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Extra Solar Planets
Introduction

First extra solar planets were discovered in the end of 1980th – beginning of 1990th. However, their discovery remained controversial at that time. It was not until the very last years of the 20th century when existence of extra solar planets became recognised as a fact, rather than a speculation. In the last 10 years significant improvements in techniques and instruments allowed astronomers to discover over 550 planets near the distant stars. Unfortunately, most of them are huge and hot “gas giants” some are almost as big as small stars, orbiting their suns in a very close proximity. On a several occasions I have read statements, that our own solar system is quite unusual, since it has small planets with the solid surface at a significant distance from the Sun (Earth and Mars). In my work I decided to verify if such statements are merited. In order to do that, I decided to regress distance between the star and the planet on other observed parameters. Some of those parameters are relative and reflect only the ease of detection (e.g. distance between Earth and the star), and some are absolute (e.g. star’s mass and metallicity).
Data

I obtained the list of the discovered extra solar planets on the dedicated site: http://exoplanet.eu/ . My original list of planets had 563 of them. As a variable to be regressed I chose planet’s major semi-axis, measured in astronomical unit. 1 astronomical unit, eu., is an average distance between the Earth and the Sun. I have selected 7 other variables as independent:
1) Pm=Planet mass, measured in Jupiter’s masses
2) Sd=Distance to the star from the sun, measured in parsecs

3) Sm=Star mass, measured in Sun’s masses

4) Sr=Star radius,  measured in Sun’s radiuses

5) Met=Star’s metallicity. Metallicity shows presence of the heavier elements. First and second generation stars consist almost exclusively from the hydrogen and helium. They have low metallicity. Third generation stars, like our Sun, also have traces of other elements, like carbon, oxygen, or iron, making our existence possible. Such stars have higher metallicity. 

I also introduced two dummy variables to indicate the method of the discovery. Astronomers successfully employ 5 different methods of extra solar planet detection. However, only two methods are responsible for the 90% of the discoveries. Radial velocity method is based on the detection of gravitational interactions between the star and the planet. It favours big and heavy planets. Transit method is based on the detection of the small changes in the star’s brightness when its disk is crossed (transited) by a planet. It favours planets which are close to their parent star. Since all other 3 methods combined led to discovery of less than 50 planets, I decided to group them together (variables 6 and 7 would be both zeros). Variables which indicate method employed in the discovery:
6) RMth=1 if planet was detected by the radial velocity method and 0 otherwise
7) TMth=1 if planet was detected by the transit method and 0 otherwise

Data about planets is sparse. Sometimes planet mass or other parameter is unknown or provided only as a range. I filtered out all records which did not have information on any of the fields used in the analysis. My final data set had 353 planets.

 As a next step I analyzed the data distribution. It appeared to be noticeably skewed.
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I also calculated (Upper Hinge - Median)/(Median - Lower Hinge) as 2.34. I decided to transform major semi-axis in order to mediate skewness. I applied powers transformation, and Box-Cox family transformations. I decided to transform major semi-axis as (Y^0.45-1)/0.45 – Box-Cox transformation with power of 0.45, as it caused (Upper Hinge - Median)/(Median - Lower Hinge)=1.02. I also considered log transformation, but decided against it for now.
Model

My first model was very simple and straightforward. I decided to ignore detection methods and assumed just a linear model:

Model 1

Y=(Y^0.45-1)/0.45 = α + β1Pm + β2Sd + β3Sm + β4Met+ β5Sr
Results were disappointing, model did explain almost nothing:

	Regression Statistics
	
	
	
	

	Multiple R
	0.487144
	
	
	
	

	R Square
	0.237309
	
	
	
	

	Adjusted R Square
	0.226319
	
	
	
	

	Standard Error
	1.386384
	
	
	
	

	Observations
	353
	
	
	
	

	
	
	
	
	
	

	ANOVA
	
	
	
	
	

	 
	df
	SS
	MS
	F
	Significance F

	Regression
	5
	207.5211
	41.50423
	21.59361
	7.9869E-19

	Residual
	347
	666.955
	1.92206
	
	 

	Total
	352
	874.4761
	 
	 
	 


In my next model I decided to transform some of the independent variables. I tried to use a logarithmic scale for them instead of a linear one. Metallicity is already measured by logarithmic scale, so I keep it as is.
Model 2

 Y= α + β1 Log(Pm) + β2 Log(Sd) + β3 Log(Sm) + β4 Met+ β5 Log(Sr)

R Square has increased, although only by a margin:

	Regression Statistics
	
	
	
	

	Multiple R
	0.614048
	
	
	
	

	R Square
	0.377055
	
	
	
	

	Adjusted R Square
	0.368079
	
	
	
	

	Standard Error
	1.252951
	
	
	
	

	Observations
	353
	
	
	
	

	
	
	
	
	
	

	ANOVA
	
	
	
	
	

	 
	df
	SS
	MS
	F
	Significance F

	Regression
	5
	329.7259
	65.94517
	42.00636
	8.86612E-34

	Residual
	347
	544.7502
	1.569885
	
	 

	Total
	352
	874.4761
	 
	 
	 

	
	
	
	
	
	

	 
	Coefficients
	Standard Error
	t Stat
	P-value
	

	Intercept
	2.283954
	0.262613
	8.697037
	1.38E-16
	

	log(Planet Mass)
	0.929986
	0.113232
	8.213066
	4.31E-15
	

	log(Distance to Star)
	-1.43972
	0.137445
	-10.4749
	1.72E-22
	

	log(Star Mass)
	3.330436
	0.791541
	4.207533
	3.29E-05
	

	Metallicity
	-1.04907
	0.293714
	-3.57173
	0.000405
	

	log(Star Radius)
	-0.41948
	0.309338
	-1.35605
	0.175966
	

	
	
	
	
	
	


My next model was the most complicated one. I decided to keep logarithmic scale and add additional variables, indicating the method applied, as well as their combinations:
Model 3
 Y= α + β1 Log(Pm) + β2 Log(Pm) Rmth + β3 Log(Pm) TMth + β4 Log(Sd) + β5 Log(Sd) Rmth + β6 Log(Sd) TMth  + β7 Log(Sm) + β8 Log(Sm) Rmth + β9 Log(Sm) TMth +  β10 Log(Sr) +  β11 Log(Sr) Rmth + β12 Log(Sr) TMth + β13 Rmth+ β14 Tmth+ β15 Met
R Square has increase to 71%, indicating that new model has explained over 70% of the variation in the major semi-axis

	Regression Statistics
	
	
	
	

	Multiple R
	0.843047
	
	
	
	

	R Square
	0.710728
	
	
	
	

	Adjusted R Square
	0.691695
	
	
	
	

	Standard Error
	0.862556
	
	
	
	

	Observations
	353
	
	
	
	

	
	
	
	
	
	

	ANOVA
	
	
	
	
	

	 
	df
	SS
	MS
	F
	Significance F

	Regression
	15
	621.5149
	41.43433
	69.61379
	1.78078E-93

	Residual
	340
	252.9612
	0.744004
	
	 

	Total
	355
	874.4761
	 
	 
	 

	
	
	
	
	
	

	 
	Coefficients
	Standard Error
	t Stat
	P-value
	

	Intercept
	-1.61028
	0.548658
	-2.93494
	0.003563
	

	log(Planet Mass)
	-30.1333
	6.814358
	-4.42204
	1.32E-05
	

	log(Planet Mass) x Radial
	31.0082
	6.814946
	4.550028
	7.48E-06
	

	log(Planet Mass) x Transit
	30.19329
	6.81649
	4.429448
	1.28E-05
	

	log(Distance to Star)
	24.30397
	4.085494
	5.948846
	6.71E-09
	

	log(Distance to Star) x Radial
	-24.6115
	4.089678
	-6.01795
	4.57E-09
	

	log(Distance to Star) x Transit
	-24.3167
	4.070684
	-5.97362
	5.85E-09
	

	log(Star Mass)
	0.317361
	2.102482
	0.150946
	0.880108
	

	log(Star Mass) x Radial
	0.438007
	2.18288
	0.200656
	0.841088
	

	log(Star Mass) x Transit
	0
	0
	65535
	N/A
	

	log(Star Radius)
	-0.21065
	1.832759
	-0.11494
	N/A
	

	log(Star Radius) x Radial
	0.074159
	1.843194
	0.040234
	0.96793
	

	log(Star Radius) x Transit
	0
	0
	65535
	N/A
	

	Radial Velocity Method
	2.074389
	0.623756
	3.32564
	N/A
	

	Transit Method
	0
	0
	65535
	N/A
	

	Metallicity
	0.102992
	0.216902
	0.474832
	N/A
	


I noticed that the star radius and star mass had very high P-values, indicating high likelihoods that they do not influence the regressed parameter. I also noticed that transit method variable generated a coefficient of 0, indicating its unimportance. I eliminated all those variables in my next model:

Model 4
 Y= α + β1 Log(Pm) + β2 Log(Pm) Rmth + β3 Log(Pm) TMth + β4 Log(Sd) + β5 Log(Sd) Rmth + β6 Log(Sd) TMth  +  β7 Rmth + β8 Met

R Square for the new model remained almost the same, indicating that elimination of those parameters was justified:

	Regression Statistics
	
	
	
	

	Multiple R
	0.842308
	
	
	
	

	R Square
	0.709483
	
	
	
	

	Adjusted R Square
	0.702727
	
	
	
	

	Standard Error
	0.85937
	
	
	
	

	Observations
	353
	
	
	
	

	
	
	
	
	
	

	ANOVA
	
	
	
	
	

	 
	df
	SS
	MS
	F
	Significance F

	Regression
	8
	620.4263
	77.55329
	105.0122
	1.46E-87

	Residual
	344
	254.0498
	0.738517
	
	 

	Total
	352
	874.4761
	 
	 
	 

	
	
	
	
	
	

	 
	Coefficients
	Standard Error
	t Stat
	P-value
	

	Intercept
	-1.65425
	0.50974
	-3.24528
	0.001289
	

	log(Planet Mass)
	-30.1333
	6.789185
	-4.43843
	1.22E-05
	

	log(Planet Mass) x Radial
	31.03365
	6.78971
	4.570688
	6.79E-06
	

	log(Planet Mass) x Transit
	30.1985
	6.79102
	4.446829
	1.18E-05
	

	log(Distance to Star)
	24.37318
	4.064037
	5.997284
	5.08E-09
	

	log(Distance to Star) x Radial
	-24.5876
	4.066933
	-6.04574
	3.87E-09
	

	log(Distance to Star) x Transit
	-24.3719
	4.053092
	-6.01316
	4.65E-09
	

	Radial Velocity Method
	1.956769
	0.570553
	3.429603
	0.000678
	

	Metallicity
	0.204382
	0.191539
	1.067052
	0.286697
	


However, P-values were relatively high for the last two parameters. I decided to try eliminating them:

Model 5
 Y= α + β1 Log(Pm) + β2 Log(Pm) Rmth + β3 Log(Pm) TMth + β4 Log(Sd) + β5 Log(Sd) Rmth + β6 Log(Sd) TMth 

R Square has decreased very little after their elimination. Therefore I decided to keep this model as a final one:

	Regression Statistics
	
	
	
	

	Multiple R
	0.835767
	
	
	
	

	R Square
	0.698506
	
	
	
	

	Adjusted R Square
	0.693277
	
	
	
	

	Standard Error
	0.872922
	
	
	
	

	Observations
	353
	
	
	
	

	
	
	
	
	
	

	ANOVA
	
	
	
	
	

	 
	df
	SS
	MS
	F
	Significance F

	Regression
	6
	610.8266
	101.8044
	133.6029
	6.14E-87

	Residual
	346
	263.6496
	0.761993
	
	 

	Total
	352
	874.4761
	 
	 
	 

	
	
	
	
	
	

	 
	Coefficients
	Standard Error
	t Stat
	P-value
	

	Intercept
	-0.05281
	0.234601
	-0.22512
	0.822016
	

	log(Planet Mass)
	-30.1333
	6.896248
	-4.36953
	1.65E-05
	

	log(Planet Mass) x Radial
	30.98957
	6.896767
	4.493347
	9.57E-06
	

	log(Planet Mass) x Transit
	30.38368
	6.897903
	4.40477
	1.41E-05
	

	log(Distance to Star)
	23.30925
	4.117223
	5.661401
	3.16E-08
	

	log(Distance to Star) x Radial
	-23.2963
	4.114743
	-5.66166
	3.15E-08
	

	log(Distance to Star) x Transit
	-23.9467
	4.1151
	-5.81924
	1.35E-08
	


Conclusion

Based on the analysis of the 353 extra solar planets, major semi-axis of such planet could be regressed based on the observation method, mass of the planet and distance to the star from the Earth.

(Y^0.45-1)/0.45 = -0.05281 -30.1333Log(Pm) + 30.98957 Log(Pm) Rmth +30.38368Log(Pm) TMth + 23.30925Log(Sd)  -23.2963Log(Sd) Rmth -23.9467Log(Sd) TMth

Such regression explains about 70% in the variation of major semi-axis of the extra solar planets. Model could be improved by testing it under an assumption of the Poisson distribution, rather than normal, but I feel it would be outside of the scope of this project. 
It is worth noting that none of the parameters which describe the star system itself, rather than the ease of detection, was not used in the final model. Analysis showed unimportance of them for the purpose of the regression.  Important regression parameters were distance to the star, mass of the planet and detection method. Planet mass indicates only an ease of detection, as big planets are easier to spot. Neither Kepler laws nor modern cosmogony theory implies any relationship between planet’s orbit and mass. 
Such a relationship indicates that observed distribution of the extra solar planets is a result of an observational bias, rather than the real distribution of the planets in the galaxy. 

