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Le leggi di Keplero: I
« Un pianeta si muove intorno al Sole su 

orbite ellittiche, e il Sole ne occupa uno 
dei fuochi. 

Le 3 leggi della meccanica celeste
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Le leggi di Keplero: I
Orbite chiuse

Le uniche orbite chiuse e quindi periodiche sono quelle per il
sistema isolato a due corpi con potenziali: 

1 – Dinamica Newtoniana

1.16 Il problema a due corpi e le soluzioni periodiche.

Stabilite le precedenti proprietà generali, resta il fatto che i sistemi che si sanno inte-

grare sono pochissimi. Se Newton non fosse riuscito ad integrare il problema gravita-

zionale a due corpi, la formulazione della dinamica Newtoniana sarebbe rimasta uno

schema vuoto. Nella dinamica newtoniana esiste un solo problema fondamentale che

si sa risolvere esattamente, più precisamente portare alla quadratura, è il problema

a due corpi.

All’interno del problema a due corpi, solo due tipi di potenziali danno luogo a

soluzioni che sono curve chiuse, cioè soluzioni periodiche. Questi potenziali sono:

• il potenziale gravitazionale
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• il potenziale armonico

U(r) = k r
2

~F = �rU = �2 k r r̂
(1.16.2)

Nel primo caso le equazioni del moto sono non lineari, nel secondo caso le equazioni

del moto sono lineari. I due campi di forze (1.16.1) e (1.16.2) appartengono alla

classe delle forze centrali

~F12 = F (|~r1 � ~r2|) r̂12

dove r̂12 è il versore del vettore ~r1 � ~r2 = ~r12. Mostriamo prima di tutto che per

forze centrali il problema dinamico dei due corpi, che in generale appartiene ad uno

spazio delle fasi a 12 dimensioni, si porta ad uno spazio delle fasi a 4 dimensioni.

Partiamo dalle equazioni del moto:

m1 ~̈r1 = F (r12) r̂12

m2 ~̈r2 = �F (r12) r̂12
(1.16.3)

Ovviamente il sistema (1.16.3) ha uno spazio delle fasi di dimensione n = 12

~r1, ~r2 : 6 dimensioni

~̇r1, ~̇r2 : 6 dimensioni

Poiché il sistema di due corpi si assume essere isolato si hanno le leggi di conservazione

~P = cost

~L = cost

E = cost
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a due corpi.

All’interno del problema a due corpi, solo due tipi di potenziali danno luogo a
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Le leggi di Keplero: I
Le 3 leggi della meccanica celeste2.1 Description of orbits 11

Three other angles with respect to the adopted reference
direction are used in the specification of practical orbits:

ω̃ =Ω+ω the longitude of pericentre (2.11)

θ = ω̃+ν the true longitude (2.12)

λ = ω̃+M the mean longitude (2.13)

Since Ω and ω are measured in different planes, the lon-
gitude of pericentre, ω̃, is a ‘dog-leg’ angle. The true lon-
gitude and mean longitude are correspondingly offset
with respect to the true anomaly and mean anomaly, re-
spectively. Despite its name, the mean longitude is again
a linear function of time and, as for the mean anomaly,
has only an auxiliary geometrical interpretation.

Kepler’s laws Kepler’s three laws of planetary motion
are: (1) the orbit of a planet is an ellipse with the Sun
at one focus; (2) the line joining a planet and the Sun
sweeps out equal areas in equal intervals of time; (3) the
squares of the orbital periods of the planets are propor-
tional to the cubes of their semi-major axes.

The first and third laws are consequences of the in-
verse square law of gravity, while the second follows
from conservation of angular momentum (and is true
for any radial law of attraction). Kepler’s laws originally
referred to relative orbits with respect to the Sun, but
corresponding formulations apply also to ‘absolute or-
bits’ defined with respect to the barycentre.

For the general two-body problem where the mass
of the secondary is not neglected, both orbits are ellipses
with their foci at their common barycentre (Figure 2.3).
Kepler’s third law takes the general form

P 2 = 4π2

GM
a3 , (2.14)

with M and a taking different values according to the
type of orbit being measured:

(a) relative orbits: the motion of the planet, now rela-
tive to the star rather than the barycentre, can be found
by applying an acceleration to the system which cancels
that of the star, viz. GMp/r 2 where r is their instanta-
neous separation (Figure 2.3). Then

P 2 = 4π2

G(M⋆+Mp)
a3

rel , (2.15)

where the coordinate origin is now the star, not the
barycentre, and arel is the semi-major axis of the relative
orbit, i.e. the planet around the star.4

4This measurement of relative separation does not arise for
exoplanet orbits when the planet is unseen. It is, in contrast,
a situation relevant for the relative astrometry of binary stars,
where an orbit is measured as a separation and position angle
of one star with respect to another; then, the combined system
mass can be determined if P and arel are measurable, while in-
dividual masses can only be determined if the mass ratio can
be established, either from the ratio of the distances from the
barycentre, or the ratio of their speeds around it.
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Figure 2.3: Two orbiting bodies, shown at times t1, t2, t3, move
about their common barycentre. Both bodies follow orbits hav-
ing the same shape and period, but of different sizes and with
ω differing by 180◦.

For Mp ≪ M⋆ and in units of Earth’s orbit of 1 AU
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(b) absolute orbits: the orbit of the star around the sys-
tem (star–planet) barycentre is given by

P2 = 4π2

GM ′ a3
⋆ , (2.17)

where

M ′ ≡
M 3

p

(M⋆+Mp)2 , (2.18)

and a⋆ is the semi-major axis of the stellar orbit around
the system barycentre. An equivalent expression gives
the orbit of the planet around the system barycentre in
terms of the semi-major axis of the planet around the
system barycentre ap.

It follows that the sizes of the three orbits are in pro-
portion a⋆ : ap : arel = Mp : M⋆ : (M⋆+Mp), with arel =
a⋆+ap. Furthermore, erel = e⋆ = ep, Prel = P⋆ = Pp, the
three orbits are coplanar, and the orientations of the two
barycentric orbits (ω) differ by 180◦.

Since the planet is assumed to be invisible (which
is the case for essentially all observations at the present
time), the orbital motion of the star around the system
barycentre is only correctly determined by astrometry
if its position is measured with respect to an ‘absolute’
(quasi-inertial) reference frame.

That all seven orbital elements are accessible to as-
trometric measurements for an arbitrary projection ge-
ometry essentially follows from two principal consider-
ations: the star position versus time allows the maxi-
mum and minimum angular rates to be determined, and
hence the position of the line of apsides. With the orien-
tation of the major axis so established, appeal to Kepler’s
second law fixes the orbit inclination.

Radial velocity measurements of the host star also
give information on its barycentric orbital motion, al-
though not all seven Keplerian orbital elements are ac-
cessible from the line-of-sight velocity variations alone.



Le leggi di Keplero: II
« Il raggio che unisce il centro del Sole con il centro del pianeta 

descrive aree uguali in tempi uguali. 

Le 3 leggi della meccanica celeste



Le leggi di Keplero: III
« Il  quadrato del periodo orbitale è proporzionale al cubo del 

semiasse maggiore. 

Le 3 leggi della meccanica celeste

Pianeta Periodo Semiasse
maggiore

Mercurio 0.24 yr 0.39 AU

Venere 0.62 yr 0.72 AU

Terra 1.00 yr 1.00 AU

Marte 1.88 yr 1.52 AU

Giove 11.9 yr 5.20 AU

Saturno 29.5 yr 9.54 AU

Urano 84.0 yr 19.2 AU

Nettuno 164 yr 30.1 AU



Effetto doppler
Sorgente di onde in movimento

Dl/l0 = Dv/c



Spettro solare
Il «codice a barre» del Sole
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Effetto doppler in astronomia
Sorgente di onde in movimento

Dl/l0 = Dv/c



Metodo velocità radiale
Osserviamo uno spettro stellare

Dl = 882.55 nm – 882.4 nm  
= 0.15 nm

Dv = 0.15 nm/882.4 nm  
☓300,000 km/s = 50 km/s



Metodo velocità radiale
Osserviamo lo spettro della stella che ospita il pianeta



51 Pegasi b
1995: scoperto il primo pianeta intorno ad una stella della sequenza principale

© 1995 Nature  Publishing Group

© 1995 Nature  Publishing Group

51 Peg b: pianeta di ~ 0.4 MJ, a=0.05 AU , 
P~ 4 giorni, Stella simile al sole



51 Pegasi b
Osservazioni della velocità radiale della stella

P

2K



51 Pegasi b
Parametri stella-pianeta (orbita circolare)

III legge di Kepler

Conservazione del momento 

Ampiezza curva velocità radiale

Calcolato

Calcolato

Calcolato

Calcolato

CalcolatoVelocità del pianeta



Qualche esempio
Velocità radiale di alcuni sistemi pianeta/stella



Qualche esempio
Velocità radiale di alcuni sistemi pianeta/stella



Orientamento dell’orbita
Parametri orbitali

50 Artie P. Hatzes

Fig. 36 The elements of a Keplerian orbit.

descending node: point where the planet crosses the reference plane and moving
toward the observer
W = longitude of ascending node. The angle between the Vernal Equinox and the
ascending node. It is the orientation of the orbit in the sky.

Fully parameterizing a Keplerian orbit requires seven parameters: a, e, P, tp, i, W ,
w:

a : semi-major axis that defines the long axis of the elliptical orbit
e : eccentricity describes the amount of ellipticity in the orbit
P : orbital period
T0 : the time of periastron passage.
W : Longitude of ascending node.
w argument of periastron: angle of the periastron measured from the line of nodes
i orbital inclination: angle of the orbital plane with respect to the line of sight.

RV measurements can determine all of these parameters except for two, W and
the orbital inclination. The angle W is irrelevant for the mass determination. The
orbital inclination, however, is important. Because we measure only one component
of the star’s motion we can only get a lower limit to the planet mass, i.e. the mass
times the sine of the orbital inclination.

For RV orbits there is one more important parameter that one derives and that is
of course the velocity K-amplitude4. This is the component along the line-of-sight

4 Historically the radial velocity amplitude is denoted by the variable K and is often referred to as
the K-amplitude.



Orientamento dell’orbita
Il segnale di velocità radiale sarà + o -intenso a seconda dell’inclinazione orbitale



Velocità radiale
Nel caso di orbita ellittica

Astronomical Data Analysis 2011: Exoplanet DetectionChristoph U. Keller, C.U.Keller@uu.nl

Radial Velocity Signal Amplitude 

•  Observe: period, velocity amplitude and shape

•  Stellar mass unknown, but good estimate from 
stellar spectrum

•  Jupiter: 12.4 m/s maximum velocity

•  Saturn: 2.8 m/s

•  Earth: 9 cm/s

•  Heavier stars reduce the signal

•  Lighter stars increase the signal
13

K =
�

2�G

Porb

⇥ 1
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• P:   periodo orbitale 
• M*: massa della stella 
• MP: massa del pianeta
• i:    inclinazione, angolo tra la normale al piano orbitale e linea di vista
• e:  eccentricità



Velocità radiale
Nel caso di orbita ellittica



Velocità radiale
Nel caso di orbita con qualsivoglia orientazione ed eccentricità

54 Artie P. Hatzes
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Fig. 38 Sample RV curves from Keplerian orbits. (Top left) A circular orbit. (Bottom left) An
eccentric orbit with e=0.95 and w = 90�. (Top right) An eccentric orbit with e=0.75 and w = 0�.
(Bottom right) Orbit with the same eccentricity but with w = 90�. Sparse RV measurements of a
star with a planet in an eccentric orbit can have variations that look constant (dots) or mimic a
binary companion (triangles).

Likewise, maybe you take your measurements on the steep part of the RV curve
(triangles in Figure 38). The star will show a very rapid increase in the RV, similar
to what you would expect from a stellar companion. You would then conclude that
this was just a boring binary star and you would again eliminate this star from your
target list. A good observing strategy would be to continue to observe your target
stars even if they appear to be RV constant, or seem to be a stellar binary system.

It is also difficult to get good orbital parameters for exoplanets in highly eccentric
orbits. For these you often need to get RV measurements at extrema of the orbit and
this can occur over just a few days. If the planet has a long period orbit and and you
miss the peak of the RV due to bad weather, you may have to wait several years for
the next opportunity.

Note that for circular orbits w is not defined. A circular orbit has no periastron
passage as it keeps a constant distance from the star, so how can there be an angle
for it? In this case the phase of the orbit is simply defined by the epoch or mean
anomaly.

There is one instance worth noting where you do use a non-zero w for a circular
orbit. This is the case when you have a transiting planet whose epoch is usually
defined by the mid-point of the transit and not by another epoch. In this case the RV
curve has to have the correct phase, i.e. one where the velocity of the host star goes
negative shortly after the mid-transit. Since the phase of the orbit can no longer be

10 Radial velocities

The true anomaly, ν(t ), also frequently denoted f (t ),
is the angle between the direction of pericentre and
the current position of the body measured from the
barycentric focus of the ellipse. It is the angle normally
used to characterise an observational orbit.

The eccentric anomaly, E(t ), is a corresponding an-
gle which is referred to the auxiliary circle of the ellipse.
The true and eccentric anomalies are geometrically re-
lated by

cosν(t ) = cosE(t )−e
1−e cosE(t )

, (2.6)

or, equivalently,

tan
ν(t )

2
=

!
1+e
1−e

"1/2
tan

E(t )
2

. (2.7)

The mean anomaly, M(t ), is an angle related to a
fictitious mean motion around the orbit, used in calcu-
lating the true anomaly. Over a complete orbit, during
which the real planet (or the real star) does not move at
a constant angular rate, an average angular rate can nev-
ertheless be specified in terms of the mean motion

n ≡ 2π/P , (2.8)

where P is the orbital period. The mean anomaly at time
t − tp after pericentre passage is then defined as

M(t ) = 2π
P

(t − tp) ≡ n(t − tp) . (2.9)

The relation between the mean anomaly, M(t ), and the
eccentric anomaly, E(t ), can be derived from orbital dy-
namics. This relation, Kepler’s equation, is given by

M(t ) = E(t )−e sinE(t ) . (2.10)

The position of an object along its orbit at any cho-
sen time can then be obtained by calculating the mean
anomaly M at that time from Equation 2.9, (iteratively)
solving the transcendental Equation 2.10 for E , and then
using the geometrical identity Equation 2.6 to obtain ν.

Orbit specification A Keplerian orbit in three dimen-
sions (Figure 2.2) is described by seven parameters:
a,e,P, tp, i ,Ω,ω. The first two, a and e, specify the size
and shape of the elliptical orbit. P is related to a and the
component masses through Kepler’s third law (see be-
low), while tp corresponds to the position of the object
along its orbit at a particular reference time, generally
with respect to a specified pericentre passage.3

The three angles (i ,Ω,ω) represent the projection of
the true orbit into the observed (apparent) orbit; they

3A few remarks are in order: (i) some texts state that just six
parameters are required, and omit P , implicitly invoking the re-
lation between a and P (and the component masses) as given
by Kepler’s third law; (ii) a is the semi-major axis of the orbit-
ing body with respect to the system barycentre, assumed here

reference plane

ძ� �ascending node

i

orbit plane

ν(t)

Ω =
longitude of

ascending node

ω
ϒ =

reference
direction

⇓
to observer

orbiting
body pericentre

ellipse focus ≡
centre of mass

rz
წ� �descending

node

apocentre

Figure 2.2: An elliptical orbit in three dimensions. The reference
plane is tangent to the celestial sphere. i is the inclination of the
orbit plane. The nodes are the points where the orbit and ref-
erence planes intersect. Ω defines the longitude of the ascend-
ing node, measured in the reference plane. ω is the fixed angle
defining the object’s argument of pericentre relative to the as-
cending node. The true anomaly, ν(t ), is the time-dependent
angle characterising the object’s position along the orbit.

depend solely on the orientation of the observer with re-
spect to the orbit. In general, the semi-major axis of the
true orbit does not project into the semi-major axis of
the apparent orbit.

i specifies the orbit inclination with respect to the
reference plane, in the range 0 ≤ i < 180◦. i = 0◦ cor-
responds to a face-on orbit. In the discussion of binary
orbits, motion is referred to as prograde (in the direc-
tion of increasing position angle on the sky, irrespective
of the relation between the rotation and orbit vectors) if
i < 90◦, retrograde if i > 90◦, and projected onto the line
of nodes if i = 90◦.

Ω specifies the longitude of the ascending node, mea-
sured in the reference plane. It is the node where the
measured object moves away from the observer through
the plane of reference. [For solar system objects, it is the
node where an orbiting object moves north through the
plane of reference.]

ω specifies the argument of pericentre, being the an-
gular coordinate of the object’s pericentre relative to its
ascending node, measured in the orbital plane and in
the direction of motion. [For e = 0, where pericentre is
undefined, ω = 0 can be chosen such that tp gives the
time of nodal passage.]

to be in linear measure unless otherwise noted. If a is deter-
mined in angular measure, as in the relative astrometry of bi-
nary stars, the system distance d (equivalently the parallax ϖ)
is required to establish the linear scale; (iii) the parameters of
the two co-orbiting bodies (e.g. a star and planet) with respect
to the barycentre are identical, with the exception of their val-
ues of a which differ by a factor Mp/M⋆, and their values of ω
which differ by 180◦.



Ricerca di un segnale
periodico nei dati: è un pianeta?
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Fig. 23 (Top) Time series (dots) of a sampled sine function (curve) with a period of 2.85 d whose
amplitude is the same level as the noise. The sine variations are not visible in the time series. (Bot-
tom) The DFT power spectrum of the above time series. A dominant peak at the correct frequency
is clearly seen.

The foundation for the DFT is the fact that sines and cosines are orthogonal
functions that form a basis set. This means that any function can be represented as
a linear combination of sines or cosines.

The power is defined by

PX(w) =
1
N
|FTx(w)|2 = 1

N

"
(

N

Â
j=1

Xjcoswtj)2 +(
N

Â
j=1

Xjsinwtj)2

#
(13)

and this is often called the classic periodogram.
The DFT of a real time series can have a real and imaginary part, but in astron-

omy we are interested in real quantities. The DFT is often represented as a power
spectrum P(w) where P is the complex conjugate - a real value, or sometimes as the
amplitude spectrum where A(w) where A =

p
PX

The utility of the DFT is that if a periodic signal is in your data it appears (nearly)
as a d -function in Fourier space at the frequency and with the amplitude of your sine
wave. In the presence of noise the periodic signal can be more readily seen in the
frequency domain (Figure 23).

Ideally, one would like to have data that are taken in equally-spaced time in-
tervals, but this is rarely possible with astronomical observations. There are DFT
algorithms available for unequally spaced data.

A useful tool for DFT analyses is the program Period04 (Lenz & Breger 2004).
Period04 enables you to perform a DFT on unequally spaced time series and plot

1. Si cerca un segnale periodico
nel dati

2. Qual è la natura del segnale?
Può essere spiegato da sorgenti
di rumore (stella, rumore
sistematico dello strumento)?

3. Si fa un fit dei dati per estrarre i
parametri dell’orbita.



Ricerca di un segnale
Importanza del campionamento e soluzioni degeneri
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Fig. 31 Six RV measurements (dots) that can be fit by a short or a long period sine function.
Because of the poor sampling the long period sine wave appears as a alias of the shorter period
sine.

a longer period in your Fourier spectrum. So, if you have a planet with an orbital
period of 0.8 d, the wrong strategy would be to take only one observations per night.
To detect such a period requires several observations per night, scattered throughout
the night, and over several consecutive days.

Ground-based observations are always interrupted by the diurnal cycle of the
sun caused by the Earth’s rotation. This means that the 1-d aliases are ubiquitous in
ground based measurements. For ground-based observations if you have a frequency
fd in your data, then in the periodogram alias frequencies will appear at

falias = fd ±1 (20)

There is a well-known example where the alias problem resulted in astronomers
reaching a wrong conclusion and with important consequences. The planet 55 Cnc-e
was one of the first hot Neptunes discovered by the RV method. The planet had a
mass of 17.7 M� and an orbital period reported to be 2.85 d (McArthur et al. 2004).
This period, however, was the alias of the true period at 0.74 d.

Figure 32 shows the DFT power spectrum of the RV measurements for 55 Cnc
plotted beyond the Nyquist frequency of ⇡ 0.5 d�1. One sees a peak at the “dis-
covery” orbital frequency at 0.35 d�1 (P = 2.85 d). However, there is a slightly
higher peak at the alias frequency of 1.35 d�1. There is also another, most likely
alias at 0.65 d�1, or about one-half the higher frequency. One can check that these
are aliases by fitting sine waves to the data using the 1.35 d�1 frequency, and then



Attività stellare
Sorgente di rumore
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Fig. 47 (Top) The RV variations of TW Hya measured at optical wavelengths and phased to the
orbital period of the purported planet (Setiawan et al. 2008). (Bottom) The RV variations of TW
Hya measured at near infrared wavelengths (Huélamo et al. 2008) and phased to the planet orbital
period. The amplitude in this case is at least a factor of 3 smaller indicating the variations arise
from a spot. Measurements are repeated past the vertical line at phase 1.0.

is not taken properly into account you would think this linear trend was due to a
companion (stellar or planetary) to the star.

6.6 Stellar Noise

The instrumentation for precise stellar RV measurements has improved to the point
that astronomers can now routinely measure the RV of a star with a precision of ⇡ 1
m s�1. At this precision the error in the RV measurement is dominated by intrinsic
stellar noise rather than instrumental errors. Table 3 shows some of the sources of
stellar noise, their amplitudes, and time scales.

Table 3 Sources of intrinsic stellar RV noise.
Phenomenon RV Amplitude (m/s) Timescales

Solar-like Oscillations 0.2–0.5 m s�1 ⇠ 5-15 min
Stellar Activity (e.g.spots) 1–200 m s�1 ⇠ 2–50 d
Granulation/Convection Pattern ⇠ few m s�1 ⇠ 3–30 yrs



Attività stellare
Il caso di Corot 7b
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Fig. 49 (Top) The RVs for CoRoT-7 measured by HARPS. The curve represents the multi-sine
component fit found by pre-whitening. (Center) The RV variations and fit to the activity-only vari-
ations for CoRoT-7. (Bottom) The RV variations and fit to the three planets of CoRoT-7.

Hatzes (2002) confirmed this behavior, but with a slightly higher amplitude, us-
ing simulated data where the RV was calculated using a procedure that mimicked
the iodine method.

ARV[ms�1]⇡ (8.6vsini�1.6)f0.9 (32)

which is valid for v sin i > 0.2 km s�1.
For long lived spots (DT > a stellar rotation) the RV variations due to activity

will be coherent and appear as a periodic signal. A well-known case for this is the
star HD 166435. This star showed RV variations with a period of 4 d that mimicked
the signal due to a hot Jupiter. It was shown however, that these variations were
actually due to spots (Queloz et al. 2000).

Unfortunately, spots are born, grow, and eventually fade away. They also migrate
in both longitude and latitude, the latter which will have a different rotational period
due to differential rotation. This will create a very complex time series which greatly
hinders our ability to detect planets, particularly ones with small RV amplitudes.
One has to be able to distinguish between RV signals do planets and those due to
activity. This requires the use of activity diagnostics.

Hatzes et al., 2011
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Fig. 43 The laser frequency comb at the HARPS spectrograph. The lower rows are the orders of
the stellar spectrum. Just above these are a series of emission peaks produced by the laser frequency
comb. Note the higher density of calibration features compared to Th-Ar (see Figure 17). Figure
courtesy of ESO.

velocity offset. These are independent data sets, you simply cannot throw all the
data together and search for planets.

6.1.3 Effects of the Detector

The last, and often ignored component of the RV budget train for an instrument is
the CCD detector. Generally these detector systems are provided by observatories
for a broad range of uses. The CCD laboratory of an observatory will certainly have
stability in mind, but maybe not always at a level needed for precise RV measure-
ments.

CCD detectors can introduce RV errors in a variety of ways. We have already
discussed such things as flat field errors, and errors due to fringing. Other sources
can be the structure of the CCD and the inter-pixel gaps. Errors can occur as an ab-
sorption line moves across such a gap. As a rule of thumb when making precise RV
measurements it is best to always place your stellar spectrum at the same location
on the CCD detector. Of course this is not always possible as barycentric motion of
the Earth will always displace the spectral lines.

Noise in the CCD detector can also creep in as an RV error in very subtle ways.
Figure 42 shows the RV measurement error as a function of time for star from the
Tautenburg Observatory Planet Search Program. For the most part the RV error
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HARPS-South

• HARPS-South e HARPS-North (High 
Accuracy Radial velocity Planet Searcher) 

• Montati su telescopio 3.6m La Silla (Cile), 
3.58m TNG La Palma (Spagna)

• Precisione 30cm/s

• Super-Terre e sistemi planetari complessi
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• Strumento con precisione di 10cm/s
• Montato sul VLT a Paranal (Cile)
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Table 2.3: Number of planets discovered by specific radial ve-
locity instruments, based exclusively on the compilation at
exoplanets.org as of 2010–11–01. This listed 317 planets ac-
tually discovered by radial velocity measurements (i.e. an in-
complete compilation), compared to 461 with measured ra-
dial velocities and 494 discovered by all methods given by
exoplanet.eu at the same date. A planet discovered by ob-
servations at N observatories, is counted for 1/N discoveries by
each, and final numbers are rounded.

Observatory/instrument Number

Keck–HIRES 101
ESO 3.6–HARPS 50
Euler–CORALIE 34
Lick (Shane/APF) 32
AAT–UCLES 28
OHP–ELODIE 15
HET–HRS 13
Okayama–HIDES 10
Magellan–MIKE 7
Tautenburg 6
Subaru–HDS 5
OHP–SOPHIE 3
McDonald HJS 3
Whipple–AFOE 2
Bohyunsan–BOES 2
CFHT (from 1988) 1
ESO–CES 1
ESO–FEROS 1
KPNO–ET 1
Oak Ridge+Coravel (from 1989) 1
Xinglong–CES 1

http://exoplanet.eu, the Exoplanet Encyclope-
dia, is a compilation of all exoplanet announcements,
data, and bibliography, maintained by Jean Schneider at
the Observatoire de Paris–Meudon. The data base can
be interrogated, for example, according to radial veloc-
ity measurements alone.

http://exoplanets.org, the Exoplanet Orbit
Database, includes results from radial velocity and
transit surveys for stars within 200 pc, aiming to in-
corporate the most secure spectroscopically-measured
orbital parameters. It updates the Catalogue of Nearby
Exoplanets (Butler et al., 2006; Jones et al., 2008a), and
is maintained by Jason Wright and Geoff Marcy.

2.4.4 Main sequence stars

G and K dwarfs Most of the early Doppler planet
searches concentrated on G and K main sequence stars
(dwarfs), in the mass range ∼ 0.7 − 1.3M⊙. They have
numerous absorption lines, are relatively bright, are rel-
atively slow rotators with low rotational broadening,
and have relatively stable atmospheres, with photomet-
ric jitter for inactive G dwarfs extending down to 2–
3 m s−1 (Table 2.1). Early reviews of these radial velocity
searches were given by Latham (1997); Butler & Marcy
(1998); Latham et al. (1998); Marcy & Butler (1998b); Nel-
son & Angel (1998); and Marcy & Butler (2000).

Discovery year (publication date)

Pl
an

et
 m

as
s (

M
J)

1990 1995 2000 2005 2010

10

1

0.1

0.01

Jupiter

Saturn

Neptune

Earth

Figure 2.17: Planets discovered by radial velocity measure-
ments, according to mass and year of discovery. Circle sizes are
proportional to the semi-major axis a. Data are for 383 planets
from exoplanets.org, 2010–11–01.

Programmes have collectively expanded to cover
most late-type main sequence stars brighter than V ∼
7.5−8.5 mag in a systematic manner. Of the larger pro-
grammes (Table 2.4), CORALIE is surveying about 1600
stars in the southern hemisphere (Tamuz et al., 2008).
In the north, the ELODIE survey of more than 1000
targets focused on metal-rich stars (e.g. da Silva et al.,
2006, 2007). ELODIE was replaced by SOPHIE (following
the HARPS design) in 2006, and the same programme
has continued under the SOPHIE exoplanet consortium
(e.g. Santos et al., 2008). In parallel, the California &
Carnegie search program uses the Keck, Lick, and AAT
telescopes to survey about 1000 stars in the north and
south (Valenti & Fischer, 2005).

The N2K consortium is using the Keck, Magellan,
and Subaru telescopes to survey the ‘next 2000’ stars
(Fischer et al., 2005; López-Morales et al., 2008). Es-
timates of Teff, [Fe/H], and binarity were constructed
from a starting list of more than 100 000 FGK dwarfs
(Ammons et al., 2006; Robinson et al., 2006b). Their
primary target list was then constructed from the more
than 14 000 main sequence and sub-giant stars with d <
110 pc, V < 10.5 and 0.4 < B −V < 1.2. Their final selec-
tion of 2000 stars was also biased towards higher metal-
licity targets, using broad-band photometry to define a
subset with [Fe/H]> 0.1.

A large survey, of ∼10 000 F8 and later dwarfs, started
with the Sloan SDSS III MARVELS programme in 2008
(Ge et al., 2009). The first sub-stellar mass companions,
including the brown dwarf MARVELS–1 b, have been re-
ported (Fleming et al., 2010; Lee et al., 2011).

Con il metodo delle VR



Proxima Centauri b
Pianeta roccioso intorno a stella più vicino a noi (~ 4.4 anni luce)

Alfa Centauri

Beta Centauri

Proxima Centauri

Anglada Escudé et al., 2016



Esercizio 1

Astronomical Data Analysis 2011: Exoplanet DetectionChristoph U. Keller, C.U.Keller@uu.nl

Example 2: e=0 

19

Butler et al. 2006, ApJ, 646, 505

G = 6.674 � 10-11 N m2 kg-2

Massa solare = 1.99 ´ 1030 kg

Stimate la massa del pianeta 
dalle osservazioni di velocità 
radiale (Fig.) sapendo che 

M* = 1.125 Msole



Esercizio 2

Astronomical Data Analysis 2011: Exoplanet DetectionChristoph U. Keller, C.U.Keller@uu.nl

Example 3: e=0.5 

20

Butler et al. 2006, ApJ, 646, 505

G = 6.674 � 10-11 N m2 kg-2

Massa solare = 1.99 ´ 1030 kg

Stimate la massa del pianeta 
dalle osservazioni di velocità 
radiale (Fig.) sapendo che 

M* = 1.14 Msole e l’eccentricità 
dell’orbita è.  e = 0.5 


