Department of Astronomy and Physics

ASTRONOMY 2 LABORATORY

Detecting Extra-Solar Planets

Aim

To understand two techniques used by astronomers to detect and characterise extra-solar planetary systems: the ‘Doppler wobble’ and transit method.

· To apply the Doppler wobble method to analyse high-resolution stellar spectra of two stars – estimating the radial velocity shift at a series of different epochs due to the presence of an unseen planetary companion.  To use the derived radial velocity curve for each star to calculate the mass and the semi-major axis of its unseen planet.

· If time permits, to apply the transit method to analyse high-resolution stellar photometry, identifying the ‘dip’ as an unseen planetary companion crosses the stellar disk. To use the derived light curve to estimate the radius and semimajor axis of the planet.

Task List

1. Gain familiarity with the effect of Doppler shifts on the intensity profile of spectral templates.

2. Use the excel solver function to determine ‘best-fit’ radial velocity shifts from high-resolution spectra observed at different epochs.

3. Derive a radial velocity curve – i.e. radial velocity shift as a function of orbital phase – for each star, and use solver to estimate the amplitude of each curve.

4. Using your earlier results, estimate the mass and semimajor axis of each planet.

5. Derive a photometric light curve for a star with a transiting planetary companion. Apply the method of least squares to estimate mean apparent magnitudes during the transit and non-transit phase.

6. Estimate the radius and semimajor axis of the planet, from analysis of the stellar light curve.

Summary

The discovery in 1995 of the first extra-solar planet, orbiting the star 51-Pegasi, heralded a new era in astronomy and opened a new field of research that has grown rapidly ever since. Well over 100 extra-solar planets have now been discovered, and the catalogue of discoveries is set to expand even more quickly over the next decade, with several satellite missions planned that will significantly improve the sensitivity of existing detection methods – as well as introducing other detection methods which are not currently feasible.  (If you are interested in finding out more about extra-solar planets and their detection, see the Carnegie Institution Planet Search website at http://www.exoplanets.org)

The vast majority of the earliest extra-solar planets to be discovered were detected using the so-called ‘Doppler Wobble’ method.  According to Newton’s laws of motion and Universal Gravitation, if a star has a single planetary companion then the star and planet will orbit their common centre of mass.  Hence, even though the planet may be too faint to be observed directly, its presence can be deduced because it causes its parent star to ‘wobble’ as they orbit each other.  This wobble results in a radial motion of the star back and forth along the line of sight – which in turn causes a small, periodic Doppler shift in the wavelength of lines in the stellar spectrum (see Fig. 1).  By measuring this Doppler shift, and its periodic changes – producing a radial velocity curve – it is possible not only to detect the presence of the unseen planetary companion but also to estimate its mass and the semi-major axis of its orbit.

[image: image31.wmf] 


Figure 1:   Illustration of the basic physical principle behind the ‘Doppler Wobble’ method for detecting extra-solar planets.  As the star and unseen planet orbit their common centre of mass, radial motion of the star back and forth along the line of sight causes a Doppler shift of lines in the spectrum of the star.  Shown here are absorption lines shifted to redder wavelengths, corresponding to the star moving away from the Earth, compared with a reference spectrum observed in the laboratory.
The aim of the first part of this experiment is to calculate the mass of the unseen planets orbiting the parent stars HD 73256 and HD 28185, by analysing spectra of the stars, plotting their radial velocity curves and determining the amplitude of their Doppler ‘wobble’.  In the second part of the experiment, another method for detecting extra-solar planets is considered: the so-called ‘transit method’.  In this technique the planet’s presence is deduced from the small ‘dip’ in the light curve of its parent star, as the planet transits across the star’s disk.  By careful analysis of the shape of the star’s light curve, it is possible to estimate not only the period of the planet’s orbit, but also its radius and semimajor axis.

Part 1: The ‘Doppler Wobble’ technique

Background

Using Kepler’s laws and Newton’s laws of motion and Universal Gravitation it can be shown that the following relation holds for an extra-solar planet and star system:-
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where 
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 is the amplitude of the Doppler ‘wobble’ radial velocity curve, 
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 is the period of the planet’s orbit, and 
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 are the mass of the planet and the parent star respectively.  Figure 2 shows the radial velocity curve for 51 Pegasi.  We see that the measured radial velocity pattern of the star is well-fitted by a sinusoidal variation – in this case of amplitude 
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Figure 2:  Radial velocity curve – i.e. graph of measured radial

 velocity versus orbital phase – for the star 51 Pegasi 

Step 1.1:  Familiarising yourself with Doppler shifted spectra

The data for Part 1 of the experiment consist of a series of high-resolution optical spectra for the two parent stars.  These data can be accessed by following the link, to extra_solar_planets, on the desktop of your computer.  Click on this link and you will find yourself in a directory containing two sub-directories, named HD-28185 and HD-73256 respectively.  You will also find in this directory an excel file, named G8V_template, which you should open.

Columns A and B of this file contain the wavelength and relative intensity of the spectrum of a G8V star (remember, the suffix ‘V’ denotes a main sequence star), observed in the rest frame of the star, in the wavelength range of about 350 nm – 900 nm.  To the right of these columns are 4 charts, plotting the intensity in the wavelength range 350 nm – 750 nm.

Cell O5 contains the radial velocity (in km/s) of the shifted spectrum – this value is initially set to zero. Column K shows the intensity as a function of wavelength of the shifted spectrum (columns B and K are initially identical, since there is no radial velocity shift).

TASK:  By changing the value of cell O5, investigate the effect of a radial velocity shift on the spectral intensity.  How large a radial velocity shift (in km/s) is required before there is a clearly visible difference between the shifted and template spectra?  

Step 1.2:  Statistical determination of ‘best fit’ velocity shifts

Given that typical velocity shifts due to ‘Doppler wobble’ are a few tens of metres per second (see Figure 2), your findings in Step 1.1 should indicate that one cannot expect to see ‘Doppler wobble’ spectral shifts ‘by eye’ (at least not with a resolution of only 0.5 nm).  Instead we must estimate a ‘best fit’ velocity shift statistically – using a method which is a simplified version of the so-called cross-correlation technique used by professional astronomers in analysing spectra.  We now describe this fitting procedure, using one of the data files as an illustration.

Click on directory HD-28185.  This directory contains 30 excel files, each one corresponding to observations of the spectrum of HD-28185 at a different Julian date (indicated by the name of the file: e.g. the data in JD51460 were observed at Julian date 2451460).

Open file JD51460.  The layout of the file is similar to that of G8V_template:  columns A and B contain the wavelength and intensity of the reference, or template, spectrum for the star (in this case of spectral type G5V).  Column F contains the actual intensity observed for this star at the particular Julian date.  Cell O5 contains the radial velocity shift (this time in m/s) of the star; this value is initially set to zero, as before.

Column J, entitled shifted spectrum, is the spectral intensity calculated by taking the observed spectrum – in column F – and applying a Doppler velocity shift equal to the negative of the velocity shift in cell O5.  Column L contains the difference, at each wavelength, between the shifted spectrum and the reference template.  Essentially, therefore, if cell O5 contains the correct radial velocity shift, then the shifted spectrum should be equal to the reference template – so that the contents of column L will be zero.

The chart to the right of column L shows the intensity difference (i.e. column L) as a function of wavelength.  One can see that, for zero velocity shift, there are quite large systematic differences between the observed and template spectra – as of course there should be, since the observed spectrum is shifted by some radial velocity.

TASK:  Use the ‘solver’ option (under ‘Tools’) to determine the radial velocity shift required to make the sum of the differences between the shifted and template spectra equal to zero.  i.e. Set target cell O8 equal to zero, by changing cell O5.

Does solver successfully locate a ‘best fit’ solution?  Look at the difference chart for your best fit solution; is the difference graph identically equal to zero at all wavelengths?  Why not?  Think about how you could decide whether the solution obtained by solver is acceptable.

TASK:  Carry out the above solver operations for all of the 30 excel files corresponding to each star.  In each case record the Julian date of the observation and the best fit radial velocity shift (in m/s).  You may wish to set up a new excel file for this, as further use of excel will be required in the next part of the experiment.
Step 1.3:  Determining a radial velocity curve

TASK:  Using excel (or otherwise), for HD-28185 and HD-73256, construct a plot of radial velocity versus Julian date.  Can you see any structure in your plots?

The pattern only emerges when we plot radial velocity versus phase – which first requires us to determine a period for the Doppler wobble of each star.  This can be done using e.g. power spectrum fitting, similar to the method used in the A2 Cepheids experiment, but lies beyond the scope of the current experiment.  Instead we use the published values for the Doppler wobble period of the two stars:


We can determine the phase of a particular observation by measuring the number of orbital periods from some reference Julian date to the date of the observation. We can take our reference Julian date as the date of the first observation – i.e. 51460 for HD-28185, and 52640.0300 for HD-72356.  Thus, for example:-


HD-73256,  Observation 10:
Julian Date = 2452667.3758

Elapsed time  =  ( 2452667.3758  (  2452640.0300 )  =  27.3458 days

No. of orbital periods  =  27.3458  /  2.54858  =  10.7298

Phase   =   0.7298

TASK:  Repeat the phase calculations for all of your data.  Using your calculated phases construct a plot of radial velocity shift versus phase for HD-28185 and HD-73256.

Note:  Radial velocity error bars
The excel ‘solver’ function employed in Step 2, to determine best fit radial velocity shifts, is not equipped to estimate an error on the fitted radial velocity.  Unfortunately, to use other statistical methods to determine such an error lies beyond the scope of this lab.  However, adopting a radial velocity error of (15m/s on each data point is a good approximation for the data considered in this experiment.

Step 1.4:  Fitting a radial velocity amplitude

Does your radial velocity data appear to be well-fitted by a cosine or sine curve?  If so, then the amplitude of this curve is equal to 
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 in equation (1) and can be determined using the solver function in excel.  We need to fit the radial velocity and phase data, obtained in Steps 1.2 and 1.3, to the following function:-
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Here  
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 is the mean radial velocity,  
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  is the phase of the particular observation, and  
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 is the phase at which the radial velocity curve is a maximum.

We can estimate 
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 by minimising the following ‘chi-squared’ statistic for each star’s data:-
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TASK:  Use excel to set up a predicted radial velocity function, as in equation (2), and to compute a chi-squared statistic, as in equation (3).  Then use the solver function to obtain best fit estimates of the unknown parameters  
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Note that – as we remarked in the previous section – solver is not equipped to determine errors on best fit parameters.  We could do this for the parameters in equation (2) by applying the method of non-linear least squares,  but that method lies beyond the scope of this experiment.  Ask the demonstrators instead how to estimate an error on the amplitude, 
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, using the ordinary least squares formulae provided in the A2 laboratory manual.

Step 1.5:  Calculating the planetary mass and semimajor axis

TASK:  Using your results from the previous steps, and equation (2), estimate the mass of the planetary companions to HD-28185 and HD-72356.  (You will need to assume a mass for the parent star in each case; ask one of the demonstrators for advice on this).  Can you assign an error to your estimate?

Use Kepler’s Third Law in the form:-
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to estimate the semimajor axis,  a , of each planet’s orbit.  Can you assign an error to your estimate?  

What are the most likely sources of  systematic  error which will affect your estimates of the mass and semimajor axis of each planet?

Part 2:  Planetary transits

Background

In the final part of the experiment, should time permit, we will explore another technique for detecting extra-solar planets: the transit method.

If the orbital plane of an unseen planet lies along, or close to, the line of sight then the planet will periodically cross the disk of its parent star – temporarily blocking the flux from a small part of the star’s disk.  With extremely high precision photometry, it is therefore possible to detect the transiting planet from the systematic ‘dip’ in brightness of the parent star.

Recently the OGLE-III (Optical Gravitational Lensing Experiment) monitoring program has begun to routinely detect via the transit method low mass companions of stars in the direction of the Galactic bulge.  Figure 3 shows an example light curve derived from OGLE-III observations.  Note that the dip in brightness due to the transit amounts to only about 0.03 magnitudes – underlining the fact that the transit method for detecting planets relies on extremely accurate photometry.
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Figure 3:  Finding chart (lower right) and light curves for OGLE-III Transit

Event 25; a low-mass companion with an orbital period of 2.2181 days.

Step 2.1:  Obtaining a phase-folded light curve for OGLE-III-TR-56

OGLE-III-TR-56, first observed in 2001, was the first extra-solar planet to have been detected using the transit method. (It was then subsequently confirmed using the Doppler wobble method; previous planetary transit candidates were confirmed after being first detected spectroscopically).  Click on the  extra_solar_planets  link on the desktop; in this directory you will find an excel file named OGLE_III_TR56 which contains the I band photometric data for this star.  The data consist of 3 columns:  Julian date;  I band magnitude;  magnitude error.  Power spectrum analysis of these data reveals a periodicity of  P = 1.21190 days.

TASK:  Following the same procedure as in Step 1.3, convert the Julian dates for TR-56 into phases.  (Note that you need to adopt a reference Julian date – e.g. 2452000 – as zero-point).  With these data construct an I band light curve for TR-56, including error bars.  

Can you see evidence of a transit ‘dip’?  Construct a second chart, zooming in on the range of phase values where the transit occurs.

Step 2.2:  Estimating the planet semimajor axis and radius

TASK:  The parent star of TR-56 is of approximately solar mass.  Use equation (4), and the measured orbital period, to estimate the semimajor axis of the planet.
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Figure 4:  Geometry of the transit event TR-56

Figure 4 shows schematically the geometry of a transit.  Since the distance from the Earth to the parent star is enormous compared with the diameter of the exoplanet’s orbit, the dashed lines are essentially parallel.  Hence, the distance between A and B (the beginning and end of the transit respectively) is a good estimate of the diameter of the star.  (What other assumption do we need to make for this to be the case?).

Assuming that the planet’s orbit is circular, measurement of the phase difference between points A and B allows us to estimate the angle swept out by the planet’s radius vector as it moves between these points.  Simple trigonometry then allows us to estimate the distance from A to B.

TASK:  Using your estimate of the orbital semimajor axis, determine the circumference of the planet’s orbit.  Hence, from your light curve obtained in Step 2.1, estimate the diameter of the parent star.

There are two ways in which we can estimate the radius of the planet.  The first is to estimate the phase difference between the point where the planet first begins to cross the star’s disk, and the point where the planet lies entirely inside the star’s disk.  (These points are known as external and internal contact, and are illustrated in Figure 5). 
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Figure 5:  Schematic illustration of the points of internal contact (2 and 3) and 

external contact (1 and 4) at the beginning and end of a planetary transit,  as 

viewed from Earth (left panel) and in the star’s light curve (right panel).

TASK:  From your light curve, estimate the phase difference between points 1 and 2 (or equivalently points 3 and 4), and hence estimate the radius of the planet.

The second method for estimating the planet’s radius involves analysis of the size of the dip in the star’s light curve.  If we assume that the star emits as a black body, then the bolometric flux from the star when the planet is not eclipsing is given by
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where 
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 is the Stefan-Boltzmann constant, 
[image: image25.wmf]r

 is the distance of the star and 
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 are its radius and surface temperature.  During eclipse (ignoring the light emitted or reflected by the planet, and limb darkening of the star’s surface) the bolometric flux from the star becomes
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Hence the difference in bolometric apparent magnitude between eclipse and non-eclipse is given by


[image: image29.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

-

=

-

=

-

2

2

10

10

1

log

5

.

2

log

5

.

2

S

P

NE

E

NE

E

R

R

F

F

m

m


TASK:  Analyse your light curve to obtain estimates of the mean I band apparent magnitude in during eclipse and non-eclipse.  (You might want to use the method of weighted least squares to derive your estimate, with an error; if so, ask one of the demonstrators for advice on this).

Combine these magnitudes  with your earlier estimate of the stellar radius and equation (4) to estimate the planet’s radius.  Think carefully about the assumptions you are making, and what possible sources of systematic error might remain.

How do your two estimates of the planetary radius compare? 
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