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Hasta 1995 el único sistema planetario conocido era 

EL SISTEMA SOLAR



Los Primeros Exoplanetas



Un poco de historia:
1. En 1844, Friedrich Bessel es el primero en detectar, a través de un método indirecto, un compañero 

invisible orbitando en torno a una estrella (Sirio).

2. En 1862, Alvan Clark identificó al compañero de Sirio utilizando un telescopio más potente. La compañera 
es 10,000 veces menos intensa que la estrella principal.

3. En 1930. Los descubrimientos de Subrahmanyan Chandrasekhar permitieron determinar que Sirio B es una 
“Enana Blanca”

4. A mediados del siglo XX se obtuvieron las primeras posibles detecciones de planetas gracias a la llegada 
de mejores telescopios y mejores técnicas fotográficas.

5. Durante la segunda guerra mundial se publicó la detección de varios planetas pero posteriormente se 
encontró que no lo son: o son estrellas o se deben a errores instrumentales.

6. En 1969, Piet van de Kamp publicó la detección de 2 planetas similares a Júpiter alrededor de la estrella 
Barnard. Sin embargo, en 1973, George Gategood y Heinrich Eichorn llevan a cabo un estudio que 
demuestra que los Planetas alrededor de la estrella Barnard no son reales, son el resultado de problemas 
instrumentales.

7. En 1974, Van de Kamp publica la detección de un planeta alrededor de épsilon Eridani. Sin embargo, 
estudios posteriores muestran que no hay tal planeta.

8. Entre 1973 y 1990, George Gategood  se encargo de enterrar varios posibles planetas. Con esto se ganó el 
sobre nombre de “Enterrador de Planetas”. En 1996, George Gategood publicó la detección de un planeta 
que no ha sido confirmado a la fecha.

9. En 1995, Didier Queloz y Michel Mayor, usando una técnica distinta (efecto dopler), descubren el primer 
planeta fuera del sistema Solar. Este descubrimiento fue fortuito ya que ellos buscaban estrellas frías 
girando alrededor de estrellas similares al Sol. Este descubrimiento fue confirmado ese mismo año.



En Octubre de 1995, por fin se logró:
El primer planeta alrededor de otra estrella.

Un grupo Suizo descubre un planeta – 51 Pegasi –
a 48 años luz de la Tierra.

Artist's concept of an extrasolar planet (Greg Bacon, STScI) 7

Didier Queloz and Michel Mayor



Michel Mayor and Didier Queloz  1995, NATURE

M sin i = 0.47 M_Jup

Periodo = 4.2 días

Radio ~ 0.1 UA

Distancia = 48 años luz

Masa ~ 0.0005 M_sun

51 Pegasi b

M = 1.11 M_sun
D = 14.7 pc
Age = 4.0 Gyr



Hasta 1995 el único sistema planetario conocido era 

EL SISTEMA SOLAR



Esto sólo fue el inicio de la aventura:

“First new solar system discovered”
USA TODAY 

April 16, 1999

“10 More Planets Discovered”
Washington Post
August 6, 2000

“New Planet Seen Outside Solar System”
New York Times
April 19, 1996



19 Aug 2019: 4107 confirmed planets!

Exoplanetas encontrados hasta ahora:

4,107 Planets
2,955 Transiting Exoplanets
3,057 Stars with Planets

667 Multi-Planet Systems

1   Astrometry
132    Imaging
855   Radial Velocity

2955   Transit
155    Other technics

2492 Kepler Candidates yet to be confirmed

http://exoplanet.eu http://exoplanets.org
https://exoplanetarchive.ipac.caltech.edu

http://exoplanet.eu
http://exoplanets.org
https://exoplanetarchive.ipac.caltech.edu
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+
Definition of a planet 

 A simple definition is based on mass: 
 Stars: burn hydrogen 
 Brown dwarfs: burn deuterium 
 Planets: do not burn deuterium 

 Deuterium burning limit occurs at around 13 
Jupiter masses, e.g., Chabrier et al 2000 
 1 MJup = 1.9 x 1027 kg ≈ 10-3 Msun 

 Around stars or stellar remnants, no matter how 
they formed 

IAU Resolution in 2003 from the exoplanet working group:  

M < 13 Mjup

13 Mjup < M < 0.075 Msun

M > 0.075 Msun

Msun ~ 1000 Mjup

Hidrógeno = protón + electrón
Deuterio    = protón + neutrón + electrón   (0.015% hidrógeno)
Hay aprox 1 átomo de deuterio por cada 6600 átomos de hidrógeno
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1.- Velocidad Radial 

ó Efecto Dopler



La radiación electromagnética (luz, ondas de radio, 
rayos X, etc) se transmite en forma de ondas

Las ondas están caracterizadas por  l, 
su longitud de onda

n =  c / l (Hertz  o  s-1)
c = 300,000 km/s
n en KHz, MHz, GHz
l en nanómetros, micras, cm, etc.





Luz corrida al azúl



Luz corrida al rojo



Con el telescopio se mide el cambio de la longitud de onda (color) de la luz que nos llega de Estrellas cercanas al 
Sol. Los datos se obtienen durante periodos de días, semanas, meses y años. Este cambio de longitud de onda es el 
corrimiento Dopler de la luz que resulta del movimiento orbital de la estrella alrededor del centro de masa del 
sistema estrella-planeta. Por ejemplo, la gravedad de Júpiter produce que el Sol gire en un circulo alrededor de un 
punto cerca de su superficie con una velocidad de 13 metros por segundo (13 m/s).

f - f0 = f0 (v0 - v)/c f = f0 (1 + (v0 - v)/c)



Planeta a P M V_sun V_sun

(UA) (años) (tierra) (m/s) (km/h)

Mercurio 0.3871 0.24085 0.055 0.01 0.04

Venus 0.7233 0.61521 0.82 0.09 0.3

Tierra 1.0000 1.000021 1.00 0.09 0.3

Marte 1.5237 1.88089 0.107 0.01 0.04

(Ceres) 2.7673 4.604

Júpiter 5.2028 11.86223 317.9 13.06 47 

Saturno 9.5388 29.4577 95.2 2.90 10

Urano 19.182 84.013 14.6 0.30 1.1

Neptuno 30.038 164.793 17.2 0.54 1.9

Plutón 39.518 248.43 0.11

7.7 seg



Mpl apl = M* a*



HD 12661

Distancia = 121.3 años luz

Masa* = 1.07 Msol

MP sin(i) = 2.79 MJ

Periodo = 253 días

Butler et al. (2005) y Maness et al. (2007)



POLLUX

Distancia = 33.6 años luz

Masa = 1.86 Msol

M sin(i) = 2.9 MJ

Periodo = 589 días

Butler et al. (2005) y Maness et al. (2007)



55 CANCRI

Distancia = 40 años luz

Masa = 0.94 Msol

Fisher et al. (2007)



55 CANCRI

Distancia = 40 años luz

Masa = 0.94 Msol

4 exoplanetas tipo Jupiter

Fisher et al. (2007)



M_jup ~ 318 M_tierra

M_tierra ~ 0.0031 M_jup

Marcy et al. (2008)

55 CANCRI
Distancia = 40 años luz

Masa = 0.94 Msol

4 exoplanetas tipo Jupiter

1 exoplaneta ~ 14 M_earth

(~Uranus)
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Fig. 1. Periodograms of GJ581 radial velocity measurements.
Panel 1 (top): Window function of the HARPS measurements.
Panel 2: Periodogram of the HARPS velocities. The peaks cor-
responding to GJ581b (P=5.36d) and its alias with one side-
real day are clearly visible. Panel 3: HARPS velocities corrected
from the velocity variation due to GJ581b. The peak correspond-
ing to GJ581c (P=12.9d) appears. Panel 4: Removing the vari-
ability due to planets b and c, we can see the peak due to the
P=3.15d variability of GJ581e (+ the alias with the a one sideral
day period) as well as the peak at 66d due to GJ581d. Panel 5
: Periodogram after removing the e�ect of planets b, c and d.
The peak due to planet e (Mass = 1.9 earth-mass) is evident (+
its one-day aliases). Panel 6 (bottom): Removing the velocity
wobbles due to the four planets, the periodogram of the residual
velocities shows no additional significant peaks.
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Fig. 2. Radial velocity curves for planets e, b, c and d, from top
to bottom. The lowest panel displays the residual to the four-
planets keplerian fit.
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Table 2. Fitted orbital solution for the GJ 581 planetary system: 4 Keplerians. The model imposes circular orbits for planets GJ 581
b & e, since the derived eccentricities for a full Keplerian solution are insignificant (see text).

Parameter GJ 581 e GJ 581 b GJ 581 c GJ 581 d
P [days] 3.14942 ± 0.00045 5.36874 ± 0.00019 12.9292 ± 0.0047 66.80 ± 0.14
T [JD-2400000] 54716.80 ± 0.01 54712.62 ± 0.02 54699.42 ± 0.87 54603.0 ± 2.2
e 0 (fixed) 0 (fixed) 0.17 ± 0.07 0.38 ± 0.09
⇤ [deg] 0 (fixed) 0 (fixed) -110 ± 25 -33 ± 15
K [m s�1] 1.85 ± 0.23 12.48 ± 0.23 3.24 ± 0.24 2.63 ± 0.32
V [km s�1] -9.2082 ± 0.0002
f (m) [10�14 M⌅] 0.21 108.11 4.34 10.05
m2 sin i [M⇤] 1.94 15.65 5.36 7.09
a [AU] 0.03 0.04 0.07 0.22
Nmeas 119
Span [days] 1570
� (O-C) [ms�1] 1.53
⇥2

red 1.49

measurements as a function of time (top panel), and the corre-
sponding periodogram (lower panel). The figure suggests long
term variations, over timescales of several thousands days which
are much too long to be the rotational period. If those varia-
tion are real, they would be more likely to reflect an analog
of 11 years solar magnetic cycle. Magnetic cycles can poten-
tially a�ect apparent stellar velocities, since they can change
the balance between ascending (blue-shifted) and receding (red-
shifted) convective elements in the atmosphere, but we see no ev-
idence for long-term RV variations. The other significant struc-
ture in the chromospheric signal is a broad power excess between
80 and 120 days, which is much more likely to reflect the rotation
period. That peak overlapped our incorrect initial estimate of the
period of GJ 581 d, but as discussed above photometry limits the
amplitude of any velocity signal from spots at that period to at
most a quarter of the observed value. The revised period puts a
final nail in the co⇥n of that concern, since the periodogram of
the Ca ii H+K indices has no power excess around 67 days. The
Ca II H + K periodogram finally has a weak peak at ⌥ 15 days,
which does not match any of the observed radial-velocity peri-
ods.

To summarize, none of the 4 periodic signal detected in our
RV measurements is compatible with rotational modulation of
stellar surface patterns. Four low-mass exoplanets orbiting the
star remain, by far, the most likely interpretation.

6. Dynamical evolution

We reinvestigate the dynamics of the revised GJ 581 system, us-
ing the same techniques as in Beust et al. (2008, B08). With the
SyMBA symplectic N-body code (Duncan et al. 1998), we carry
5-body integrations over 0.1 Gyr, with a 2 ⇥ 10�4 yr timestep.
Starting from the nominal solutions (Tab.2), which assumes ini-
tially circular orbits for Gl581e and Gl581b (the two innermost
planets), we performe those integrations for inclinations of 90 to
10 degrees, assuming full coplanarity of all orbits.

Our nominal simulation uses the periastron parameters de-
rived in the Keplerian fit and listed in Table 1. To probe the
sensitivity of the simulations to these parameters, we performed
additional integrations with di�erent starting values for the pe-
riastron longitudes. Unsurprisingly, since the orbits are non-
resonant, the results were not significantly di�erent.

Figure 4 shows the maximum variations of the semi-major
axes and eccentricities during those integrations. As in B08, we
note that the semi-major variations gradually increase as the in-
clination decreases. This is a clear indication that lower inclina-

tions, i.e. higher planetary masses, produce a less stable system.
Compared to our previous study, the addition of GJ 581e drasti-
cally tightens the minimum inclination constraint. That low mass
planet has little e�ect on the stability of the more massive GJ
581b, GJ 581c, and GJ 581d, but for inclinations 5 ⌃ i ⌃ 30⇧,
GJ 581e is ejected out of the system on time scales of at most a
few Myrs.

The nominal integrations assume circular initial orbits for GJ
581e and GJ581b. Relaxing this constraint and setting the initial
eccentricity of planet e to 0.1, we found the system even less
stable: GJ 581e was then ejected for inclinations up to i = 40⇧.

Unlike most multi-planet radial-velocity systems, the nomi-
nal least square adjustment to the radial velocities is dynamically
stable for su⇥ciently high inclinations (and co-planar orbits).
Restricting the solutions to dynamically stable systems only im-
poses that i >⌥ 40⇧ and therefore that the mass of each planet be
no more than ⌥1.6 times its minimum mass. For GJ 581e, b, c
and d, those upper limits are 3.1, 30.4, 10.4 and 13.8 M⇤.

7. Summary and discussion

The large number of precise HARPS measurements has now re-
vealed four planets in a non resonnant-configuration. The false
alarm probablities of all four planetary signals are below 0.01%.
The orbital elements of planets GJ581b (P=5.36d Bonfils et al.
2005a) and GJ581c Udry et al. (P=12.9d 2007) are fully con-
firmed, and slightly refined. The 82 days Udry et al. (2007) pe-
riod for GJ 581d, on the other hand, was a one-year alias of
the true 66.8 days period of that planet. Our extended span and
much larger number of measurements correct that confusion.
Photometry, as well as monitoring of the Ca ii H+K activity in-
dicator over the four years of our spectroscopic measurements,
indicate that the signal at 66 days does not originate in stellar
activity. At the present time, and based on the well defined ra-
dial velocity signal and on an estimate of the worst-case e�ect of
stellar activity, a planet with a period of 66.8 days is by far the
most probable interpretation.

The new orbital elements for the outer planet GJ 581d cor-
respond to a 0.22 AU semi-major axis. A planet with an eccen-
tric orbit receives a larger orbit-averaged flux than a planet on a
circular orbit of the same semi-major axis (Williams & Pollard
2002), and GJ 581 d receives the same average flux as a planet
on a a = 0.21 AU circular orbit. The Udry et al. (2007) orbital
elements of GJ 581d, with a 0.25 AU semi-major axis, located
the planet close to the outer edge of the habitable zone, but most

GJ 581
Masa               ~   0.3   M_sun
Luminocidad  ~   0.013 L_sun
Distancia        = 20.55 años Luz

M_jup         = 317.9 M_earth
M_saturn    = 95.2 M_earth
M_uranus   = 14.6 M_earth
M_neptune = 17.2 M_earth

GJ 581

Mayor et al. 2010, ApJ



GJ 581
Masa               ~   0.3   M_sun
Luminocidad  ~   0.013 L_sun
Distancia        = 20.55 años Luz

M_jup         = 317.9 M_earth
M_saturn    = 95.2 M_earth
M_uranus   = 14.6 M_earth
M_neptune = 17.2 M_earth

GJ 581

Mayor et al. 2010, ApJ
Vogt et al. 2010       

Gliese 581
Planeta      Masa          Perido

(m_tierra)       (días)
e             1.94             3.15
b           15.65             5.35
c             5.36           12.93
g             3.1             36.6
d             7.09           66.8
f             7.0             433

Gliese 581
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ABSTRACT

Context. Mathematical optimization can be used as a computational tool to obtain the optimal solution to a given problem in a
systematic and efficient way. For example, in twice-differentiable functions and problems with no constraints, the optimization consists
of finding the points where the gradient of the objective function is zero and using the Hessian matrix to classify the type of each
point. Sometimes, however it is impossible to compute these derivatives and other type of techniques must be employed such as the
steepest descent/ascent method and more sophisticated methods such as those based on the evolutionary algorithms.
Aims. We present a simple algorithm based on the idea of genetic algorithms (GA) for optimization. We refer to this algorithm as
AGA (asexual genetic algorithm) and apply it to two kinds of problems: the maximization of a function where classical methods fail
and model fitting in astronomy. For the latter case, we minimize the chi-square function to estimate the parameters in two examples:
the orbits of exoplanets by taking a set of radial velocity data, and the spectral energy distribution (SED) observed towards a YSO
(Young Stellar Object).
Methods. The algorithm AGA may also be called genetic, although it differs from standard genetic algorithms in two main aspects:
a) the initial population is not encoded; and b) the new generations are constructed by asexual reproduction.
Results. Applying our algorithm in optimizing some complicated functions, we find the global maxima within a few iterations. For
model fitting to the orbits of exoplanets and the SED of a YSO, we estimate the parameters and their associated errors.

Key words. methods: numerical – stars: individual: 55 Cancri – planets and satellites: general – ISM: individual objects: L1448

1. Introduction

Mathematical optimization can be used as a computational tool
in deriving the optimal solution for a given problem in a sys-
tematic and efficient way. The need to search for parameters that
cause a function to be extremal occurs in many kinds of opti-
mization. The optimization techniques fall in two groups: deter-
ministic (Horst & Tuy 1990) and stochastic (Guus et al. 1995).
In the first group, we have the classical methods that are use-
ful in finding the optimum solution or unconstrained maxima or
minima of continuous and twice-differentiable functions. In this
case, the optimization consists of identifying points where the
gradient of the objective function is zero and using the Hessian
matrix to classify the type of each point. For instance, if the
Hessian matrix is positive definite, the point is a local mini-
mum, if it is negative, the point is a local maximum, and if
if indefinite, the point is some kind of saddle point. However,
the classical methods have limited scope in practical applica-
tions since some involve objective functions that are not contin-
uous and/or not differentiable. For these reasons, it is necessary
to develop more advanced techniques that belong to the sec-
ond group. Stochastic models rely on probabilistic approaches
and have only weak theoretical guarantees of convergence to
the global solution. Some of the most useful stochastic opti-
mization techniques include: adaptive random search (Brooks
1958), clustering methods (Törn 1973), evolutionary compu-
tation that includes genetic algorithms, evolutionary strategies

and evolutionary programming (Fogel et al. 1966; Schwefel
1995; Goldberg 1989; McCall 2005), simulated and quantum an-
nealing (Kirkpatrick et al. 1983), and neural networks (Bounds
1987).

We present a simple algorithm for optimization (finding the
values of the variables that maximize a function) and model fit-
ting (finding the values of the model parameters that fit a set
of data most closely). The algorithm may be called genetic,
although it differs from standard genetic algorithms (Holland
1975) in the way that new generations are constructed. Standard
genetic algorithms involve sexual reproduction, that is, the re-
production by the union of male and female reproductive in-
dividuals. Instead, our algorithm uses asexual reproduction, in
which offspring are produced by a single parent (as in the fission
of bacterial cells).

The paper is organized as follows. In Sect. 2, we present
and describe the main characteristics of our algorithm called
AGA (asexual genetic algorithm). In Sect. 3, we apply the al-
gorithm to two kinds of problems: maximization of complicated
mathematical functions and a model fitting procedure. In the
latter group, we consider two examples taken from astronomy:
a) the orbital fitting of exoplanets; and b) the model fitting of the
Spectral Energy Distribution (SED) observed in a Young Stellar
Object (YSO). In both cases, we minimize their corresponding
chi-square function. In Sect. 4, we summarize and discuss the
results for each case.

Article published by EDP Sciences
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Table 4. Our estimated values for the five parameters of the four exoplanets around 55 Cancri.

Planet T (days) t0 (JD) e  (deg) K1 (m s�1)
 

 2
red

e 2.8170 ± 0.0932 10000.0046 ± 0.3250 0.07 ± 0.0016 250.2326 ± 0.4613 5.4311 ± 0.2241

2.0314b 14.6515 ± 0.0002 10002.8917 ± 0.0549 0.0145 ± 0.0005 130.9176 ± 0.4591 71.7606 ± 0.3140
c 44.3298 ± 0.0059 9989.9237 ± 0.4637 0.0853 ± 0.0014 78.2384 ± 0.4662 9.9820 ± 0.2075
d 5218.3339 ± 0.5246 12500.7572 ± 0.3713 0.0250 ± 0.0006 180.2123 ± 0.2645 46.6872 ± 0.1431

The planets are listed in order of increasing orbital period, and the planet designations, b�e, correspond to the notation given by Marcy et al.

(2002) and Fischer et al. (2008). The value for the
 

 2
red is also included.

Table 5. Our derived values for the mass of the planet and the major semiaxis for the four-planet fitting.

Planet This work This work Fischer et al. Fischer et al.
MP sin i (MJ) a (AU) MP sin i (MJ) a (AU)

e 0.0361 ± 0.0014 0.0383 ± 0.0008 0.034 ± 0.0036 0.038 ± 1.0 ⇥ 10�6

b 0.8285 ± 0.0036 0.1148 ± 1.0 ⇥ 10�6 0.824 ± 0.007 0.115 ± 1.1 ⇥ 10�6

c 0.1661 ± 0.0035 0.2402 ± 2.1 ⇥ 10�5 0.169 ± 0.008 0.240 ± 4.5 ⇥ 10�5

d 3.8201 ± 0.0117 5.7705 ± 0.0004 3.835 ± 0.08 5.77 ± 0.11

For comparison, we also show the values obtained by Fischer et al. (2008) for their five-planet model, where we have removed the fifth body.

Table 6. Estimated values for the ten parameters in the model of the
SED for a YSO in the L1448 region.

Parameter Value
 

 2
red

FC (mJy) 0.9295 ± 0.0330

1.9720

 �0.0169 ± 0.0166
F1 (mJy) 1.7109 ± 0.1141

 1 0.0728 ± 0.0062
 1 0.8999 ± 0.0575

Tdust 1 (K) 75.7522 ± 0.5273
F2 (mJy) 0.0068 ± 0.0008

 2 34.9140 ± 40.7209
 2 1.5992 ± 0.3254

Tdust 2 (K) 330.8240 ± 1.2946

From Fig. 8, we can conclude that the fitted model with the
parameters shown in Table 6 is adequate for explaining the ob-
servations of the YSO in the L1448 region. The fitted curve lies
within the measurement error bars (except one point located at
high frequencies) and the SED consists of a continuum compo-
nent and the emission from two grey bodies. Further astrophys-
ical implications of these results can be found in Curiel et al.
(2009).

4. Summary and conclusions

We have presented a simple algorithm based on the idea of ge-
netic algorithms to optimize functions. Our algorithm di  ers
from standard genetic algorithms mainly in mainly two respects:
1) we do not encode the initial information (that is, the initial set
of possible solutions to the optimization problem) into a string
of binary numbers and 2) we propose an asexual reproduction as
a means of obtaining new “individuals” (or candidate solutions)
for each generation.

We have then applied the algorithm in solving two types
of optimization problems: 1) finding the global maximum in
functions of two variables, where the typical techniques fail;
and 2) parameter estimation in astronomy by the minimiza-
tion of the chi-square. For the latter case, we considered two
examples: fitting the orbits of extrasolar planets associated with

Fig. 8. The Spectral Energy Distribution (SED) for a YSO in the
L1448 region. The dots represent the observations and the bars their as-
sociated measurement errors. The straight line corresponds to the con-
tinuum flux, the dashed line is the first grey body, the dotted line is the
second grey body and the solid line is the sum of the three contributions.

the star 55 Cancri and fitting the SED of a YSO for the
L1448 region.

We found that our algorithm has several advantages:

– It is easy to implement in any computer because it does
not require an encoding/decoding routine, and the new gen-
erations are constructed by the asexual reproduction of a
selected subset (with the highest fitness) of the previous
population.

– The algorithm does not require the evaluation of standard
genetic operations such as crossover and mutation. This is
replaced by a set of sampling rules, which simplifies the cre-
ation of new generations and speeds up the finding of the
best solution.

Cantó et al. (2009)
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ABSTRACT

We present a 4-planet Keplerian fit for the radial velocity curve of the F8V star υ Andromeda, indicating the presence of a fourth
planet in the system. We detect an additional fifth coherent signal in the radial velocity curve which we attribute to stellar activity.
The discovery of a new planet around υ Andromedae makes this system the fifth to contain, at least, four planets. These four planets
have minimum masses of 0.69, 1.98, 4.13 and 1.06 MJup and orbital periods of 4.62, 241.26, 1276.46 and 3848.9 days, respectively.
We have numerically integrated the orbital solution for these four planets and find that the system is stable for at least 10 Myr. The
orbit of the fourth planet coincides with an island of stability reported by Rivera & Haghighipour (2007, MNRAS, 374, 599). We find
that the characteristics of the new fourth planet are very similar to those of Jupiter and that the planets in this system have very strong
interactions with each other. As previously found, υ And−b and υ And−c are in apsidal alignment, while the orbit of the new planet
(υ And−e) is close to an external 3:1 resonance with υ And−c.

Key words. planets and satellites: dynamical evolution and stability – stars: individual: υ And – planets and satellites: detection

1. Introduction

With the discovery of extrasolar planets during the past 15 years,
it has now become evident that our solar system is not unique.
Similar to our Sun, many stars are believed to be hosts to giant-
and/or terrestrial-class planets and smaller objects. Many of the
extrasolar single- and multiple-planet-hosting stars show trends
in the residuals to their radial velocity fits implying that they
may be harbouring additional objects (e.g., Fischer et al. 2001).
However, at least one full orbital period must be observed in
order to accurately model the Doppler velocity data with a
Keplerian orbit. Improvements in precision radial velocity (RV)
measurements and continued monitoring allow the detection of
lower amplitude planetary signatures, as well as planetary signa-
tures with longer periods.

We searched for planetary systems with large residuals after
subtracting 3-orbit models. We found that a system with large
residuals was υ Andromedae (here after υ And). Furthermore,
we found that the residuals show a radial velocity trend that
suggests the presence of an additional long period orbit in the
system. In order to investigate the possible presence of a fourth
planet in this planetary system, we use here the improved and
updated data set collected at Lick and recently published by
Wright et al. (2009), which contains 284 radial velocities taken
over 13 years, starting in 1994 November. In addition, we have
added 71 radial velocities taken with ELODIE and published by
Naef et al. (2004), as well as 30 radial velocities taken al Lick
and published by Fischer et al. (2003). The combined data set
of 385 radial velocities cover a span of time of about 20 years.
The errors of this data set (∼7.44 m s−1) is mainly due to ro-
tational line broadening (e.g., Fischer et al. 2003; Butler et al.
2006; Wright et al. 2009; Naef et al. 2004). There are additional
known sources of error associated with astrophysical jitter, the
instrument, and the analysis of the data. These sources combine

to give an additional source of noise, collectively termed “jitter”.
The expected jitter in υ And is between 4.2 and 10 m s−1 (e.g.,
Saar et al. 1998; Butler et al. 2006). We have adopted a conser-
vative noise jitter of ∼10 m s−1 in the Keplerian fitting of the
data. We do not take into account the possible residual velocity
offsets due to the changes of CCDs during the time span of the
observations, which in the present case seem to be unimportant
(e.g., Gregory & Fischer 2010).

We have recently developed a novel Asexual Genetic
Algorithm (AGA; Cantó et al. 2009) capable of fitting differ-
ent kinds of data sets (e.g., Coughlin et al. 2010). We found that
this new algorithm can be useful in the fitting of Keplerian or-
bits, using the radial velocities (RV) of the host star of the plan-
etary systems. In order to test the algorithm, Cantó et al. (2009)
fitted 3 and 4 Keplerian orbits in the 55 CANCRI planetary sys-
tem, using the RV data set published by Fischer et al. (2008).
Five parameters (P, t0, e, ω, K) were fitted for each planet, plus
a radial velocity reference, V0, intrinsic to the telescope and/or to
calibration residuals. It was found that the fitted parameters are
very similar to those already published (Fisher et al. 2008). This
new algorithm can also be used to search for exoplanets in new
RV data sets, as well as to search for new planetary components
in planetary systems with large residuals.

In the present paper, we report the detection of a fourth planet
in this planetary system, υ And−e , with a minimum mass of
1.06 Mjup. In Sect. 2, we briefly recall the main characteris-
tics of the host star υ And, and of this planetary system, as re-
ported in the literature. The enlarged set of measurements allows
a re-examination of the structure of the υ And planetary system,
resulting in the discovery of an additional Jupiter-mass planet
(Sect. 3). In Sect. 4, we use dynamical stability considerations
to verify the robustness of our best−fit solutions. In Sect. 5 we
discuss the discovery of a feature in the Doppler spectroscopy of
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Fig. 2. Quadruple-Keplerian orbit fit to the velocities for υ And. The
velocities and fits for each of the four planets are shown separately for
clarity by subtracting the effects of the other three planets. The pan-
els contain inner planet b (top), second planet d (second panel), third
planet c (third panel) and outer planet e (fourth panel). This figure also
shows the residuals after subtracting the four planets (bottom). For a
comparison with a 3-planet fit model see Fig. 1. The data taken at the
Lick observatory and with ELODIE have a mean velocity uncertainty
of ∼7.44 m s−1.

Fig. 3. a) Window Function for the data taken with the Lick observatory.
b) Periodogram of the data showing the periods of the 3 planets previ-
ously known (υ And−b, c and d). c) Periodogram of the residuals after
subtracting planets b, c and d. This periodogram shows a strong peak at
a period of about 3800 days, which corresponds to planet e (see main
text). d) Periodogram of the residuals after subtracting 4 orbits. This pe-
riodogram shows a strong peak (with a FAP ∼ 0.000005) at a period of
about 183 days. e) Periodogram of the residuals after subtracting 5 or-
bits. This periodogram shows no significant peak. FAP thresholds of 1%
and 0.1% are indicated as dashed lines.
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Table 1. Fitted orbital solutions for the υ And planetary system: 4 Kepleriansa .

Parameter υ And-b υ And-d υ And-c υ And-e
P [days] 4.617033(23) 241.258(64) 1276.46(57) 3848.86(74)
T [JD-2440000] 10005.368(49) 10157.78(84) 11347.48(48) 9535.95(76)
e 0.02150(70) 0.2596(79) 0.2987(72) 0.00536(44)
ω [deg] 324.9(3.8) 241.7(1.6) 258.82(43) 367.3(2.3)
K [m s−1] 70.51(45) 56.26(52) 68.14(45) 11.54(31)
a [AU] 0.05922166(20) 0.827774(15) 2.51329(75) 5.24558(67)
m sin i [MJup] 0.6876(44) 1.981(19) 4.132(29) 1.059(28)

Notes. (a) The χ2
red and rms of the residuals for the four Keplerian orbit fit are 1.11 and 13.76 m s−1, respectively. We found that the systemic

velocity of the data is V0 = 3.37 m s−1. The data contains 385 measurements taken within a span of time of 7383 days, about twice the estimated
period for planet e. The errors in the derived parameters are in brackets and represent the uncertainties in the last two digits of the corresponding
figures.

0.005 AU); or 3) a planet is ejected from the system (astrocen-
tric distance exceeds 100 AU).

The simulations of the 3− and 4−planet Keplerian fits proved
stable for at least 10 Myrs. However, the simulations of the
5−planet Keplerian fit turned out to be unstable in very short
times. The fifth planet was ejected after a few thousand years.
This can be explained given the proximity of the orbit of this
possible planet to υ And−d (a = 0.69 and 0.83 AU, respec-
tively), the much lower mass of this possible planet compared
to the mass of υ And−d (about a factor of 7), and the relatively
large eccentricity of υ And−d and this possible planet (e ∼ 0.22
and 0.3, respectively). This suggests that the fifth signal found
in the data is not associated to a fifth planet in the system, but
instead, it is probably due to a coherent signal from the star (see
discuss below).

4.1. Apsidal Resonance between υ And−d and υ And−c

It has been previously reported that υ And−d and υ And−c are
in apsidal alignment (Chiang et al. 2001). It was found that the
difference between their arguments of the pericenter (∆ωdc =
ωd − ωc) librates around zero with an amplitude of ∼30◦ and a
period of 4 × 103 yrs. This has been associated with a secular
resonance (Chiang et al. 2001).

Including the fourth planet found in our study did not modify
significantly the overall behavior of this apsidal alignment, ∆ωdc
still librates around 0◦ with an initial amplitude of ∼44◦ and a
short period of ∼6 × 103 yrs. But the amplitude of ∆ωdc evolves
over time due to the resonant interaction between planet c and
e, increasing and decreasing in a non-periodical way. Within the
10 Myrs integration time, ∆ωdc librates around 0◦ with a maxi-
mum amplitude of ∼60◦ and similar short period (∼6 × 103 yrs).

As part of the secular interaction the eccentricities of
υ And−c and d are anti-correlated, that is, when the eccentric-
ity of υ And−c is in a minimal, the eccentricity of υ And−b
is maximum, and vice versa. Additionally it was found that the
eccentricities of planets e and c are anti-correlated as well and
they have a ∆ωce = ωc − ωe that librates with an amplitude of
∼90◦. The eccentricity of planet c shows two periodical varia-
tions, a long-term variation (of about 6000 yrs) anti-correlated
with planet d, and a short term variation (of about 760 yrs) anti-
correlated with the eccentricity of planet e.

4.2. υ And−e and υ And−c in and external 3:1 resonance

The initial period predicted for the fourth (υ And−e) planet is
3848.9 days, and the period of the second planet discovered

(υ And−c) is 1276.46. The ratio between these periods is 3.02,
suggesting that these two planets are close to an external 3:1
mean motion resonance (hereafter MMR). In addition, the or-
bit of υ And−e coincides with an island of stability, just out-
side the external 3:1 MMR of υ And−c, reported by Rivera
& Haghighipour (2007). They point out that just outside the
3:1 MMR, stable particles experience oscillations in their orbital
eccentricities, reaching up into the range 0.2–0.3. We observe
a similar behavior in υ And−e (e <∼ 0.2). Furthermore, we find
that, as in the case of the test particles, υ And−e is protected
from close approaches with υ And−c by the e−ω mechanism
(e.g., Milany & Nobili 1984; Gladman 1993; Lissauer & Rivera
2001). A detailed dynamical analysis of this 4−planet system
will be needed to confirm the possible external 3:1 resonance
between the two external planets. Such analysis is beyond the
scope of this paper.

5. New planet or spots

Unfortunately, coherent Doppler shifts do not always correspond
to planets. Inhomogeneities of the stellar surface such as spots,
plages, flares, or convective patterns can break the even distribu-
tion between the red−shifted and the blue−shifted halves of a ro-
tating star and induce apparent radial velocity shifts (e.g., Bonfils
et al. 2007). This can introduce noise into the RV measurements,
which is usually referred to as “jitter”. In some cases, it does not
average out as white noise would, and instead builds up a co-
herent signal. This apparent Doppler shift can easily mimic a
Keplerian orbit (e.g., Queloz et al. 2001; Bonfils et al. 2007). In
the case of υ And, Butler et al. (1999) found no compelling pe-
riodicity in the chromospheric emission from this star. However,
they noted that the Ca II 866.2 core periodogram (see their
Fig. 8) shows a peak that resides at a period of about 180 days.
They argue that although this peak does not appear to be statis-
tically compelling, it constitutes a warning to investigate further
the existence of intrinsic periodicities in the star itself with pe-
riods of 100−300 days. The results we present here show that
the period of the fifth orbit fitted (183.4 days) is very similar to
the 180 days period found in the Ca periodogram. This suggests
that the fifth Keplerian orbit is probably due to a coherent signal
from the star.

6. Summary

Fitting a model that includes the three previously identified
Jovian-mass companions to the radial velocity data obtained at
the Lick Telescope and with ELODIE results in residuals that
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2.- Tránsito del Planeta frente a la 
Estrella





Alonso et al. 2004



Tonny Vanmunster usó un Telescopio 
Celestron C-14 junto con una cámara CCD 
SBIG ST-7XME (sin filtros) para detectar el 
transito del Planeta TrES-1.

Celestron C-14 + SBIG ST-7XME CCD



TrES-2

Holman et al. 2007, ApJ, 664, 1185-1189



D (km) Area
Sol 1392,000 100
Júpiter 139,822 1
Saturno 116,464 0.7
Tierra 12,742 0.008
Luna 3,742 0.0007



TrES-2

Holman et al. 2007, ApJ, 664, 1185-1189



COROT

El planeta está a 330 UA de 
la estrella y a 500 años luz 
de la Tierra

Gemini en Mauna Kea

Lafrenicre et al. (2008)

CoRot-1b



KEPLER



TRAPPIST 1
(Transiting Planets and Planetesimals Small Telescope)

M Dwarf M8V
M = 0.08 M_sun
L_bol = 5.25 10-4 L_sun
Dist = 39.5 ly (12.1 pc)
Temp = 2550 K
Age = 3-8 Gyr



TRAPPIST 1 Kepler Space Telescope + VLT
~23 días de observación continua









3.1. Fit

The light curves were fitted using the IDL software Transit
Analysis Package (TAP) implemented by Gazak et al. (2011),
which uses a Markov-chain Monte Carlo (MCMC) method to
find the best-fit parameters for the Mandel & Agol (2002) model.

This code allows the fitting of multiple light curves simulta-
neously, which is particularly useful for fixing parameters such
as the orbital inclination i and the scaled semimajor axis a=R!
to the same values for a group of curves, and thus obtain a global
fit for these quantities.

Other parameters, such as the midtransit time Tmid and the
scaled planetary radius Rp=R!, are allowed to be fitted individ-
ually for each curve. This technique allows fitting of the same
orbital model to a group of light curves of the same object ob-
tained in different bands, and the finding of potential planetary
radius differences as a function of the wavelength.

All light curves of each system were fitted simultaneously.
We used a set of fixed values in the MCMC analysis for several
parameters: the period P , taken from Faedi et al. (2011) for
WASP-39b and from Chen et al. (2014) for WASP-43b ; the
eccentricity e and the argument of periastron ω, both set ¼ 0.
TAP allows the use of linear and quadratic models for the stellar
limb darkening. A quadratic model is assumed in this analysis,
and the two terms l1 (linear) and l2 (quadratic) are fixed in the
MCMC analysis to the values corresponding to the filter used
for each light curve. The values were obtained from the exofast
(Eastman et al. 2012, 2013) online tool, which are interpolated
from stellar atmosphere models of Claret & Bloemen (2011).2

For each system, we then fitted the orbital inclination i, the
scaled semimajor axis a=R!, and a value of the scaled radius
Rp=R! for each one of the used filters. TAP was initialized with
the most recent parameters reported in Faedi et al. (2011) for
WASP-39b and Chen et al. (2014) for WASP-43b .

The midtransit time Tmid for each light curve was also fitted (in
the case of multiple light curves of the same object obtained on the
same night using different telescopes, the same Tmid was fitted for
both the light curves). For the MCMC analysis, the Tmid is ini-
tialized with a value estimated by TAP from the input light curve.

The best-fit models and corresponding residuals are shown in
Figures 3 and 4, and the values of the parameters are shown in
Table 3.

4. PERIOD AND PERIOD VARIATION

Using the fitted values for the midtransit time Tmid, we re-
trieved the period P of WASP-39b and WASP-43b by fitting the
following linear law:

FIG. 3.—Light curves of WASP-39b obtained with the 0.84 m telescope in R
and I bands and with the 2.12 m telescope in the U band. For displaying pur-
poses, the light curves were reported to the time of the last observation (2014
March 21), and an arbitrarily shift is applied. The fit of the light curves (solid
lines) is also shown, as well as the residuals in the lower box. See the online
edition of the PASP for a color version of this figure.

FIG. 4.—Light curves of WASP-43b obtained with the 0.84 m telescope in
VRI bands and with the 1.50 m telescope in the Gunn-i band, reported to the
time of the observation of 2014 March 29, and arbitrarily shifted. The fit and
the residuals are also shown. The dashed line represent an interpolation of the
model. See the online edition of the PASP for a color version of this figure.

2 http://astroutils.astronomy.ohio‑state.edu/exofast/limbdark.shtml
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Tmid ¼ T 0 þNP; (1)

where T 0 is the initial epoch and N is the number of periods
since T 0. The terms T 0 and P are best-fit parameters.

Further analysis of the ephemerids was carried out in order to
investigate a long-term variation of the period with respect to the
time. A constant decrease of the period for close-orbiting plan-
ets may be indicative of processes that remove orbital energy
such as tidal dissipation (Adams et al. 2010a, 2010b; Sasselov
2003; Levrard et al. 2009). A simple model assuming a constant
variation of the period is given by the following quadratic
equation

Tmid ¼ T 0 þNP þ δPNðN $ 1Þ=2 (2)

proposed by Adams et al. (2010a), where δP ¼ P _P .
For the present analysis, a Levenberg–Marquardt least-

squares fitting algorithm implemented in the code of Markwardt
(2009) was initially used to find the best-fit parameters of equa-
tions (1) and (2). However, this algorithm can be trapped in a
local minimum of χ2. For this reason, a Monte Carlo code was
set-up to search for the χ2 minimum and sample the parameter
space. Both approaches were tested on the OGLE-TR-113b data
provided by Adams et al. (2010b), finding good agreement with
their results.

We find that both approaches are consistent and give similar
best-fit values. Comforted by these results, we decided to apply
this method to our data, and we describe the results in the fol-
lowing subsections.

4.1. WASP-39b

Concerning WASP-39b , the Tmid reported by Faedi et al.
(2011) and the one calculated from our observations are fitted
using Eq. 1. This gives the following values:

1. T 0 ¼ 2455342:9687998 & 0:0001999 (BJD),
2. P ¼ 4:0552989 & 9:963 × 10$ 7 days
3. χ2 ¼ 0:541

where χ2 stands for the “reduced χ2,” i.e., χ2=Df , whereDf

are the degrees of freedom (number of data–number of pa-
rameters).

However, due to the significantly small number of observa-
tions, we decided to increase the number of transits considered
in our analysis by introducing additional data from the Exopla-
net Transit Database (ETD) Web page (Poddanýet al. 2010), in
order to improve the robustness of our results. We selected a
total of three light curves. According to this database, the tim-
ings of the light curves are reported in HJD. They were trans-
formed to BJD using the software provided by Eastman et al.
(2010). We used TAP to obtain only Tmid for these light curves
by running the MCMC analysis with all other parameters to be
fixed to the values provided by Faedi et al. (2011). By adding
these new data to previous ones, we obtain a total of seven ob-
servations. The linear fit of equation (1) was repeated with these
additional transits, and the following results were obtained:

1. T 0 ¼ 2455342:9695727 & 0:000199 (BJD)
2. P ¼ 4:0552947 & 9:651 × 10$ 7 days
3. χ2 ¼ 11:82

These indicate a period larger than that reported by Faedi
et al. (2011). The residuals for this fit are shown in Figure 5.
As the last two Tresca points show large differences with respect
to the fit, we tested the fit process without their contribution,
obtaining the following results:

1. T 0 ¼ 2455342:9695554 & 0:0001994 (BJD),
2. P ¼ 4:0552965 & 9:956 × 10$ 7 days
3. χ2 ¼ 1:299

In this case, too, we report a larger period with respect to
Faedi et al. (2011) results. In both cases, the results are consis-
tent, but we suggest to improve their robustness with additional
observations.

An attempt to fit equation (2) was made, but the small
amount of data do not allow a reasonable result for the fit. More
data are needed as well as precise timings, in order to assess if
there is a long-term constant variation of the period, or to detect
the presence of other transit timing variations.

TABLE 3

FIT RESULTS OF THE PHYSICAL AND ORBITAL PARAMETERS OFWASP-39B
AND WASP-43B OBTAINED WITH TAP

Parameter Filter WASP-39 WASP-43

i½°( 87.78 ± 0.43 81.92 ± 0.54
a=R) 11.32 ± 0.42 4.82 ± 0.11

U 0.1462 ± 0.0116
V 0.1615 ± 0.0041

Rp=R) R 0.1424 ± 0.0023 0.1599 ± 0.0025
I 0.1424 ± 0.0023 0.1653 ± 0.0054
i 0.1738 ± 0.0033

P [d] 4.055259 0.81347437
e 0 0
ω½°( 0 0

U 0.950
V 0.750

l1 R 0.425 0.599
I 0.335 0.451
i 0.485
U −0.086
V 0.040

l2 R 0.246 0.137
I 0.250 0.193
i 0.183

NOTES.—The fit of the period and the period variation are described
in § 4. The upper part of the table shows the fitted parameters, while the
lower part shows the fixed values: P from Faedi et al. (2011) for WASP-
39b and from Chen et al. (2014) for WASP-43b ; l1 and l2 from the Exo-
fast online tool (Eastman et al. 2013).
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3.- Astrometría



Movimientos propios + ???
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d = 1/p

d en parsecs
p en arc sec



alpha =   16.44 h
delta  =  -24.39 deg

mu_alpha =   -2.11 mas/yr
mu_delta  = -26.75 mas/yr
PI   = 7.68 mas = 130.22 pc
P     = 1.74 yr
m1  = 5.41 M_sun
m2  = 0.59 M_sun
a1   = 2.0 mas
e     = 0.1
i      = 180 deg

1 micro-arcsec es aproximadamente el tamaño de una moneda de 10 pesos en la superficie de la 
Luna vista desde la Tierra. 

Paralaje aparente + Movimientos propios + Compañera



DE 0823-49                   Distancia = 20.8 pc
M_* = 78.4 M_jup
M_p = 28.5 M_jup
P      = 246.4 days
a_p = 0.36 AU                    Sahlmann et al. 2013 



1 micro-arcsec es aproximadamente el tamaño de una moneda de 
10 pesos en la superficie de la Luna vista desde la Tierra. 



Very Long Baseline Array (VLBA)

Hawaii

St. Croix
Virgin Islands

New Hampshire
Washington

Baseline up to 8000 km

Resolution of ~ 1-0.5 mas
Astrometric accuracy of  
~10-20 micro-arcseconds



DoAr 21                                             Curiel et al. (2019)

Distance = 134.6 pc
M = 2.04 M_sun
M_2 = 0.35 M_sun
m_p = 35.5, 44.0 m_jup

Observaciones Astrométricas 
con el VLBA



GAIA



GAIA: Búsqueda Astrométrica de Exoplaneats

•Duración de la misión: 5 años
•Precisión esperada en observaciones individuales: 60 micro-
segundos de arco
•Precisión esperada al final de la misión: 10 micro-segundos de 
arco para las estrellas más brillantes
•Más de 10,000 Exoplanetas hasta 500 parsecs (1600 años luz)
•Se estima que entre 1000-1500 de los planetas estén asociados a 
estrellas enanas tipo M (M-type dwarf stars: entre 0.08 y 0.5 
M_sun) a distancias menores a 100 parsecs (320 años luz)
•Es posible que se detecten algunos tránsitos

(1 micro-arcsec es aproximadamente el tamaño de una moneda de 10 pesos en 
la superficie de la Luna vista desde la Tierra.)



4.- Imagen Directa del Planeta



Las Estrellas son            millones de veces 
más brillantes…



…que los Planetas

…Ocultos en el 
resplandor.





Imagen Directa de Planetas
La detección directa de los planetas consiste en obtener una imagen parcial o total 

del sistema planetario. Este es por mucho el mejor método de todos ya que 
permite un mejor estudio de los planetas.

Hay dos regímenes distintos en los cuales se puede observar luz del planeta:

a) Luz reflejada de la Estrella. (Por ejemplo la Luna)

b) Emisión térmica del Planeta. (Por ejemplo Júpiter)

El parámetro critico en ambos casos es el cociente de flujo entre la Estrella y el 
Planeta. En ambos casos este cociente es muy pequeño por lo que es muy 
difícil VER al planeta. Debido a esto se usan técnicas que permiten disminuir 
u ocultar a la estrella. El método más usado es el Coronografía.

Coronografía. En pocas palabras, este método consiste en ocultar a la estrella con 
un “parche” (mascara coronográfica) en el plano de la imagen (sin ocultal al 
Planeta).



Evidencia directa de Planetas fuera 
del Sistema Solar



-beta Pictoris muestra evidencias de la presencia de uno o 
más planetas en su disco: brecha, alabeo

t~100 millones de años







Imagen directa de un planeta: b-Pic b

Órbita 
Saturno

Lagrange’10

Planeta
en el 
2009

Planeta
en el 
2003

Estrella

Disco 
protoplanetario



Otros discos muestran evidencias de perturbaciones, 
probablemente debidas a planetas masivos





FOTOGRAFIA HISTORICA

M1207, 2M1207A o 2MASSW J1207334−393254 es una enana marrón localizada 
en la constelación de Centauro. El compañero de esta estrella, 2M1207b, podría 
ser el primer Exoplaneta detectado por imagen directa. Además es el primer 
Exoplaneta asociado a una enana marrón.

Imagen Infrarroja tomada con 
el ESO VLT/NACO

Chauvin et al. (2004)



II. ZONA HABITABLE



Zona habitable: 0—100ºC 
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La mayoría de los Planetas descubiertos son 
gigantes como Júpiter y Saturno y se 
encuentran en el lugar equivocado. 

El lugar correcto en nuestro Sistema Solar  



Tierra GL 581 c HD 93083 b

HD 69830 d HD 45364 c HD 45364 b

Lista de Planetas en zonas habitables

www.planetarybiology.com

Rank Planet name Planet Mas a Eccentricity P Star Name D Spectral Type Star Mass Luminosity HabZone HabZone
(Jup) (AU) (dias) (pc) (Sun) (L_sun)

0 Earth 0.00315 1 0.017 365.26 Sol 0 G2 V 1 1 0.95 1.37
1 GJ 667C f 0.0085 0.156 0.03 39.026 GJ 667C 6.84 M1.5V 0.33 0.019 0.13 0.19
2 Gliese 876 c 0.637 0.12959 0.002 30.23 Gliese 876 4.7 M4 V 0.334 0.009 0.09 0.13
3 HD 40307 g 0.0223 0.6 0.29 197.8 HD 40307 12.8 K2.5V 0.77 0.358 0.57 0.82
4 HD 38858 b 0.0961 1.0376 0.27 407.15 HD 38858 15.2 G4V 0 1.056 0.98 1.41
5 HD 10180 g 0.06733 1.422 0.19 601.2 HD 10180 39.4 G1V 1.06 2.028 1.36 1.96
6 HD 147513 b 1.21 1.32 0.26 528.4 HD 147513 12.9 G3/G5V 0.92 1.322 1.1 1.58
7 HD 7199 b 0.29 1.36 0.19 615 HD 7199 36 KOIV/V 0.89 1.249 1.07 1.54
8 mu Ara b 1.676 1.5 0.128 643.25 mu Ara 15.3 G3 IV-V 1.08 2.277 1.44 2.07
9 HD 216435 b 1.26 2.56 0.07 1311 HD 216435 33.3 G0 V 1.3 4.796 2.09 3.01
10 HD 218566 b 0.21 0.6873 0.3 225.7 HD 218566 29.94 K3V 0.85 0.511 0.68 0.98
11 HD 63765 b 0.64 0.949 0.24 358 HD 63765 32.6 G9V 0.865 0.683 0.79 1.14
12 BD-082823 c 0.33 0.68 0.19 237.6 BD-082823 42.2 K3V 0.74 0.327 0.55 0.79
13 HD 134606 d 0.121 1.1567 0.46 459.26 HD 134606 26.5 G6IV 0 1.427 1.14 1.64
14 Kepler-22 b 0.11 0.849 0 289.8623 Kepler-22 190 G5 0.97 0.639 0.76 1.1
15 HD 23079 b 2.5 1.5 0.02 626 HD 23079 34.8 F8/G0 V 1.1 1.955 1.33 1.92
16 HD 137388 b 0.223 0.89 0.36 330 HD 137388 38 K0/K1V 0.86 0.765 0.83 1.2
17 HD 10697 b 6.38 2.16 0.1 1076.4 HD 10697 32.56 G5 IV 1.15 3.609 1.81 2.61
18 HD 114729 b 0.84 2.08 0.32 1135 HD 114729 35 G3 V 0.93 2.885 1.62 2.33
19 HD 216437 b 1.82 2.32 0.29 1256 HD 216437 26.5 G4 IV-V 1.06 2.955 1.64 2.36
20 HD 34445 b 0.79 2.07 0.27 1049 HD 34445 46.5 G0 1.07 2.877 1.62 2.33
21 HD 210277 b 1.23 1.1 0.472 442.1 HD 210277 21.29 G0 1.09 1.128 1.01 1.46
22 HD 159868 b 2.1 2.25 0.01 1178.4 HD 159868 52.7 G5V 1.09 3.941 1.89 2.73
23 HD 181720 b 0.37 1.78 0.26 956 HD 181720 56 G1V 0.92 2.514 1.51 2.18
24 HD 73534 b 1.15 3.15 0.046 1800 HD 73534 96.99 G5IV 1.29 5.314 2.2 3.17
25 ups And d 10.19 2.55 0.274 1302.61 ups And 13.47 F8 V 1.27 3.722 1.84 2.65
26 16 Cyg B b 1.68 1.68 0.689 799.5 16 Cyg B 21.41 G2.5 V 1.01 1.695 1.24 1.79
27 HD 30562 b 1.29 2.3 0.76 1157 HD 30562 26.5 F8V 1.219 3.065 1.67 2.4
28 BD14 4559 b 1.47 0.777 0.29 268.94 BD14 4559 50 K2V 0.86 0.567 0.72 1.03
29 HD 190647 b 1.9 2.07 0.18 1038.1 HD 190647 54.2 G5 1.1 2.535 1.52 2.19
30 HD 187085 b 0.75 2.05 0.47 986 HD 187085 44.98 G0 V 1.22 2.924 1.63 2.35
31 HD 11506 b 3.44 2.43 0.22 1270 HD 11506 53.82 G0V 1.19 3.205 1.71 2.46
32 HD 13908 c 5.13 2.03 0.12 931 HD 13908 71.2 F8V 1.29 4.456 2.01 2.9

33

OGLE-2009-
BLG-151 MOA-
2009-232 b 7.5 0.31 0 0

OGLE-2009-
BLG-
151_MOA-
2009-232 390 ? 0.018 0.054 0.22 0.32

34 HD 141937 b 9.7 1.52 0.41 653.22 HD 141937 33.46 G2/G3 V 1.1 1.574 1.2 1.72
35 HD 43197 b 0.6 0.92 0.83 327.8 HD 43197 54.9 G8V 0.96 0.885 0.9 1.29
36 HD 213240 b 4.5 2.03 0.45 951 HD 213240 40.75 G4 IV 1.22 3.534 1.79 2.58
37 HD 20782 b 1.9 1.381 0.97 591.9 HD 20782 36.02 G2 V 1 1.618 1.21 1.75
38 HD 183263 b 3.67 1.51 0.357 626.5 HD 183263 53 G2IV 1.17 2.252 1.43 2.06
39 HD 4113 b 1.56 1.28 0.903 526.62 HD 4113 44 G5V 0.99 1.524 1.18 1.7
40 HD 38529 c 17.7 3.695 0.36 2134.76 HD 38529 39.28 G4 IV 1.48 7.25 2.57 3.7
41 HD 23127 b 1.5 2.4 0.44 1214 HD 23127 89.1 G2V 1.13 3.279 1.73 2.49
42 HD 28254 b 1.16 2.15 0.81 1116 HD 28254 56.2 G1IV/V 1.06 2.907 1.63 2.34
43 HD 125612 b 3 1.37 0.46 502 HD 125612 52.82 G3V 1.1 1.478 1.16 1.67
44 HD 132406 b 5.61 1.98 0.34 974 HD 132406 71 G0V 1.09 2.347 1.46 2.1
45 HD 222582 b 7.75 1.35 0.725 572.38 HD 222582 42 G5 0.99 1.639 1.22 1.76
46 HD 86264 b 7 2.86 0.7 1475 HD 86264 72.6 F7V 1.42 5.034 2.14 3.08



Tierra GL 581 c HD 93083 b

HD 69830 d HD 45364 c HD 45364 b

Lista de Planetas en zonas habitables

www.planetarybiology.com



17 Abril 2014, NASA anuncia 
Kepler-186f: radio de la tierra…



17 Abr 2014: 
Kepler-186f: en la zona habitable!



NASA’s Kepler 
Mission Discovers 
Bigger, Older Cousin 
to Earth

1400 años luz
Cygnus



TRAPPIST 1
(Transiting Planets and Planetesimals Small Telescope)

M Dwarf M8V
M = 0.08 M_sun
L_bol = 5.25 10-4 L_sun
Dist = 39.5 ly (12.1 pc)
Temp = 2550 K
Age = 3-8 Gyr



Habitable Zone





III. NUEVAS TECNICAS PARA LA 
BUSQUEDA DE EXOPLANETAS



Astronomical Image Reconstruction with
Convolutional Neural Networks

Rémi Flamary
Université Côte d’Azur
Lagrange, OCA, CNRS

Nice, France
Email: remi.flamary@unice.fr

Abstract—State of the art methods in astronomical image
reconstruction rely on the resolution of a regularized or con-
strained optimization problem. Solving this problem can be
computationally intensive and usually leads to a quadratic or
at least superlinear complexity w.r.t. the number of pixels in the
image. We investigate in this work the use of convolutional neural
networks for image reconstruction in astronomy. With neural
networks, the computationally intensive tasks is the training
step, but the prediction step has a fixed complexity per pixel,
i.e. a linear complexity. Numerical experiments show that our
approach is both computationally efficient and competitive with
other state of the art methods in addition to being interpretable.

I. INTRODUCTION

Astronomical image observation is plagued by the fact the
the observed image is the result of a convolution between
the observed object and what the astronomers call a Point
Spread Function (PSF) [1] [2]. In addition to the convolution
the image is also polluted by noise that is due to the low energy
of the observed objects (photon noise) or to the sensor. The
PSF is usually known a priori, thanks to a physical model
for the telescope of estimation from known objects. State of
the art approaches in astronomical image reconstruction aim
at solving an optimization problem that encodes both a data
fitting (with observation and PSF) and a regularization term
that promote wanted properties in the images [1], [3], [4]. Still,
solving a large optimization problem for each new image can
be costly and might not be practical in the future. Indeed in the
coming years several new generations of instruments such as
the Square kilometer Array [5] will provide very large images
(both in spatial and spectral dimensions) that will need to be
processed efficiently.

The most successful image reconstruction approaches rely
on convex optimization [3], [4], [6] and are all based on
gradient [7] or proximal splitting gradient descent [8]. Inter-
estingly those methods have typically a linear convergence,
meaning that the number of iterations necessary to reach a
given precision is proportional to the dimension n of the
problem [9], where n is the number of pixels. Since each
iteration is at best of complexity n (the whole image is
updated), the overall complexity of the optimization is O(n2).
Acceleration techniques such as the one proposed by Nesterov
[10][9] manage to reduce this complexity to O(n1+1/2) which
is still superlinear w.r.t. the dimension of the image. This is

the main motivation for the use of neural networks since they
lead to a linear complexity O(n) that is much more tractable
for large scale images.

Convolutional neural networks (CNN) have been widely
used in machine learning and signal processing due to their im-
pressive performances [11], [12], [13]. They are of particular
interest in our case since the complexity of the prediction of a
given pixel is fixed a priori by the architecture of the network,
which implies a linear complexity for the whole image. They
also have been investigated early for image reconstruction
[14] and recent advances in deep learning have shown good
reconstruction performances on natural image [15].

The purpose of this work is to investigate the feasibility and
performances of CNN in astronomical image reconstruction. In
the following we first design such a neural network and discuss
its learning and implementation. Then we provide numerical
experiments on real astronomical images with a comparison to
other state of the art approaches followed by an interpretation
of the learned model.

II. CONVOLUTIONAL NEURAL NETWORK FOR IMAGE
RECONSTRUCTION

A. Network architecture

Neural network models rely on processing the input through
several layers each consisting of a linear operator followed by
a nonlinear transformation with an activation function [13].
Multi-layers and more recently deep neural nets allow for a
more complex nonlinear model at the cost of a more difficult
model estimation [13]. We choose in this work to use a 3-
layer convolutional neural networks with Rectified Linear Unit
activation (ReLU) as illustrated in Figure 1. We discuss in the
remaining of this section the reasons for those choices.

As their name suggests, convolutional layers perform their
linear operator as a convolution. They have been shown to
work well on image reconstruction problems in [15] which
is why we use them in our design. An interesting property
is that the number of parameters of a layer depends only on
the size of the convolution (the filter) and not the size of the
input image. Also a convolution operator is common and can
benefit from hardware acceleration if necessary (Cuda GPU,
DSP). We used 64, 10 ⇥ 10 filters in the first layer in order
to allow for more complex and varied filtering of the raw
data to feed the higher order representations of the following
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Fig. 1. Architecture of the proposed convolutional neural network. On the upper part are reported the size of the input, intermediary images and outputs. On
the lower part the parameters and size of the filters for each layer.

layers. Note that at each layer the dimensionality of the image
decreases because we want the convolution to be exact which
implies a smaller output. In our model as shown in Figure 1,
we have a 14 ⇥ 14 output for a 32 ⇥ 32 input image. From
the multiple convolutions, we can see that the predicted value
of a unique pixel is obtained from a 18 ⇥ 18 window in the
input image. Finally this architecture has been designed for a
relatively small PSF, and the size of the filters should obviously
be adapted for large PSF.

Rectified Linear Units (ReLU) activation function has the
form f(x) = max(0, x) at each layer [16]. ReLU is known
for its ability to train efficiently deep networks without the
need for pre-training [17]. One strength of ReLU is that it
will naturally promote sparsity since all negative values will
be set to zero [17]. Finally the maximum forces the output of
each layer to be positive, which is an elegant way to enforce
the positive physical prior in astronomical imaging.

B. Model estimation

The model described above has a number of parameters that
have to be estimated. They consist of 64, 10⇥10 filters for the
first layer, 64⇤16, 6⇥6 for layer two and finally 16, 5⇥5 filters
for the last layer that merges all the last feature maps. It is
interesting to note that when compared to other reconstruction
approaches, the optimization problem applies to the model
training that only needs to be done once. We use Stochastic
Gradient Descent (SGD) with minibatch to minimize the
square Euclidean reconstruction loss. In practice it consists
in updating the parameters using at each iteration the gradient
computed only on a subset (the minibatch) of the training
samples. This is a common approach that allows for very
large training datasets and limits the effect of the highly non
convex optimization problem [12]. Interestingly, minibatches
are handled in two different ways in our application. Indeed
we can see that for a given input in the model the gradient
is computed for all the 14 ⇥ 14 output pixels, which can be
seen as a local minibatch (using neighboring pixels). One can
also use a minibatch that computes the gradient for several
inputs that can come from different places in one image and

even from different images. This last approach is necessary
in practice since it limits overfitting and helps decrease the
variance of the gradient estimate [13].

Finally we discuss the training dataset. Due to the com-
plexity of the model and the large number of parameters, a
large dataset has to be available. We propose in this paper
to use a similar approach as the one in [15]. Since we have
a known model for the PSF, we can use clean astronomical
images and generate convolved and noisy images used to
generate the dataset. The input for a given sample is extracted
from the convolved and noisy image while the output is
extracted from the clean image. In the numerical experiments
we extract a finite number of samples, whose positions are
randomly drawn from several images. A large dataset drawn
from several images will allow the deep neural network to
learn the statistical and spatial properties of the images and to
generalize it to unseen data (new image in our case).

C. Model implementation and parameters

The model implementation has been done using the Python
toolboxes Keras+Theano that allow for a fast and scalable
prototyping. They implement the use of GPU for learning the
neural network (with SGD) and provide efficient compiled
functions for predicting with the model. Learning a neural
network requires to choose a number of parameters that we
report here for research reproducibility. We set the learning
rate (step of the gradient descent) to 0.01 with a momentum
of 0.9 and we use a Nesterov-type acceleration [10]. The size
of the minibatch discussed above is set to 50 and we limit
the number of epochs (number of times the whole dataset
is scanned) to 30. In addition we stop the learning if the
generalization error on a validation dataset increases between
two epochs. The training dataset contains 100, 000 samples
and the validation dataset, also obtained from the training
images, contains 50, 000 samples. Using a NVIDIA Titan X
GPU, training on one epoch takes approximately 60 seconds.

https://arxiv.org/pdf/1612.04526.pdf
http://archive.stsci.edu/cgi-bin/dss_form 



Lucky Imaging: Shift-and-Add Correction
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Identifying Exoplanets with Deep Learning: A Five-planet Resonant Chain around 
Kepler-80 and an Eighth Planet around Kepler-90

Christopher J. Shallue (Google Brain) and Andrew Vanderburg (U. Texas and CFA)
(ApJ, 2018, Volume 155, number 2, 21 pp)

Convolutional neural network architecture for 
classifying light curves, with both global and local 
input views.

Visualizing the geometric space in which the 
convolutional neural metwork embeds its imput light 
curves.



Identifying Exoplanets with Deep Learning: A Five-planet Resonant Chain around 
Kepler-80 and an Eighth Planet around Kepler-90

Christopher J. Shallue (Google Brain) and Andrew Vanderburg (U. Texas and CFA)
(ApJ, 2018, Volume 155, number 2, 21 pp)

Convolutional neural network architecture for 
classifying light curves, with both global and local 
input views. Transit light curves and best-fit models for the newly 

discovered planets around Kepler-80 and Kepler-90.



Proyectos Futuros: Imagen Directa
Esta es la técnica más prometedora por lo que se están desarrollando varios proyectos tanto en tierra con 
en el espacio. Se espera que esta técnica permita estudiar cosas tales como: 
•La atmósfera (densidad, composición, etc.)
•La superficie (color, morfología de los océanos/continentes, etc.
•Rotación de los planetas (por ejemplo, la duración del día)
•Satélites, anillos, etc.

JWST (James Web Space Telescope) será el sucesor del HST y tendrá un espejo de 7m y varios 
instrumentos de nueva generación (espectrógrafos y cámaras en el óptico y el cercano infrarrojo). Este 
telescopio tendrá una serie de coronógrafos dedicados a la búsqueda de planetas. Fecha - 2020?.



Proyectos Futuros: Imagen Directa
DARWIN será un telescopio espacial (varios telescopios) que se espera de muchas de las respuestas, 
incluyendo si hay posibilidad de vida en los planetas. Estudiará del orden de 200 Estrellas cercanas. Fecha 
de lanzamiento después del 2025?.

TPF (Terrestrial Planet Finder) es un interferómetro que intentara contestar la pregunta fundamentas: 
¿Existe vida en otros mundos? El objetivo principal es buscar planetas tipo Tierra y determinar si 
determinar si pueden sustentar vida en ellos. Todavía no hay posible fecha para su construcción.



IV. BUSQUEDA DE EXOPLANETAS 
EN MEXICO



Búsqueda de Exoplanetas en México

•No hay un grupo dedicado a la búsqueda y caracterización de 
Exoplanetas.
•Hay varios investigadores que dedican parte de su tiempo a la búsqueda 
o al estudio de Exoplanetas.
•Se está construyendo el telescopio TAOS II para la búsqueda de 
cuerpos menores en la parte externa del Sistema Solar. Se espera 
también encontrar Tránsitos de Exoplanetas.
•Se está construyendo el telescopio óptico SAINT-EX de 1 metro de 
diámetro en SPM, el cual estará dedicado a la búsqueda de Exoplanetas 
usando la técnica de Tránsito.
•Se esta iniciando un proyecto para la búsqueda Astrométrica de 
Exoplanetas usando el VLBA y GAIA.
•Se espera que en los próximos años se forme al menos un grupo 
dedicado a la búsqueda y caracterización de Exoplanetas.





SAINT-EX
(Searching And characterisINg Transiting Exoplanets)



Very Long Baseline Array (VLBA)

Hawaii

St. Croix
Virgin Islands

New Hampshire
Washington

Baseline up to 8000 km

Resolution of ~ 1-0.5 mas
Astrometric accuracy of  
~ 10 micro-arcseconds



TVLM 513 M8.5
M-Dwarf

M = 0.076 Msun ,  D = 10.46 pc
P = 0.44 yrs, ap = 0.24 AU, ep = 0.0, i = 133 deg,
mp = 4.4 mj

Curiel et al. (2019)



TVLM 513 M8.5
M-Dwarf

M = 0.076 Msun ,  D = 10.46 pc
P = 0.44 yrs, ap = 0.24 AU, ep = 0.0, i = 133 deg,
mp = 4.4 mj

Curiel et al. (2019)



GAIA



1 micro-arcsec es aproximadamente el tamaño de una moneda de 
10 pesos en la superficie de la Luna vista desde la Tierra. 



VLBA: Búsqueda Astrométrica de Exoplaneats

•Precisión esperada en observaciones individuales: 10-20 micro-
segundos de arco
•Es posible encontrar Enanas Marrón y  planetas masivos 
asociados a estrellas tipo solar y menos masivas a distancias 
menores de unos 150 parsecs
•Es posible encontrar planetas tipo Júpiter y menos masivos 
asociados a estrellas enanas tipo M (M-type dwarf stars: entre 
0.08 y 0.3 M_sun) y a Enanas Marrón (entre 30 y 80 M_jup) a 
distancias menores a 50 parsecs (160 años luz)
•Enanas Marrón y Planetas asociados a Estrellas muy Jóvenes

(1 micro-arcsec es aproximadamente el tamaño de una moneda de 10 pesos en 
la superficie de la Luna vista desde la Tierra.)



exoplanets.org/

exoplanet.eu/

www.planetarybiology.com/

www.dtm.ciw.edu/boss/IAU/div3/wgesp/

http://www.planetarybiology.com/
http://www.dtm.ciw.edu/boss/IAU/div3/wgesp/


CFA Press release:

http://www.cfa.harvard.edu/news/archive/pr0427.html

Sky and Telescope:

http://www.skyandtelescope.com/news/3309441.html?page=1&c=y

Sky and Telescope:

http://www.skyandtelescope.com/news/3309506.html

TRANSITSEARCH:

http://transitsearch.org/

Detection of Transits of Extrasolar Giant Planets with Inexpensive 
Telescopes and CCDs:

http://www.aavso.org/publications/ejaavso/v33n1/1.shtml

http://www.skyandtelescope.com/news/3309441.html?page=1&c=y
http://www.skyandtelescope.com/news/3309506.html
http://transitsearch.org/




Durante la noche podemos ver algunas 
de las estrellas que tienen Planetas…



…si sabemos donde buscar




