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Do other stars host planets?
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● Does life exist elsewhere?

● Is the Solar System special?

Driving Questions:

● How do planets form?
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51 Pegasi b

“Hot Jupiter”
1000o C

First discovery
of extrasolar 

planet (in 1995):

Jupiter-mass
Orbital period:  4 days!
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51 Pegasi b

Exoplanet Discoveries (fig 1 in Laughlin & Lissauer) 
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Detection method 1: Radial Velocity (“RV”)

36 François Bouchy

(très inférieur à la largeur des raies spectrales), la différence entre les deux
spectres peut s’estimer approximativement par la dérivée du spectre que
multiplie le décalage en longueur d’onde :

A(i) − A0(i) =
∂A0(i)

∂λ(i)
δλ(i). (3)

Figure 6.: Principe du calcul de la vitesse radiale par la méthode de
pondération optimum.

Le décalage Doppler peut donc s’écrire sous la forme :

δV (i)

c
=

δλ(i)

λ(i)
=

A(i) − A0(i)

λ(i) (∂A0(i)/∂λ(i))
. (4)

Le décalage en vitesse est par conséquent mesuré à partir du changement
d’intensité du spectre sur chaque pixel. Il faut alors intégrer ce signal
sur tous les points du spectre en pondérant chaque pixel de manière
optimum :

δV

c
=

∑ δV (i)
c W (i)

∑

W (i)
. (5)

Le poids optimum est inversement proportionnel au carré de la disper-
sion :

W (i) =
1

( δVRMS(i)
c )2

. (6)

Détection des exoplanètes par mesures de vitesses radiales 31

pour les étoiles comprenant un grand nombre de raies spectrales fines
et contrastées (voir section 6.). Les cibles les plus adaptées sont par
conséquent des étoiles dites de type solaire, à savoir des naines froides plus
tardives que le type F5 et dont la vitesse de rotation projetée v sin irot est
faible (quelques km s−1). Pour illustration, la figure 2 représente une pe-
tite portion du spectre d’étoile K2V obtenu avec le spectrographe-échelle
HARPS (Pepe et al. 2002a ; Mayor et al. 2003).

Figure 2.: Portion du spectre de l’étoile τ Ceti (K2V) obtenu avec le
spectrographe HARPS (R=100’000). Le domaine représenté correspond
à 1/150 du domaine total couvert. La largeur à mi-hauteur typique des
raies est ici de 0.1 Å ce qui correspond à 6 km s−1.

Le calcul du décalage Doppler du spectre s’effectue, soit par ajuste-
ment avec un spectre de référence réel ou synthétique, soit par corrélation
croisée avec un masque numérique (voir section 5.). Au résultat obtenu,
il convient de retrancher la composante de vitesse liée à la dérive du spec-
trographe et la composante de vitesse liée au mouvement de la Terre.

Vrad = Vspectre − Vderive − VTerre (1)

La composante de dérive instrumentale est la plupart du temps (sauf
pour les spectrographes sous vide) dominée par les variations d’indice
optique de l’air liées aux variations de température et de pression at-
mosphérique. Une variation de 1 mbar induit un décalage des spectres
de l’ordre de 90 m s−1. Une variation de température de 1 degré Celsius
induit un décalage de l’ordre de 300 m s−1. Une autre cause de dérive
instrumentale provient des flexions thermo-mécanique de l’instrument.
Un déplacement relatif de 1 micromètre entre la fente (ou fibre d’entrée)
et le détecteur du spectrographe se traduit par un décalage équivalent du
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Orbital period: 4.2 days
Mass: 0.4 × Jupiter’s mass
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velocities. The resulting best-fit orbital parameters for the planet
are P ¼ 7:19 " 0:3 yr, e ¼ 0:16, and K ¼ 29:8 m s#1, implying
a minimum mass M sin i ¼ 2:06MJup orbiting with semimajor
axis a ¼ 3:78 AU.

With only one orbit in hand, the constraints on the orbital
parameters are modest. We carried out a Monte Carlo test in
which artificial Gaussian noise, equal to our actual errors and
jitter, were added to the best-fit Keplerian orbit, evaluated at our
actual times of observation.We ran 100 trials, redetermining the
best-fit Keplerian orbit for each trial. The standard deviation
of the resulting orbital parameters is deemed a measure of their
uncertainty. We find that the orbital period carries an uncer-
tainty of 61 days, the eccentricity is uncertain by 0.08, and the
velocity amplitude is uncertain by 1.6 m s#1. Thus, the orbit is
quite well constrained at the 10% level.

4.4. HD 188015

HD 188015 (=HIP 97769) is spectral type G5 IV, with V ¼
8:24, B# V ¼ 0:73, parallax of 19.00mas (ESA 1997), and ab-
solute visual magnitudeMV ¼ 4:63, placing it$0.5 mag above
the main sequence. It is chromospherically quiet, with S ¼ 0:15
and log R0

HK ¼ #5:05 (Wright et al. 2004). This star was sug-
gested for inclusion in our sample by Laughlin (2000), who finds
it to be metal-rich, ½Fe=H& ¼ þ0:29, based on calibration of nar-
rowband photometry, in agreement withValenti& Fischer (2005),
who carry out LTE fitting of our spectra giving ½Fe=H& ¼ þ0:23.
The implied rotation period is 36 days. Its placement above the
main sequence and low chromospheric activity are consistentwith
an old, quiescent star (6–10 Gyr).

We estimated the stellar mass from the Girardi et al. (2002)
models, as described in x 2, givingM ¼ 1:08 M(. In comparison,
Allende Prieto & Lambert (1999) findM ¼ 1:03 M(. As our es-
timate takes account of the metallicity of the star, we adoptM ¼
1:08 " 0:1 M(. From our spectra of Ca ii H and K, the expected
jitter is 4.22 m s#1. Stellar parameters are listed in Table 1.

Table 5 gives the time of observation, the measured radial ve-
locity, and the internal error. Figure 5 shows the measured rel-
ative velocities for HD 188015 and the associated best-fit
Keplerian model. The error bars shown in Figure 5 include both
the internal errors and jitter, added in quadrature.

The velocities for HD 188015 in Figure 5 reveal an obvious
periodicity, with a period somewhat over a year and a semi-
amplitude of roughly 40 m s#1 apparent to the eye. The best-
fit simple Keplerian has a

ffiffiffiffiffiffi
!2
"

p
¼ 1:36 and residuals with

TABLE 4

Radial Velocities for HD 117207

JD #2,440,000

Radial Velocity

(m s#1)

Uncertainty

(m s#1)

10,463.162............................... 19.0318 3.1

10,546.977............................... 5.82358 2.7

10,838.124............................... #9.81886 2.7

10,954.891............................... #28.2798 2.7

10,955.851............................... #29.0574 2.8

11,227.056............................... #30.6795 2.9

11,311.883............................... #42.9408 8.2

11,342.817............................... #32.0488 2.7

11,367.765............................... #35.0539 2.3

11,371.749............................... #32.8409 2.8

11,372.752............................... #33.4615 2.7

11,373.754............................... #39.5277 3.0

11,582.050............................... #19.9703 3.6

11,679.882............................... #22.6980 2.9

11,702.883............................... #26.0960 2.7

11,972.083............................... #9.16290 3.3

11,982.117............................... #9.58160 2.9

12,002.967............................... 0.00000 3.5

12,008.953............................... #6.13087 3.3

12,062.773............................... #6.79053 3.0

12,094.758............................... #6.95602 3.0

12,100.765............................... #3.43360 3.3

12,128.738............................... #5.66888 3.6

12,334.092............................... 8.65721 3.6

12,364.010............................... 17.3127 2.3

12,390.947............................... 4.55621 3.1

12,445.785............................... 11.8581 3.0

12,681.156............................... 22.4985 3.2

12,712.025............................... 21.4198 3.2

12,777.876............................... 26.7895 3.1

12,804.778............................... 40.0828 3.6

12,850.740............................... 19.0017 2.7

13,015.162............................... 23.8500 2.8

13,016.158............................... 21.8146 3.0

13,017.147............................... 23.4381 2.9

Fig. 4.—Measured velocity vs. time for HD 117207 (dots) with the associated
best-fit Keplerian with period P ¼ 7:19 yr, e ¼ 0:16, and M sin i ¼ 2:06MJup.

Fig. 3.—Measured velocity vs. time for HD 183263 (dots) with the associ-
ated best-fit Keplerian with period P ¼ 633 days and M sin i ¼ 3:75MJup. A
linear trend of 33 m s#1 yr#1 is apparent, indicating a more distant companion,
likely substellar. Error bars are smaller than the plotted points.
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data sets. We find that the distributions of parameter estimates
are generally consistent with underlying Gaussian distribu-
tions. We note, however, that significant covariation does exist
between some of the orbital parameters (e.g., Mi and $i),
making it impossible to generate systems that are fully con-
sistent with the radial velocity data by independently sampling
orbital parameters from the inferred underlying distributions.

We conclude that the nominal, edge-on, coplanar two-planet
model of Table 2 is fully consistent with the current set of radial
velocity measurements of the star. If the actual stellar jitter for
GJ 876 is smaller than 6 m s!1, then one can contemplate
extracting additional information (related, say, to the inclina-
tions and nodes of planets b and c, or to additional bodies) from
the lists of radial velocities in Table 1 and inMarcy et al. (2001).

The three-body fit to the radial velocities indicates that the
two major planets in the GJ 876 are locked in a symmetric
configuration, with the resonant arguments !1 ¼ kc ! 2kb þ
$c, and !2 ¼ kc ! 2kb þ$b both librating about zero degrees.
The orbital configuration of the best-fit edge-on coplanar
model of the GJ 876 data set is shown in Figure 1. In this
figure, the positions of the planets are plotted as filled cir-
cles at 60 successive one-half-day intervals beginning on JD
2,449,710, when the planets were both near periastron. The
positions are plotted in the frame centered on the star. Also
plotted (as clouds of dots) are the positions of the planets at
every one-half-day interval since the epoch of the first Lick
Observatory data point taken on JD 2,449,679.6316. The fig-
ure shows that the orbits of the planets do not close, while
examination of the time-dependent osculating orbital elements
shows that the periapses of the planets are precessing at a rate
of $̇ ¼ !41$ yr!1. This rapid precession is the primary reason

why Keplerian fits to the data show higher
ffiffiffiffiffi
"2

p
values than the

self-consistent three-body fits.
Figure 2 shows the fitted reflex velocity of the star in com-

parison with the radial velocity data. The most striking feature
of this figure (aside from the dominant%60 days periodicity) is
the modulation arising from the 8.7 yr precession period for the
planets’ joint line of apsides. This precession has now been
observed for more than one full period, and the planets have
completed a full librational cycle for both the secular j$c!$bj
resonance argument, as well as the 2:1 resonance arguments
!1 and !2. These librations are manifest in the slightly non-
sinusoidal envelope of the overall stellar reflex velocity. The
non-Keplerian aspect of the motion is also evident in the wave
of small-amplitude velocity reversals running through the ra-
dial velocity curve. In the summed Keplerian model, this wave
has an asymmetric shape and is produced (along with the over-
all modulation) by the inner planet c having a fixed period Pc ¼
30:12 days that is slightly less than half the Pb ¼ 61:02 days
period of the outer planet. In the self-consistent fit, the small
velocity reversals display a symmetric waveform, and arise
largely from the precession of the inner eccentric orbit and the
librations about the three resonances. For additional related
discussion of the manifestation of the orbital dynamics in the
radial velocity curve, see Nauenberg (2002)

The primary assumption underlying the fit given in Tables 2
and 3 is that the planetary orbits are coplanar and are being
viewed edge-on. While there is no a priori observational evi-
dence to indicate that the system is coplanar, it is likely that the
planets arose from a relatively flat protoplanetary accretion
disk. Numerical integrations of the differential migration of the
system that assume this scenario show that the eccentricity must
in general be forced to higher values than observed before
significant mutual inclination is excited (see also Thommes &
Lissauer 2003). Hence it makes dynamical sense to prefer co-
planar models. We also note that astrometric evidence obtained
by Benedict et al. (2002) suggests that the outer planet in the
system is being viewed fairly close to an edge-on configuration.

If we assume coplanar inclinations with is < 90$ and con-
struct a succession of fits, we obtain the run of best-fit

ffiffiffiffiffi
"2

p

Fig. 1.—Orbital motion arising from the two-planet coplanar dynamical fit to
the GJ 876 system listed in Tables 2 and 3. The clouds of small black dots plot
the positions of the planets at every one-half day interval from JD 2,449,680 to
JD 2,453,000, illustrating the range of planetary motion produced by the pre-
cession of the line of apsides. The connected filled circles plot the positions of
the planets at 120 one-half day intervals beginning on JD 2,449,710. The two
solid lines radiating from the central star mark the osculating longitudes of
periastron, $b ¼ 149N1 and $c ¼ 154N4 for the planets at JD 2,449,710. The
longitudes $b and $c oscillate about alignment with a libration amplitude
j$c !$bj max ¼ 34$, and the line of apsides precesses at a rate $̇ ¼ !41$ yr!1.
The sense of the orbital motion is counterclockwise as viewed from above. [See
the electronic edition of the Journal for a color version of this figure.]

Fig. 2.—Top: Stellar reflex velocity from a self-consistent, coplanar, is ¼
90$ three-body integration compared to the GJ 876 radial velocities. The fit
parameters and initial conditions for the integration are listed in Tables 2 and
3. Velocities obtained at Lick Observatory (listed in Marcy et al. 2001) and the
velocities taken at Keck Observatory (listed in Table 1) are shown as small
filled circles. The plotted Lick velocities include a fitted offset between the
telescopes that resulted in o2 ¼ 44:476 m s!1 being added to each of the 16
Lick Observatory measurements. Bottom: Residuals to the orbital fit.

GJ 876 PLANETARY SYSTEM 1185No. 2, 2005 GJ876 (Laughlin et al. ’05)(Marcy et al. ’05)
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Known Planets 
(fig 2 in Laughlin & Lissauer) Measured with RV
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 Formation of Hot Jupiters
●  Jupiter-mass planets almost certainly formed outside 1 AU
          (Inside 1 AU: temperature too high & star’s gravity too strong)

●  How did hot Jupiters “migrate” from >1 AU to < 0.1AU?
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Hot Jupiters

1. Disk Migration
Planet forms in a gas disk, 
then is transported along as disk is accreted 

2 types of migration scenarios:
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When planet comes close enough
to star, strong tides are raised
on planet, circularizing its orbit

2. Interplanetary chaos (& related scenarios) :

Innermost planet’s eccentricity
 is excited by other planets

Planet forms far from star, with
companions

●  

●  

●  
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eccentricity=0 (circle)

eccentricity=0.5 (ellipse)

 Solar system also exhibits chaos
 Earth’s eccentricity

time [million years]

ec
ce
nt
ric
ity
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 Solar system also exhibits chaos
 Earth’s eccentricity

time [million years]

ec
ce
nt
ric
ity

 Mercury’s eccentricity
● Solar system unstable! 
Lucky we haven’t lost 
Mercury yet

Tuesday, June 30, 15



Detection method 2: Transit

HD 209548 (Brown et al. ’01)
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Kepler Telescope
Transit detector extraordinaire
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 ~4,200 “planetary candidates” (~1000 are “confirmed planets”)●

Kepler’s Bounty:

● mass: between Earth & Neptune (mostly)
periods: inward of Mercury       (mostly)

●  20-30% of stars have “Kepler planets” (“Ungiants”)
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“Packed” planetary systems

Entire Kepler-11 planetary system 
(6 planets known)

fits inside the orbit of Venus
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Circumbinary planets
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● Kepler measures:
        planet radius  (transit depth)  
                                

● Would also like to know:    
                                   eccentricity

& mass rock? gas?

What are these planets made of?

    & period/semimajor axis (transit times)
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Transit Time Variations (TTV)

transit number
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perturbed
planet
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Transit Time Variations (TTV)
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Kepler 18

Remove 
slope

(Cochran et al. ’11)
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Transit Time Variations (TTV)

transit number
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perturbed
planet

Kepler 18

Remove 
slope

(Cochran et al. ’11)

ec = 0 [±0.0003]
Mc = 17MEarth

ed = 0

Md = 16MEarth

 [±0.0003]
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Density of 70 Exoplanets from TTV 

Planet Radius [REarth]
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● Small ones rocky (or even denser)
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gas

● Bigger ones covered in gas. Up to ~50% of mass in gas.
                  Surprising:  closer to star than Mercury &
                                       not much bigger than Earth. 
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● Modest increase in size leads to big decrease in density 
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● Suggests homogeneous population:  rock & varying amounts of gas 
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(Marois et al. ’10)HR 8799 β Pic (Lagrange et al. ’10)

Detection method 3: Direct Detection
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First step: Collapse of gas clouds

How do planets form?
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Formation of star and disk
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Formation of planets from disk
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Migration (e.g., Terquem & Papaloizou ’07, Ida & Lin ’10)    

● Planets form far from star, then migrate inwards in gas disk

Problem: Too FAST!

How did “Kepler planets” form?

Migration vs. in Situ
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Similar to formation of terrestrial planets
In situ

(but closer-in, more material)

(e.g., Hansen & Murray ’12, Chiang & Laughlin `13)    

mergers

Problem:
● Gassy atmosphere ⇒ gas disk 
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Future:
● Finding more planets, with RV, transit, & direct 
detection.  And other methods too (microlensing, 
astrometry, etc)

Finding rocky planets in the●  “habitable zone”
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Future:
● Finding more planets, with RV, transit, & direct 
detection.  And other methods too (microlensing, 
astrometry, etc)

Finding rocky planets in the●  “habitable zone”

Characterizing their atmospheres●

Biosignatures (oxygen?)...●
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