
A Relation Between the Exoplanets and Their Host Stars Based

on Multivariate Analysis

Elizabeth Mart��nez-G�omez, and Gutti J. Babu�

Abstract
Multivariate statistical methods are used to explain the relation between the extrasolar
planets (or exoplanets) and the main characteristics of their host stars. This analysis can
help us to determine which variables are playing a signi�cant role in the formation and
evolution of exoplanets.

For this work we used the data compiled in the Exoplanet Orbit Database and Exoplanet
Data Explorer both at exoplanets.org. According to the catalog only the exoplanets detected
by radial velocity (RV) and transit methods are considered. The properties of the host star
include the e�ective temperature, luminosity, metallicity, RHK (the chromospheric emission
in the cores of the Calcium H&K lines indicating magnetic activity) and surface gravity.
The exoplanet is described by the eccentricity, orbital period, and velocity semiamplitude.
We estimate the parameters and compare the models obtained from multivariate statistical
techniques.

The exoplanets are divided in two groups depending on the form of their orbits, that is,
circular (e = 0) and elliptical (0 < e < 1). In this work we only consider the second group.

The results suggest that the magnetic �eld of the host star, indicated through the
measurements of the chromospheric emission in the cores of the Calcium H&K lines, should
play an important role in the formation of an exoplanet (at least for Jupiter's type and
those with an elliptical orbit).

Key Words: Canonical Correlation, exoplanet, Multivariate Analysis of Variance, Prin-
cipal Component Analysis

1. Introduction

An extrasolar planet (or simply exoplanet) is a planet1 outside our Solar System.
The �rst con�rmed exoplanet was discovered in 1995, it is a gas giant planet in a
four-day orbit around the nearby G-type star 51 Peg (Mayor and Queloz 1995). It
is followed by detection of planets around 47 UMa (Butler and Marcy 1996) and 70
Vir (Marcy and Butler 1996), leading to the discovery of more than 400 exoplanets,
most of them with masses greater than Jupiter's mass. Some of those planets have
been found orbiting stars of spectral types from F to M, on orbits with periods
from 1.2 days to 14 years, many of which are quite eccentric (for recent examples
see Mayor et al. 2004, Vogt et al. 2005, Johnson et al. 2006, Torres et al. 2010).

The detection methods used for �nding exoplanets are: astrometry, direct imag-
ing, gravitational microlensing, photometry, radial velocity, and transit method.
The vast majority of these planets have been detected with the radial velocity tech-
nique (see Appendix), which is biased towards heavy, close-orbiting planets. How-
ever, the number of lighter, more distantly orbiting exoplanets (i.e. terrestrial-type)

�E. Mart��nez-G�omez and G. J. Babu are both at the Center for Astrostatistics, 326 Thomas
Building, The Pennsylvania State University, University Park, PA. 16802-2111, USA.

1According to the de�nition set in 2006 by the International Astronomical Union (IAU), a planet
in the Solar System is a celestial body that: a) is in orbit around the Sun, b) has su�cient mass
to assume hydrostatic equilibrium (a nearly round shape), and c) has \cleared the neighborhood"
around its orbit.
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is increasing steadily. A growing fraction of exoplanets have now been discovered
using other detection methods. Because the Exoplanet Orbit Database is a com-
pilation of measured spectroscopic orbital parameters (radial velocity and transit
methods), it does not include most planets detected through microlensing or other
methods lacking spectroscopic orbits.

Unfortunately, the radial velocity (RV) method only o�er the possibility to de-
tect mainly Super-Earths, above �ve Earth masses, around other stars. The im-
proved observational methodologies show that planets seem to exist in many possible
sizes just as the planets and moons of our own solar system do (Irwin 2008; Jones
2008). Figure 1 shows some direct images of exoplanets.

Figure 1: Some images of detected exoplanets. a) This Hubble Space Telescope
optical image shows the belt of dust and debris (bright oval) surrounding the star
Fomalhaut and the planet (inset) that orbits the star. This star is the 18th-brightest
star in the sky thus it is visible without the aid of a telescope. Image credit: NASA.
b)The young brown dwarf 2M1207 and its planetary companion. Image credit:
ESO/VLT/NACO. c) This is an example of a multiple planetary system. The star
HR 8799 with three exoplanets orbiting it. The star is about 130 light-years from
the Earth, as young as 30 million years old and is 50 percent larger than the sun.
The planets themselves span from 25 to about 70 times more distant from their
star than the Earth is from the sun. Image credit: National Research Council of
Canada.

Besides the discoveries it is important to study the processes involved in the
formation of these bodies. Even though those mechanisms remain mostly uncertain
for the exoplanets, there are many models developed for giant planets that could
be suitable to explain the origin of planets around other stars (see for example,
Lin et al. 1996, Mayer et al. 2002, Alibert et al. 2004, Rice and Armitage 2005,
Font-Ribera et al. 2009).
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The increasing number of candidate exoplanets brings some con�dence to ob-
served features in statistical distributions of the planet and host star properties.
The most remarkable feature of the sample of known planets is the variety of or-
bital characteristics -as the eccentricity and period-, largely unexpected from the
observation of our Solar System, that challenges our understanding of planetary
formation (see for example Udry et al. 2003, Halbwachs et al. 2005).

The orbital parameters of the exoplanets yield to constraints in the formation
and migration models. Further evidences are coming from high-precision spectro-
scopic studies of the host stars. They have revealed that stars with planets are
signi�cantly metal-rich when compared with �eld stars without giant planet com-
panions and the source of the metallicity ([Fe/H]) is probably primordial (Gonz�alez
1997, Santos et al. 2000; 2001). Furthermore, the relative frequency of stars with
planets seems to be a function of the metallicity (Santos et al. 2001). Thus, the
metallicity of the host star can play a role in the formation of a giant planet, or at
least a giant planet like the ones that are actually found. For a complete review of
the statistical properties for exoplanets detected mainly by radial velocity see Udry
and Santos (2007).

At the moment, there does not seem to be any statistical modeling to explain a
possible relationship between the exoplanet and the characteristics of its host star.
In this work we analyze the exoplanets detected until 2010 by RV and transit meth-
ods, and published in the Exoplanet Orbit Database and Exoplanet Data Explorer

both at exoplanets.org, through multivariate techniques.
The paper is organized as follows. In section 2 we describe the basic character-

istics of the catalog, emphasizing the properties of the host star and its exoplanet.
Section 3 is devoted to the application of the statistical methodologies to the anal-
ysis of the data. The results and conclusions are summarized in section 4.

2. Description of the data catalog: exoplanet and host star properties

The �rst version of this catalog was released as The Catalog of Nearby Exoplan-

ets by Butler et al. (2006) which contained the properties of exoplanets detected
by radial velocity and transit measurements around stars within 200 pc. The dis-
tance threshold is because the nearby planets and their host stars are amenable to
con�rmation and follow-up by a variety of techniques, and by other hand milliarc-
second astrometry for planet host stars within 200 pc can provide precise distance
estimates.

Actually, this catalog is being updated as new exoplanets are con�rmed (Wright
et. al. in preparation). Until June 2010 the catalog contains information on 347
exoplanets with minimum masses up to 24 MJ . The catalog does not include most
planets detected through microlensing or other methods.

2.0.1 Characteristics of the host stars

The properties of the host stars are taken from Hipparcos catalog. It provides
accurate distance and positions to all stars except two, BD-10 3166 (Takeda et al.
2007) and the host star of TrEs-1 (Torres et al. 2008). The e�ective temperature
(Teff ), logRHK (chromospheric emission in the cores of the Calcium H&K lines
that indicates magnetic activity on the star), mass (M�), metallicity ([Fe=H]),
stellar surface gravity (log g�), and v sini of these stars are collected from numerous
refereed publications. Most of these values come from the SPOCS catalog (Valenti
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and Fischer 2005), whose measurements are based on spectroscopic analysis and
evolutionary models, and the catalogs of Nordstr�om et al. (2004) and Santos et al.
(2004; 2005).

From the whole set of the properties mentioned above, we select those with
physically compiled useful information about the star and could be related to the
existence of an exoplanet. They are: the e�ective temperature (Teff ), metallic-
ity ([Fe=H]), stellar surface gravity (log g�), luminosity (L�), and logRHK. The
luminosity is calculated as follows:

L� =

�
d�
dsun

�2

10�0:4(m��msun)Lsun (1)

where dsun=4.84x10
�6 parsec, Lsun=-26.73 and d� is the distance to the star given

in parsec2. The uncertainties associated with these are not considered.

2.0.2 Characteristics of the exoplanets

The catalog reports the parameters of the best-�t solution to the observed radial
velocities data (Butler et al. 2006). They are: the sidereal orbital period (T ),
the semiamplitude of the reex motion of the star (K), the eccentricity of the
planet's orbit (e), the time of periastron passage (tp), the orbit inclination (i),
the impact parameter (B), the planetary radius (Rp), the planetary density (�),
the planetary surface gravity (log gp), the planetary minimum mass (M sin i) and
orbital semimajor axis (a). The last two properties are calculated from the orbital
parameters and the mass of the host star using the de�nitions given in Butler et al.
(2006).

The quality of the �t as the root-mean-square (rms) of the residuals3 and the
values for the �2

� for the appropriate number of degrees of freedom are also provided.
In Fig.2 we show a sample of the data catalog which contains single and multiple

planetary systems (as indicated by the dummy variable, PMULT ), and missing
data. The complete catalog has information on 347 exoplanets and 294 host stars
from which 38 correspond to multiple planetary systems. Further we identify the
variables that are obtained directly from the radial velocity observations (green
columns) and those derived from equations or theoretical models (yellow columns).
The classi�cation is important due to multicollinearity.

From the table shown in Fig.2 we assume that an exoplanet is being de�ned
by only three properties, that is, eccentricity (e), orbital period (T ), and velocity
semiamplitude (K). The exoplanets can be divided in two groups depending on the
form of their orbits: circular (e = 0) and elliptical (0 < e < 1). In this work we
only consider exoplanets with elliptical orbits.

3. Data modeling: multivariate statistical analysis

We are interested in �nding a statistical model that describes the relationship be-
tween a detected exoplanet and its host star by means of the main measured char-
acteristics that de�ne both physical systems.

Due to the fact that each system is described by a set of variables and we want
to look at the pattern of relationships between several of them simultaneously, it is

21 parsec (pc) = 3.086x1016 meters.
3In the physical sciences the term root-mean-square of the residuals is used as a synonym of the

mean squared error (MSE) for model �tting.
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ABSTRACTABSTRACT  

 

A relation between the extrasolar planets (exoplanets) and the main characteris-

tics of their host stars is established using multivariate statistical techniques. 

The data on exoplanets detected until early 2010 are used. From the results we 

expect that the magnetic field of the host star plays an important role in the for-

mation of an exoplanet. 

QUICK FACTS ABOUT EXOPLANETSQUICK FACTS ABOUT EXOPLANETS 

 

An extrasolar planet, or exoplanet, is a planet which orbits a star other than our Sun, 

and therefore belongs to a planetary system other than the solar system. As of June 

2010,  there are about 461 confirmed exoplanets. 

 

 

 

           

 

 

 

 

                        

 

WHY ARE WE INTERESTED IN EXOPLANETS?  

Radial velocity 

Transits 

Astrometry 

Direct imaging 

Pulsar timing 

Gravitational microlensing 

Doppler spectroscopy 

Methods of 

detection  

Their physical (mass and size) and orbital 

(period and eccentricity) properties can 

help us to understand better the origin 

and evolution of the giant planets in the 

Solar System.   

 

Recently, Levison et. al. (2010)  have found 

evidence that comets are possibly of ex-

trasolar origin . 

Physical  

point of 

view 

Statistical  

point of 

view 

Represent a challenge in multivariate 

analysis given the nature of the data 

(missing data and outliers).  

Finding a suitable model can help us to 

predict the existence of an exoplanet 

around a specific type of host star. 

The estimated parameters can be used as 

constraints in the planet-formation mod-

els.  

Only bivariate relations are studied in the 

literature. 

OUR GOALOUR GOAL 

 

Establish a mathematical relation among the set of variables which better describe 

the physical characteristics of the host star and the orbiting planet(s). 

Determine which variables should be considered in planet-formation models. 

THE DATA CATALOG: EXOPLANET DATA EXPLORER THE DATA CATALOG: EXOPLANET DATA EXPLORER (Butler et al. 2006;  Wright et al. 2010) 

NAME  PMULT T [days] e K [m s
-1

] MP [MJ] a [AU] SMULT Mag  d* [pc] RHK M* [MSUN] Teff [K] [FE/H] LOGG L* [LSUN] 

HD 1237 b 0 133.71 0.51 167 3.37 0.49 1 6.59 17.5 -4.44 0.9 5536 0.12 4.56 0.61 

HD 1461 b 0 5.77 0.14 2.7 0.02 0.06 0 6.6 23.25 -5.02 1.03 5765 0.18 4.37 1.07 

WASP-1 b 0 2.52 0 114 0.91 0.04 0 11.79 408.16   1.3 6110 0.26 4.19 2.77 

HD 2039 b 0 1120 0.72 153 5.92 2.2 0 9 102.56 -4.91 1.12 5940.77 0.32 4.38 2.28 

HD 2638 b 0 3.44 0 67.4 0.48 0.04 0 9.44 49.93   0.93 5192 0.16 4.29 0.36 

GJ 176 b 0 8.78 0 4.12 0.03 0.07 0 9.97 9.27   0.49   -0.1   0.01 

HD 32518 b 0 157.54 0.01 115.83 3.35 0.6 0 6.44 120.63   1.13 4580 -0.15 2.1 33.52 

HD 41004 B b  0 1.33 0.08 6114 18.41 0.02 0 12.33 40.77   0.4       0.02 

HD 43848 b 0 2371 0.69 544 24.32 3.38 0 8.65 37.85 -4.97 0.89   -0.03   0.43 

HD 43691 b 0 36.96 0.14 124 2.5 0.24 1 8.45 80.39   1.38 6200 0.25 4.28 2.33 

55 Cnc e 1 2.8 0.26 3.73 0.02 0.04 1 5.96 12.34 -5.04 0.94 5234.85 0.31 4.45 0.54 

55 Cnc f 1 260.67 0 4.75 0.15 0.79 1 5.96 12.34 -5.04 0.96 5234.85 0.31 4.45 0.54 

55 Cnc d 1 5371.82 0.06 47.2 3.91 5.89 1 5.96 12.34 -5.04 0.94 5234.85 0.31 4.45 0.54 

55 Cnc c 1 44.38 0.05 10.06 0.17 0.24 1 5.96 12.34 -5.04 0.94 5234.85 0.31 4.45 0.54 

55 Cnc b 1 14.65 0.02 71.84 0.83 0.11 1 5.96 12.34 -5.04 0.94 5234.85 0.31 4.45 0.54 

HD 108874 c 1 1680.38 0.27 18.8971 1.06 2.77 0 8.76 62.62 -5.08 1 5550.95 0.18 4.35 1.06 

HD 108874 b 1 394.48 0.13 37.27 1.29 1.04 0 8.76 62.62 -5.08 0.95 5550.95 0.18 4.35 1.06 

347 CONFIRMED EXOPLANETS!! 

       EXOPLANETS’S PROPERTIES                       HOST STAR’S PROPERTIES 

NOTE: This is a sample of the 

data catalog. It shows binary 

variables, missing values, 

variables with distinct physi-

cal units, observed and de-

rived parameters.  

 

In general the columns are 

not normally distributed and 

some outliers can be found. 

DATA MODELLING: MULTIVARIATE STATISTICAL ANALYSISDATA MODELLING: MULTIVARIATE STATISTICAL ANALYSIS                                          

MULTIVARIATE ANALYSIS 

 

Let A a set of p variables X and B a set of q variables Y. We are interested in linear relation-

ships between A and B as well as interrelations among the X’s variables in A. 

 

A) Principal Component Analysis (PCA):  For Z
1

=a
1

X
1

+a
2

X
2

+…+a
p

X
p

 where a
1

,..,a
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 are chosen in 

such a way that Var(Z
1

) is maximal, a
1

2

+…+a
p

2

=1, Z
1 

is the 1st PC. For the 2nd PC, an extra 

condition must be fulfilled: Cov(Z
1

, Z
2

)=0. The number of PC to be chosen should explain 

about 85% of the total variance. 

 

B) Canonical Correlation Analysis (CCA):  We are interested in finding r (r = min(p, q)) linear 

relationships of the type: U
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)=0 (ρ is the correlation). From our data we obtain: 

 

 

  

  

  

  

  

  

  

C) Multivariate Analysis of the Variance (MANOVA):  It is useful to: a) identify whether 

changes in the independent variable(s) have significant effects on the dependent variables, 

b) identify interactions among the dependent variables and among the independent vari-

ables.   

We have 2 groups (i): simple and multiple planetary systems. Thus, MANOVA is expressed 

as: X
lj

=+
l + 

e
lj

, j=1, 2,..,n
l

 and l=1,2 where e
lj 

are independent N
p

(0, ) variables;  is an overall 

mean (level), and 
l 

represents the l-th group effect with  

  

              

* = 0.405 

P= 0.395 

*= 0.171
*= 0.124
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             OBSERVED     DERIVED   OBSERVED                    DERIVED 

DISCUSSION AND CONCLUSIONSDISCUSSION AND CONCLUSIONS   

 

1.  From the PCA and multiple regression:  the chromospheric emission indicat-

ing the magnetic activity of the host star (RHK) seems to play a crucial role in 

the existence of an exoplanet. 

 

2. From the CCA: only the first canonical pair is statistically significant. The 

semiamplitude (K) is the main contributor to U
1

; the luminosity and the chro-

mospheric emission (RHK) are the major contributors to V
1

.   

 

3. From MANOVA: the grouping variable (multiplicity) did have a significant ef-

fect on ALL exoplanet properties (T, e, and K) when they are together, however 

an individual ANOVA tells us that the period (T) is being unaffected by the 

fact of the type of planetary system. 

 

FINAL REMARKS: 

 

All the previous analyses are based on LINEAR relations and we did not get a 

clear conclusion about the importance of some variables.  AT THE MOMENT THE 

CHROMOSPHERIC EMISSION INDICATING MAGNETIC ACTIVITY OF THE STAR 

SHOULD BE CONSIDERED IN A PLANET-FORMATION MODEL (Martínez-Gómez 

and Babu, 2010). We should explore the possibility of nonlinear relations in our 

problem!!!  
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MANOVA Table 

Effect 

Test  

Value F Hyp. df Error df p-value 

Multiplicity Pillai's Trace 0.095 6.523 3 187 0 

  Wilks' Lambda 0.905 6.523 3 187 0 

  Hotelling's Trace 0.105 6.523 3 187 0 

  Roy's Largest Root 0.105 6.523 3 187 0 

a. Computed using  = .05             

b. Design: Intercept + Multiplicity             

Tests of Between-Subjects Effects (ANOVA) 

Source DV Type III Sum of Squares df F p-value 

Corrected Model T 0.13 1 0.128 0.721 

  e 6.88 1 7.096 0.008 

  K 18.89 1 15.19 0 

Intercept T 0.02 1 0.023 0.88 

  e 0.78 1 0.805 0.371 

  K 2223.60 1 1788 0 

Multiplicity T 0.13 1 0.128 0.721 

  e 6.88 1 7.096 0.008 

  K 18.89 1 15.19 0 

Error T 186.14 189     

  e 183.22 189     

  K 235.09 189     

Total T 186.27 191     

  e 190.10 191     

  K 2929.09 191     

Corrected Total T 186.26 190     

  e 190.10 190     

  K 253.98 190     

Figure 2: The complete data set contains information on 347 exoplanets and 294
host stars (38 multiple planetary systems and 256 single planetary systems). We
only show a representative sample of the data catalog. In the �rst column the name
of the exoplanet is given. From columns 2 to 7 we show the main properties -both
observed (green) and derived (yellow) of the exoplanet. Columns 8 to 16 show the
measured (green) and calculated (yellow) properties of the host stars.

necessary to apply techniques of multivariate analysis (Johnson and Wichern 2007,
Raykov and Marcoulides 2008). Some of the most common methods are: Princi-
pal Component Analysis (PCA), Canonical Correlation Analysis (CCA), Multivari-
ate Analysis of Variance (MANOVA), Factor and Discriminant Function Analysis,
among others.

Before applying any of the mentioned techniques it is necessary to verify that
our data are complete, that is, there are no missing values in any of the variables
under analysis; we are not considering outliers (univariate4 and multivariate5); and
the variables are normally distributed6.

In Figs. 3 and 4 we show the matrix plot (also known as paired plot) for each
set of variables.

Figure 3: Matrix plot for the variables that de�ne an exoplanet. Only the observed
or measured variables are shown.

4One of the easiest ways to search for univariate outliers in a data set is to use descriptive
methods through the magnitude of their z-scores (only for a normally distributed data) and/or
graphical methods (including box-plots, and normal probability plots).

5These are more di�cult to carry out and a very useful statistic in this regard is the Mahalanobis
distance which takes into account the variances and covariances for all pairs of studied variables.

6If the data do not follow a normal distribution it will be necessary to apply an adequate
transformation through the Box-Cox method.
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Figure 4: Matrix plot for the variables that de�ne the host star. Only the observed
variables are shown.

3.0.3 Multiple linear regression: Principal Component Analysis (PCA)

In our problem there is not a single dependent variable that contains the whole
characteristics of an exoplanet, and we cannot choose only one of them since we can
mislay information. As a �rst approach we look for linear combinations among the
variables that de�ne an exoplanet, even though the scatter plots shown in Fig.3 do
not indicate a clear linear dependency.

We apply the principal component analysis (PCA) to extract the most important
and useful information about the exoplanet from the available information we have.

The Principal Component Analysis (PCA) involves a mathematical procedure
that transforms a number of (possibly) correlated variables into a (smaller) number
of uncorrelated variables called principal components. It starts with data on p

variables for n cases. The �rst principal component is then a linear combination of
the variables X1; X2; :::; Xp, that is:

Z1 = a11X1 + a12X2 + :::+ a1pXp (2)

that has highest variance possible for the cases, subject to the condition that

a211 + a212 + :::+ a21p = 1 (3)

Thus Var(Z1), the variance of Z1, is as large as possible given this constraint on
the constants a1j (j=1,...,p). The second principal component,

Z2 = a21x1 + a22x2 + :::+ a2pxp (4)

is chosen so that Var(Z1) is as large as possible subject to the constraint that

a221 + a222 + :::+ a22p = 1 (5)

and also to the condition that Z1 and Z2 have zero correlation for the data. Further
principal components are de�ned by continuing in the same way. It is important to
point out if there are p variables, then there will be up to p principal components.

As we described above, the �rst principal component accounts for as much of the
variability in the data as possible, and each succeeding component accounts for as
much of the remaining variability as possible. In other words, the PCA discovers (or
reduces) the dimensionality of the data set and identi�es new meaningful underlying
variables.
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PCA involves �nding the eigenvalues of the sample covariance matrix. There are
p of these eigenvalues, some of which may be zero (negative values are not possible).
This computation can be directly performed in any statistical package, for example,
we use the function princomp() available in the R statistical package. Thus, for our
data the \new" dependent variables are calculated as linear combinations of the
original variables:

u1i = �0:328Ti � 0:569 ei � 0:754Ki (6)

u2i = 0:726Ti + 0:359 ei � 0:587Ki (7)

where i is referred to the ith data point.
Once the new variables are de�ned we estimate the multiple regression models

for y1 and y2 through OLS. We obtain:

y1 = �2:79�0:26Teff�0:11 [Fe=H]+0:17 log(g)�0:11L��0:25 log(RHK)+� (8)

y2 = �2:06+0:04Teff�0:13 [Fe=H]�0:10 log(g)�0:33L��0:31 log(RHK)+� (9)

It is important to point out that the proposed statistical model expressed in
Eqs. 8 and 9 must satisfy all the linear regression assumptions in order to be used
for forecasting (in our problem we are interested in �nding exoplanets based on
the particular features of a star). If any of these assumptions is violated (i.e., if
there is nonlinearity, serial correlation, and heteroskedasticity), then the forecasts,
con�dence intervals, and physical interpretation yielded by a regression model may
be (at best) ine�cient or (at worst) seriously biased or misleading.

For the �rst model represented by Eq. 8, the coe�cients that are statistically
signi�cant are �1 = �2:79, �2 = �0:26, and �6 = �0:25. That means that the
characteristics of an exoplanet can only be explained in terms of the e�ective tem-
perature and the magnetic �eld activity of the host star. Moreover, the model given
by Eq. 8 violates the homoskedasticity assumption. This fact can be a consequence
of the natural relation between the variables, or the incorrect transformation of the
variables or omitted variables.

In the case of the second model for the variable u2 (Eq. 9), the parameters that
are statistically signi�cant are �1 = �2:06, �5 = �0:33, and �6 = �0:31. Here the
luminosity and the magnetic activity of the host star are the properties that can
explain the observed features of the exoplanet. By contrast, this model violates the
normality assumption which is important for hypothesis tests and estimation of the
con�dence intervals.

From the above results there is not a clear advantage of using any of the es-
timated models to explain the possible dependence between the exoplanet and its
host star. However, it seems that the magnetic activity of the host star can
play a crucial role in the existence of an exoplanet whose main observed features
are represented by a linear combination as expressed in Eqs. 6 and 7.

Under this circumstances, only three observed variables for a given exoplanet,
PCA just reduces the dimensionality of the problem into two variables and the
regression analysis does not help us to understand the relation between both physical
systems. Thus it is convenient to explore another multivariate techniques.
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3.0.4 Canonical Correlation Analysis (CCA)

Canonical correlation analysis (CCA) seeks to identify and quantify the associations
between two sets of variables (Hotelling 1935, 1936). This type of analysis focuses
on the correlation between a linear combination of the variables in one set and a
linear combination of the variables in another set. The idea is �rst to determine
the pair of linear of linear combinations having the largest correlation. Next, we
determine the pair of linear correlation having the largest correlation among all
pairs uncorrelated with the initially selected pair, and so on. Those pairs of linear
combinations are called the canonical variables, and their correlations are called
canonical correlations.

Furthermore, CCA is considered to be the general model on which many other
multivariate techniques (for example, multiple regression, discriminant function
analysis and multivariate analysis of variance, MANOVA) are based because it
can use both metric and nonmetric data for either the dependent or independent
variables.

We employ the cancor() function available in R statistical package to perform
the CCA for the exoplanet data. There are three possible canonical pairs and the
�rst one is the only one that is statistically signi�cant at the 90% signi�cance level
(�2

(2)(4) = 8:403) based on Bartlett's chi-square test (1938, 1939). We have, the �rst
canonical variables

U1 = �0:020T + 0:016 e+ 0:057K (10a)

V1 = 0:026Teff + 0:027 [Fe=H]� 0:012 log(g) + 0:062 log(RHK) + 0:043L�
(10b)

whose canonical correlation ��1 = 0:405.
From our analysis we observe that the strongest (linear) relationship between the

exoplanet and the host star is that predicting the semiamplitude (K) from the ob-
served properties of the host star. Moreover, it is suggested that the semiamplitude
is the most inuential contributing to the �rst canonical variate.

From the magnitude of the variance values we observe that 36.5% of the variance
in the exoplanet properties is explained in terms of the �rst canonical variate U1. At
the same time, this variate U1 explains 5.98% of variance in the host star properties.
Now, the examination of V1, indicates that the chromospheric emission (RHK)
which indicates magnetic activity of the star and its luminosity are the
most contributing to this canonical variate. However, their individual correlations
with V1 are quite similar and lesser than the estimated correlation for the surface
temperature. Finally, 3.5% of the variance in the exoplanet properties is being
explained in terms of V1 and it explains 21% of the host star properties.

3.0.5 Multivariate Analysis of Variance (MANOVA)

There are two major situations in which MANOVA is used. The �rst is when there
are several correlated dependent variables, and the researcher desires a single, overall
statistical test on this set of variables instead of performing multiple individual
tests. The second, and in some cases, the more important purpose is to explore
how independent variables inuence some patterning of response on the dependent
variables.

For this purpose we need to assume a \�xed" variable which divides the set of
dependent variables in two groups. This new variable (hereafter called multiplicity)
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is related to the fact that the exoplanet can belong to a single or a multiple planetary
system, in other words:

PMULT =

(
0 if the exoplanet belongs to a single planetary system

1 other case

We perform a General Linear Model (GLM) by considering T, e, and K as
dependent variables, and PMULT as the �xed variable. We are interested in how
the multiplicity a�ect the orbital period, the eccentricity, and the semiamplitude of
a given exoplanet.

According to the Box's test of equality of covariance matrices of the dependent
variables, we conclude that the dependence covariance matrices di�er across the
groups. The Levene's univariate test indicates that the period may be contributing
to such a di�erence between a single and a multiple planetary system.

There are four di�erent multivariate tests: Pillai's trace, Wilk's �, Hotelling's
trace, and Roy's largest root. In this case, the F-value and the p-value are the
same for all tests, 6.52 and 0 respectively, which means they are all signi�cant
so we can conclude that the multiplicity did have a signi�cant e�ect on the three
exoplanets' properties. Finally to complete the analysis, we compute the p-values
from the univariate tests and they show that the multiplicity did not have a

signi�cant e�ect on the period (p-value=0.721), while it had on the eccentricity
(p-value=0.008), and the semiamplitude (p-value=0).

4. Summary and Conclusions

We are interested in �nding a statistical relation between an exoplanet and its host
star based on their observed/measured properties. This statistical analysis could
impose some constraints to the formation and migration stories of these bodies.

Given the nature of the problem, that is, each physical system (exoplanet and
host star) is described by a set of variables, we used multivariate statistical tech-
niques. We have made use of the Exoplanet Orbit Database and Exoplanet Data
Explorer, both at exoplanets.org. The catalog contains updated information for ex-
oplanets detected through the radial velocity (RV) and transit methods until June
2010. The exoplanets can be separated in two groups depending on the form of their
orbits, that is, circular (e = 0) and elliptical (0 < e < 1). In this work we focused
in the second group and considered complete information about the exoplanet itself
and its host star. Our results are summarized below:

1. The simplest analysis is the multiple linear regression where the principal
component analysis (PCA) was performed to extract the information about
the dependent variable, exoplanet. According to the preliminary statistical
analysis it seems that the magnetic activity of the host star can play

a crucial role in the existence of an exoplanet. This �nding can be
a novel contribution to the planet formation models since they assume that
the metallicity (an indicator of the composition of a star) could play a role in
setting the mass of the most massive planet. Further con�rmation of this fact
requires a larger sample of exoplanets (those detected through other methods)
and the extension to exoplanets describing circular orbits.
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2. We also applied the canonical correlation analysis (CCA) to the data in order
to �nd the relationship between the exoplanet and its host star with the
highest correlation. From the three possible canonical pairs we obtained that
the �rst canonical pair has a correlation of 0.4, and is the only statistically
signi�cant one. The semiamplitude (K) is the main contributor to U1; the
luminosity and the magnetic activity through the chromospheric

emission (RHK) measurement are the major contributors to V1. Again,
we suspect that the magnetic activity of the star a�ects the existence of an
exoplanet (at least of Jupiter's size).

3. From MANOVA we conclude that the grouping variable (multiplicity) did
have a signi�cant e�ect on ALL exoplanet properties (T, e, and K) when they
are together, however an individual ANOVA tells us that the period (T) is
being una�ected by the fact of the type of planetary system. It seems that
the multiplicity of exoplanets for a given star can a�ect the statistical relation
between the two sets of variables. To verify this, we suggest to separate the
analysis in two cases: single planetary systems and multiple planetary systems.
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APPENDIX

A. Transit methods

Transit observations record regular dips in the brightness of candidate stars caused by
orbiting planets that are fortuitously aligned so that we observe them in transit across the
face of their parent stars Fig. A.1. This approach has helped to characterize more than 80
exoplanets (Charbonneau et al. 2007, Torres et al. 2008). However, transit searches are
strongly biased in favor of objects with large diameters traveling on very short-period orbits
around bright stars. The analysis of these data could require selection bias techniques such
as truncation. As a result, almost 90% of the known transiting planets are Hot Jupiters,
that is gas giants with periods shorter than 10 days, orbiting Sun-like stars of spectral types
F, G, and K.

Figure A.1: This diagram illustrates the characteristic dip in brightness (light
curve in red) caused by a planet in transit across the face of its host star.

B. Radial velocity or Doppler shift method (RV)

When starlight is analyzed by a spectrograph, it reveals a pattern of vertical lines corre-
sponding to the wavelengths of light that have been absorbed by the target star's constituent
molecules (Fig. B.1). These so-called \absorption lines" in the stellar spectrum can exhibit
variations over time, produced by the movement of the star. The term radial velocity sig-
ni�es the speed at which an object is traveling toward or away from an observer (e.g., one
located on or near the Earth) along the line of sight (i.e., radially). Stellar absorption lines
shift toward the red end of the spectrum if the radial movement of the star carries it far-
ther away from the Earth, and toward the blue end if the radial movement carries it closer
(Doppler e�ect).

Since any regular patterns of wobbles that appear in the spectral lines are analyzed
as possible gravitational e�ects of orbiting planets, this method can precisely de�ne an
exoplanet's orbital period, eccentricity, and semimajor axis, but it provides only minimum
values for mass. It is best suited to �nding Jupiter-sized planets, while remaining insensitive
to lightweight rocky planets like Earth, Venus, and Mars. Further, this method is applicable
only to main sequence stars less massive than about 1.4 times our Sun, or to suitable
subgiant and giant stars. Its e�ectiveness is typically negated in stars with persistent
chromospheric activity7 and in stars that rotate rapidly (e.g., young stars). Radial velocity

7The chromosphere is an inner structure of a stellar atmosphere. In the case of our Sun, the
most common features within the chromosphere are: spicules which appear as long thin �ngers of
luminous gas; plages identi�ed as bright regions located near the sunspots, Moreton waves which
are described as a kind of solar tsunami, �brils seen as horizontal wisps of gas similar in extent to
spicules but with about twice the duration, and prominences which are gigantic plumes of gas that
rise up through the chromosphere from the photosphere, sometimes reaching altitudes of 150,000
kilometers.
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Figure B.1: The light from a star when it is refracted into its constituent wave-
lengths by a spectrograph results in a spectrum that exhibits patterns of vertical
lines known as absorption lines, which correspond to the wavelengths that have
been absorbed by individual molecules in the star's composition. Each type of star
or spectral class has a distinctive spectrum, as shown in the above �gure. Image
credit & copyright KPNO 0.9-m Telescope, AURA, NOAO, NSF.

observations potentially require a large investment of time and resources, since a candidate
planet can be con�rmed only after it has been tracked for at least one full orbit.

A planet accompanying a target star on an approximately edge-on orbit will tug the
star away from us when it passes behind the star and toward us when it passes in front.
Su�ciently sensitive instruments can measure these minuscule variations, which can then
be tracked over time and analyzed for regular patterns that would indicate a planetary
orbit. In Fig. B.2 we show an example of radial velocity curves for an exoplanetary host
star, illustrating the wavelike patterns created by regular variations in star's motion.
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Figure B.2: Regular variations over time in a star's spectrum can be plotted as
a curve, as shown in the graphs. Measured velocity (�lled circles) vs. time for the
two proposed planets of HD 108874 (Vogt et. al., 2005). In fact they have been
con�rmed and orbit in a stable 4:1 mean motion resonance, whose regularity is
clearly visible in this set of radial velocity curves. The inner planet, which follows
a circular orbit, has a minimum mass of 1.37 MJUP and a period of 13 months.
The outer planet is the same size as Jupiter, orbiting in a period of about 4.4
years, as compared with a dozen Earth years for Jupiter itself. NOTE: The solid

line represents the best-�t Keplerian orbit. Image credit & copyright KPNO 0.9-m
Telescope, AURA, NOAO, NSF.
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