite successful at discovering extrasolar
planets starting with 51 Peg b using the CORALIE spectrograph ([3]).

Although simultaneous Th-Ar technique can eliminate overall instrumen-
tal shifts, it is unable to monitor any changes in the IP. The reason for this is
that the Th-Ar emission lines have relatively large intrinsic widths compared
to iodine lines. Minute changes in the voltage applied to the hollow cathode
lamp can cause variations in the intrinsic width of the Th-Ar emission lines
not associated with changes in the IP. For these reasons the HARPS spectro-
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graph was designed with thermal and mechanical stability in mind. HARPS is
a state-of-the-art spectrograph specifically designed to achieve very high pre-
cision. It housed in a vacuum chamber where the temperature is held constant
to within several mK. Care was also taken to minimize mechanical vibrations.
The thermal and mechanical stability that the IP remains constant. A key
improvement to the HARPS spectrograph is the use of two sequential fiber
optics in a double scrambler mode to ensure a stable illumination of the spec-
trograph that is insensitive to variations due to seeing and guiding errors.
With such stability HARPS has been able to achieve a short term precision
better than 1 m s−1

Fig. 12. A spectrum recorded with the HARPS spectrograph. The solid bands are
from the star fiber. The emission line spectrum of Th-Ar above the stellar one comes
from the calibration fiber.

The key to obtaining the very highest RV precision lies in minimizing the
instrumental and IP shifts of the spectrograph and there are two philosophical
approaches to this. The HARPS approach is to stabilize the spectrograph as
best as possible, thermally, mechanically, and optically. These ensure that the
IP does not change over time. Furthermore, to guarantee that a stable optical
image is provided to the spectrograph double scrambling using two optical
fibers is employed. However, since Th-Ar emission lines are inadequate for
monitoring changes in the IP one has to have faith that if one maintains
the spectrograph at the same temperature and pressure that everything in
the spectrograph, including the optics do not change with time. The iodine
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cell approach is to use a permanently sealed cell of molecular iodine that is
temperature regulated to produce a constant reference spectrum that can be
used to model any temporal changes to the IP of the spectrograph.

5.1 Iodine cells versus simultaneous Th-Ar

Currently there are two techniques for achieving very high RV precision: io-
dine cells and simultaneous Th-Ar calibration. The practitioners in each camp
can be rather passionate about their respective technique; each thinks their
technique is superior. So which is indeed superior? Both methods have had
tremendous success at discovering extrasolar planets and both have demon-
strated velocity precision of 1–3 m s−1 so one could argue that such a question
is moot. The authors of this chapter have employed the iodine cell technique
for over 15 years and yes, we are passionate about the technique. We are possi-
bly not in the best position to make unbiased judgments on the methods, but
here we will try our best to give a dispassionate assessment of the advantages
and disadvantages of the Th-Ar method compared to gas absorption cells.

Advantages of Th-Ar

• Computational Simplicity
Computing RVs using the Th-Ar method is relatively simple and fast.
This usually entails computing a cross-correlation function after putting
all the spectra on the same wavelength scale (done using the simultaneous
Th-Ar). The iodine cell method is rather computationally intensive. If one
wants to model adequately the IP in order to eke out the highest precision,
then this requires dividing the spectrum into several hundred wavelength
chunks and calculating the IP in each chunk. The IP function requires 5
or more Gaussian functions each with their own position, amplitude, and
width. The computational time required by the iodine cell method can be
more than a factor of 10 greater than the simple cross-correlation required
by the Th-Ar method.

• Higher Efficiency
In principle the Th-Ar method has a higher efficiency than the iodine cell
method. Losses due the reflections off the glass cell as well as absorption by
the iodine gas can be as high as 50%. Furthermore, the Th-Ar method is
not restricted to just the 5000–6000 Å covered by iodine absorption lines.
In principle one can use the full spectral range offered by modern echelle
spectrographs, typically 3000–9000 Å. Because more spectral lines can be
used for the velocity measurement a higher RV precision can be obtained.
However, a large part of this increased efficiency is offset by the need
to use optical fibers, often two in a double scramble mode. Iodine cells
can achieve very high precision using slits without the need to feed the
spectrograph with a fiber. Furthermore, telluric atmospheric lines beyond
about 6500 Å largely make the red regions of the stellar spectrum less ideal
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Fig. 13. Changes in Th-Ar spectrum due to aging of the hollow cathode lamp. Top:
Spectrum from 1995. Bottom: Spectrum with same lamp from 2002.

for stellar RV measurements. In reality the efficiency of both methods may
be comparable.

• Uncontaminated Spectral Features
The Th-Ar technique does not contaminate the stellar spectrum (not
strictly true, see below) as does the absorbing gas of a cell. This means that
each stellar observation can be used for measurements of the spectral line
shapes or other kinds of spectral analyses (abundance, temperature, etc.).
These are important if they are required to provide confirmation of planet
detections with the RV method. (RV variations due to a planet are not
accompanied by other forms of spectral variability.) Since the iodine spec-
trum contaminates a broad wavelength range of spectral data one either
needs to remove the iodine spectrum from the stellar observation which
may introduce significant errors in the analysis, or one needs to take an
additional spectrum of the star without the cell which requires increased
observing overhead.
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Disadvantages of Th-Ar

In spite of these advantages there are several significant disadvantages of the
Th-Ar method that may make it inappropriate for some applications.

• Finite lifetime of Th-Ar lamps
If one is interested in obtaining precise stellar radial velocities over a 10–20
year time span or longer, then Th-Ar may not be the appropriate method
to use. An individual iodine cell is sealed permanently for the entire life of
the cell. The absorption cell is a passive device and the molecular iodine
in the cell does not change with time. The wavelength reference and the
radial velocity stability is provided by molecular physics in a device that
is easy to stabilize. The authors have used several iodine cells for over 15
years and the resulting iodine absorption spectrum has not changed in
the interim. Unless an accident destroys a cell it never has to be replaced.
By comparison Th-Ar cathode lamps are active devices where one has
to apply high voltages. These lamps are known to change with time and
ultimately will fail through regular use. Figure 13 shows a spectrum of a
Th-Ar lamp taken 7 years apart. The intensity ratio of many of the lines
change and some weak emission features disappear and others reappear.
It is almost appears that one has used a different lamp. Changes in the
wavelength reference will almost certainly translate into RV instrumental
variations. (The lamp used for the data of Figure 13 failed in 2005 and
had to be replaced.)

• Inability to monitor changes in the Instrumental Profile
Although simultaneous Th-Ar can monitor mechanical instrumental shifts
and changes in the wavelength scale it is unable to monitor changes in
the asymmetry in the IP of the spectrograph. The Th-Ar emission lines
are inadequate for this because they almost always have an intrinsic width
comparable to the resolution of the spectrograph. Plus changes in their
shape may be intrinsic to the lamp and not the spectrograph. HARPS
minimizes changes in the IP by stabilizing the spectrograph thermally
and mechanically. There is no guarantee, however, that the IP remains
constant over many years and it is difficult, if not impossible to monitor
these changes with Th-Ar emission lines alone. Furthermore, even if one
could monitor changes in the IP of a HARPS-like instrument, it would
be difficult to incorporate these into the modeling process. On the other
hand, the iodine cell provides a natural way to monitor changes in the IP
in situ and these changes are included as part of the RV calculation.

• Contamination of the Stellar Spectrum by Th-Ar
There can be “cross talk” between the stellar and Th-Ar fibers and for
strong emission lines light from the Th-Ar channel can spill over into the
stellar spectrum. This can be seen in Figure 12 where light from the strong
Th-Ar lines cross into the stellar spectrum. This is contamination is diffi-
cult to treat in the analysis. For long exposures it may be difficult to adjust
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the intensity level of the Th-Ar lamps to minimize such contamination.
The contamination of the stellar spectrum by iodine lines by comparison
is treated in the modeling process used to compute the RV. In fact for
HARPS a common practice is not to use the simultaneous Th-Ar calibra-
tion, only the non-simultaneous calibration taken at the beginning or end
of the night (e.g. [30]).

• Costs
The simultaneous Th-Ar method is considerably more expensive than an
iodine cell. It requires a fiber optic feed, often in a double scramble mode
(two separate fiber optics for each channel). To stabilize the IP which
cannot be measured in situ requires that the spectrograph be sealed in a
vacuum chamber that is temperature stabilized. The increase in costs in
the design of the spectrograph is substantial. By comparison, an iodine
cell, including the heater foil, insulation, and temperature controller can
be constructed for a few hundred U.S. Dollars. This inexpensive device
can be used to convert any existing high resolution spectrograph into an
RV machine.

In summary both methods produce comparable results but if costs, and
long term stability (> 10 years) is a prime consideration, then an iodine
absorption cell is the only viable option.

5.2 Spectrograph Requirements for Precise RV Measurements

Suppose you have a very stable spectrograph, or at least a measurement tech-
nique that has eliminated all sources of instrumental errors. How does the RV
precision depend on such parameters as signal-to-noise ratio, wavelength cov-
erage, and spectral resolution? The RV precision to be influenced by several
factors related to the spectrograph:

• Signal-to-Noise Ratio.
The RV precision should be inversely proportional to the amount of noise
in your data. The more noise the less precise the measurement.

• Wavelength Coverage.
Each spectral line represents an individual measurement of the Doppler
shift of the star. If a total of N lines are used for the Doppler measurement,
then the error will be decreased by a factor of

√
N over a single line

measurement.
• Spectral Resolution.

We can think of an RV measurement as basically measuring the centroid
of the line. If there are more points sampling the spectral line profile, the
more accurately one can determine this centroid. If we can measure the
position of a spectral line to some fraction of pixel (say 0.001), then the
higher velocity resolution per pixel, the more accurate the RV determina-
tion. Thus a higher the spectral resolution should produce a more accurate
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RV measurement. However, this goes counter to the first two points. First,
higher resolution spectrographs usually have more limited wavelength cov-
erage than lower resolution ones which decreases the number of spectral
lines that can be used for the RV measurement. Second, high resolution
spectrographs spread the light over more detector pixels thus decreasing
the signal-to-noise ratio per pixel for a fixed exposure time.

The RV precision also depends on what type of star you are looking at. For
a precise RV measurement you would like a star that has a plethora of stellar
absorption lines that are narrow and not broadened by stellar rotation. This
implies late-type stars with spectral type later than about F6. Early-type stars
are hot and thus have few spectral lines for good RV measurements. They also
rotate very rapidly which results in spectral lines that are very shallow and
broad – difficult for determining a line position that is needed to measure the
Doppler shift. Hatzes & Cochran ([31]) performed numerical simulations to
determine how the RV precision depended on these various parameters. An
updated version of their expression is

σ(m/s) = C(S/N)−1R−3/2B−1/2[f(Sp.T )]−1/2(vsini/2)−1 (2)

where (S/N) is the signal-to-noise ratio of the data, R is the resolving power
(= λ/δλ) of the spectrograph, B is the wavelength coverage in Å of the stellar
spectrum used for the RV measurement, and C is a constant of proportionality.
Note that for a fixed detector size the σ should be proportional to R−1 as noted
by [31].

Two additional parameters are pertinent for the type of star you are ob-
serving. vsini is the projected rotational velocity of the star in km s−1. The
RV precision is roughly proportional to the inverse of the rotational velocity of
the star scaled to a nominal slowly rotating star that has a equatorial velocity
of 2 km s−1. (For stars rotating less than this nominal value the vsini term
should just be discarded.) The function f(Sp.T ) gives the relative line density
for the star as a function of stellar type. If we take f = 1 for a G-type star
than f ≈ 0.1 for an A-type star and f ≈ 10 for an M-type star.

The value of the constant can be estimated using the performance of the
HARPS spectrograph. For S/N ≈ 150, R = 110,000 B = 2000 Å σ = 1 ms−1

for a G-type star. This results in C ≈ 2.4 × 1011. With this expression one
should be able to estimate the expected RV precision of a spectrograph to
within a factor of a few.

6 Extrasolar Planets in Binary Systems

As of this writing there are over 200 known extrasolar planets that have been
detected via the RV method. Most of these planets orbit stars that are single.
This is certainly a bias effect as early RV surveys chose targets that were
believed to be single stars. Several factors influence one’s decision to search
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for planets in binary systems. If the binary is a wide pair in the sky and thus
in a long period orbit there should be no problems. The orbital period will
be long so that RV binary motion should be small. If the binary pair has a
small separation of say less than about 2 arc-seconds, then there is a danger
that light from both components would enter the spectrograph slit. This will
seriously affect the RV measurement. Such close “visual” pairs are avoided by
most, if not all surveys. Short period (P < 10 years) single-line spectroscopic
binary stars have RV variations that show complex variations that are com-
bination of the large binary motion and much smaller motion of a planetary
companion, if present. One can still detect the planetary companion, but one
needs enough RV measurements to completely parameterize the binary orbit.
Improper removal of the binary motion could result in a spurious detection.
For relative long binary orbits (∼ years) this would of course delay the detec-
tion of planetary companions. Sometimes when stars in such planet surveys
are found to be new binary systems the targets are often removed from the
program (e.g. [32]). Finally, if the binary system is a double-lined spectro-
scopic binary (mass ratios near unity), then this would be greatly complicate
the RV analysis as one has to measure accurately the RV variations of two
spectral components, plus any additional variation due to planets around ei-
ther or both (i.e. circumbinary) spectral components. To date there has been
no RV survey that has included a large sample of double-lined spectroscopic
binary stars.

In spite of these challenges, there have been extrasolar planets discovered
in binary systems and these can give us important clues as to the process of
planet formation. Here we give a few representative examples of extrasolar
planets in binary stars and highlight their importance for planet formation
theory.

6.1 16 Cyg B

The 16 Cyg A and B system consists of two main sequence stars spectral types
G1.5 and G2.5. Friel et al. ([33]) derived stellar parameters for the system. To
within the measurement errors these stars have the same effective temperature
(Teff (A) = 5785 ± 25 K, Teff (B) = 5760 ± 20 K) surface gravities (log
g(A) = 4.28 ± 0.07, log g(B) = 4.35 ± 0.07), and abundances ([Fe/H]A =
+0.06 ± 0.04, [Fe/H]B = +0.02 ± 0.04). Essentially these stars are “identical
twins”. The only apparent difference is 16 Cyg B shows a slight depletion in
Li abundance: Log N(Li)A = 1.27 ± 0.04, Log N(Li)B = 0.48 ([34]). The
stars have an apparent separation of 39 arc-seconds which corresponds to a
separation of about 835 AU. The orbit for this system is very poorly known.

The planetary companion to 16 Cyg B was discovered by Cochran et al.
([35]) and was one of the earliest discovered extrasolar planets. At the time of
its discovery it was the extrasolar planet with the highest orbital eccentricity
(e = 0.63) and it gave the first indication that extrasolar planets can have
very eccentric orbits. It has been proposed that the high eccentricity might
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Fig. 14. RV measurements for 16 Cyg A (bottom) and B (top). 16 Cyg B shows RV
variations due to the presence of a planet in an eccentric orbit. The orbital solution
is shown as a line. Over the same time 16 Cyg A has shown no RV variations to a
level less than 6 m s−1

Element Value

Period (days) 802.22 ± 2.29
T (Julian Day) 2450533.10 ± 7.18
Eccentricity 0.665 ± 0.031
ω (deg) 80.82 ± 7.18
K1 (ms−1) 46.5 ± 3.1
f(m) (solar masses) (3.48 ± 0.92) × 10−9

Semi-major axis (AU) 20.18 ± 0.66
m sin i (MJup) 1.51 ± 0.32

Table 1. Orbital Elements for the Planet around 16 Cyg B

be caused by the presence of the binary companion ([36]). Table 1 lists the
orbital properties of the extrasolar planet. Figure 14 shows more recent RV
measurements for both 16 Cyg A and B taken at McDonald Observatory. The
top panel shows the RV variations for 16 Cyg B. The highly eccentric orbit is
readily apparent as displayed by the sawtooth pattern of the RV variations.
The lower panel shows the RV measurements for 16 Cyg A. These are constant
to a level of σ = 5.34 m s−1. Note that there is clear downward trend in the 16
Cyg A velocities which may be due to the binary motion. This is a remarkable
system. Here are two nearly identical stars in a binary system with the same
effective temperature, mass, age, and chemical composition. Presumably they
were born in essentially the same environment. One has a giant extrasolar
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planet and the other clearly does not. Our full RV measurements for 16 Cyg
A span over 15 years and these can exclude Jupiter mass companions of 2.45
MJupiter masses out to 5.2 AU [16]. What is that extra ingredient that caused
16 Cyg B to form a planet and 16 Cyg A not? One hint may be the different
lithium abundance which may point to a different angular momentum history
for the stars ([35]) Clearly, searching for planets around similar binary “twins”
may help shed light on the precise conditions required for extrasolar planet
formation.

Fig. 15. (Left) The RV measurements for γ Cep using 4 different data sets. The
large variations are due to the binary motion. (Right) RV variations after removal
of the binary motion and phased to the orbital period of the planetary companion.
The orbital solution is for the binary + planet (left) and planet only (right).

6.2 γ Cep

The pioneering radial velocity survey of Campbell & Walker first detected the
Doppler wobble of a possible planetary companion to γ Cep A. They noted
that this wobble was superimposed on a long-term trend that was clearly due
to a stellar companion and suggested that this may be due to a planetary
companion. However, in a subsequent paper they concluded that this was
most likely due to stellar rotation. This was based on possible variations in
the Ca II 8662 equivalent width with the RV period. Hatzes et al ([37]) later
combined over 20 years of radial velocity data for this star as well as performed
a careful re-analysis of the Ca II data. They concluded that the RV variations
were in fact due to planetary companion.

Figure 15 shows the RV measurements of γ Cep from 4 different data
sets: the original data from HF survey ([38]) survey on the Canada France
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Element Value

Period (years) 67.5 ± 1.4
T (year) 1991.606 ± 0.032
Eccentricity 0.4085 ± 0.0065
ω (deg) 160.96 ± 0.4
i (deg) 119.3 ± 1.0
K1 (ms−1) 1925 ± 14
Semi-major axis (AU) 20.18 ± 0.66
MassA 1.40 ± 0.12
MassB 0.409 ± 0.018

Table 2. Binary Orbital Elements for γ Cep

Element Value

Period (days) 902.96 ± 5.99
T (Julian Day) 253156.8 ± 52.4
Eccentricity 0.200 ± 0.069
ω (deg) 75.6 ± 18.8
K1 (ms−1) 26.3 ± 5
f(m) (solar masses) (1.60± 0.92) × 10−9

Semi-major axis (AU) 20.18 ± 0.66
m sin i (Jupiter masses) 1.46 ± 0.32

Table 3. Orbital Elements for the Planet around γ Cep

Hawaii Telescope (CFHT), and three phases of the McDonald Observatory
Planet Search Program. The large variations (left panel) are due to the binary
companion. One can see that superimposed on the binary orbit is a subtle
“wobble” due to the planetary companion. The right panel shows the RV
variations after removing the orbital contribution of the stellar companion
and phased to the orbital period for the 4 data sets. The RV variations of
γ Cep have been coherent and in phase for over 20 years.

Recently the binary companion was imaged using adaptive optics by
Neuhäuser et al. ([39]). By combining the imaging, radial velocity, and as-
trometric data they were able to derive a refined orbit for both the binary
system and the planetary companion. Table 2 list the orbital elements and
masses of the binary and Table 3 lists the orbital elements for the planetary
companion from [39]. The orbital inclination for the A/B system is i = 119.3
± 1.0 degrees ([39]). Assuming that the planet and binary orbits are co-planar
results in a true mass for the companion of mb = 1.83 MJupiter .

Figure 16 shows the γ Cep system compared to our solar system. The
entire binary+planet system all would fit within the orbit of Neptune. What
are the implications of γ Cep b for planet formation theories? The standard
scenario for planet formation is that giant planets like Jupiter must form in
a region beyond the so-called ice line, the minimum distance from the star
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where solid material can condense. Once a Jupiter-mass planet is formed it
opens a gap in the disk and tidal forces cause it to migrate from its birth
location (e.g. [40]). This snow line is typically beyond about 3 AU ([41]). The
orbital separation of the binary system is only about 20 AU. However, given
the mass ratio of the binary any truncation of the proto-planetary disk would
have occurred outside the snowline. The planet around γ Cep A could thus
have formed at the snow line and only migrated a short distance.

Although the planet around γ Cep A is still consistent with the standard
model for planet formation another possible planet in binary system is not.
Konacki ([42]) reported the discovery of a giant planet with an orbital period
of 3.35 days (i.e. a ‘hot Jupiter’) around the primary star in the triple system
HD 188753. The primary has a mass of 1.06 M⊙ and the secondary is itself a
binary with a total mass of 1.63 M⊙. The separation between the primary and
secondary is only 12.3 AU. Given this separation and mass ratio the proto-
planetary disk of the primary star would have been truncated to a radius of
only 1.3 AU, well within the snowline. If the standard theory of giant planet
formation, the planet around HD 188753 A, if indeed is present, should not
exist. However, more recent RV measurements for this system refuted the
presence the hot Jupiter ([43]). So for now migration theory is safe, but the
initial excitement generated by the purported discovery of HD 188753 Ab
demonstrates that future discoveries of exoplanets in binary systems may
provide important clues to understanding the process of planet formation.
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Fig. 16. The γ Cep binary plus planet system in comparison to the solar system.
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