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Characteristics of planetary systems 

DEBRA FISCHER AND JI WANG 

Philosophical musings that other worlds might exist date back more than 2000 
years to the ancient Greeks. We live in a fortunate time, when the discovery of 
exoplanets has the potential to address questions about how planetary systems form 
and evolve. In what ways do exoplanetary systems mirror our c;olar system? How 
are they different? Does the presence of a binary star affect planet formation? Are 
Earth analogs common? Does the energy from other stars give rise to life? 

Confi rmed and candidate exoplanets number in the thousands and search tech
niques include Doppler measurements, tran<;it photometry, microlensing, direct 
imaging, and astrometry. Each detection technique has some type of obc;erva
tional incompleteness that imposes a biased view of the underlying population 
of exoplanets. In some cases, statistical corrections can be applied. For exam
ple, transiting planets can on ly be observed if the orbital inclination is smaller 
than a few degrees from an edge-on configuration. However, with the reasonable 
assumption of randomly oriented orbits, a geometrical co1Tection can be applied 
to determine the occurrence rate for all orbital inclinations. In other cases, lhcre 
is simply no information about the underlying population and it is not possible to 
apply a mcaningf ul correction. For example, the number of planets with a similar 
mass (or radius) and a similar intensity of intercepted stellar flux as our Earlh is 
not secure at this time because the number of confirmed detections for this type of 
planet is vanishingly smaJJ. 

As a result of the sample biases and observational incompleteness for each dis
covery technique, our view of exoplanet architectures is fuZ7y al best. There are no 
cases beyond the solar system where the entire parameter space for orbiting planets 
has been observed. Instead, we piece together an understanding of exoplanet archi
tectures by counting planets in the regimes where techniques are robust and then 
we estimate correction factors when possible. When drawing conclusions about the 
stali)ttics of exoplanets. it is helpful to understand completeness in this underlying 
patchwork of orbi tal parameter space. 
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5. 1 Oven·iew of Kepleria11 orbirs 
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Fig. 5.1 Geometry of an elliptical orbit with semi-m~jor axis a, semi-minor axis 
b, and eccentrici ty e = c/a. 
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Fig. 5.2 Orhital angles i, <u, and Q define the oriental ion or the orbit wiLh respect 
to the plane of the !iky. 
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We begin by reviewing the exoplanet detection techniques with particular con
sideration of the obsenarional biases and then discuss the implications for planer 
formation with an eye toward how our solar system compares. 

5.1 Overview of Keplerian orbits 

The motion of planets around the Sun wa<; famously deciphered by Johannes 
Kepler. Kepler's fi~t law states that planets orbit in an ellipse with the star at 
the focus; the second law is a statement about conservation of angular momen
tum - planets sweep out equal areas in equal ti me intervals; the third law says 
that the square or the orbiLal period is proportional to the cube of the semi-major 
axis. Kepler's laws were later generaJized by lsaac Newton in his universal law of 
gravitation. 

The fundamenta l plane of an e ll iptical orbit is shown in Fig. 5.1 with the c;tar al 
the focus of the elli pse. The elli pse is parametrized by the c;emi-major axis a, and 
the ~emi -minor axis b. The orbital eccentricicy is defi ned as the ratio of c/a, and 
the planet sweeps out an angle v, which is referenced lo the point of periaslron. 

ln practice, the orbital plane is randomly oriented in space. Figure 5.2 shows the 
angles that define the orientation of the fundamental elliptical orbil with re!>pect 10 
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the plane of the sky. First, imagine that the plane of the sky (the reference plane) 
passes through the star-centered focus of the ellipse; the intersection of these two 
planes is called the line of nodes. The orientation of periastron passage is defined 
by w; w = 90° or 270° if we are looking along the long semi-major axis of the orbit. 
The inclination, i , references the tilt of the orbit and is defined so that; = 90° when 
the orbit is viewed edge-on and i = 0° when viewed face-on. For the special case 
of a circular orbit, e = 0 and there is no periastron point, so w is undefined for 
circular orbitS. The third angle, Q, is a rotati on perpendicular to the plane of the 
sky. This last angle is not relevant for Doppler observations (because it does not 
change the radial component of the velocity) or for transit observations; it can only 
be measured with direct imaging or astrometric techniques. 

Although the planetary orbits have been shown in the reference frame of the star, 
the star and planet actually orbit the center of mass (COM). 

5.2 Doppler surveys for exoplanets 

Doppler surveys have detected more than 500 planets and this was the fi rst suc
cessful technique for detecting planets outside our solar system. This technique 
is unique in providing masses for exoplanets, modulo the generally unknown 
orbital inclination. The first detected planets were gas giants that orbit close to 
their host scars. This turned out to be a bias of this technique: close- in gas giants 
exert the largest possible gravitational force on lhe host star and produce the 
most significant stellar reflex velocities. While improvements in this technique 
have permilled the detection of one planet with a mass similar to the Earth, this 
technique has severe incompleteness with decreasing mass and increasing orbital 
periods. 

5.2.1 The Doppler effect 

Owing to the Doppler effect, spectral lines from the stellar atmosphere are period
ically blue-shifted and then red-shifted as the star orbits the COM over one orbital 
period. Only the velocity component along the line of sight (the radial velocity) 
between the observer and the source produces a Doppler shi ft. 

An emitted photon of wavelength A.0 will be Doppler shifted to a new wave
length A. as described by the theory of special relativity (Einstein, 1905). The reflex 
velocities that planets induce in their host stars are typically small. For example, the 
reflex solar velocity from Jupiter is,..., 12 m s- 1 and the tug of the Earth on the Sun is 
a mere 0.1 m s- 1• The Doppler shift can safely be expressed in the non-relativistic 
form without incurring any measurable errors: 

>-=>-o (l+ ~) . (5. L) 
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When calculating the velocity of a source star, the veloci ty of the observer (rhe 
''barycentric velocity") must be subtracced from the measured radial velocity in 
order to recover the velocity of the source. The Jet Propulsion Lab's HORIZONS 1 

ephemeris system provides the velocity of the Earth about the solar barycen
ter (including gravitational effects from planets and moons) with an impressive 
precision of about one milli meter per second. 

The Doppler techn ique was the first method to detect planets around other stars. 

Latham et al. (1989) used Doppler velocity measurements to detect the first sub
stcllar mass object orbiting the star HD I 14762. They interpreted this object as a 
likely brown dwarf since they derived M sin i ,..., I 2M; 11p (Jupiter masses) for the 
companion. The object resides at the mass boundary between planets and brown 
dwarfs, however, the unknown inclination likely means that the true mass is in the 
brown dwarf regime. Planetary mass objects were found orbiting the neutron star 
PSR 1257+1 2 by Wolszczan and Frail (1992). This rapidly spinning neutron star 
was serendipitously oriented so that a narrow synchrotron beam swept across the 
solar system like a beam from a lighthouse. Careful monitoring of the pulsar timing 
permitted the detection of three planets that were j ust a few times the mass of che 
Earth. More than 20 years later, the precision of pulsar timing measurements still 
exceeds the precision that has been achieved with other Doppler techniques. A few 
years later, Mayor and Queloz (1995) detected the fi rst planet around a Sun-like 
star. This was the beginning of an era of successful Doppler planet surveys (see the 
review by Fischer et al., 2014). 

The stellar radial velocity semi-amplitude K,., can be expressed in units of 
cm s 1 as a funct ion of the orbital eccentricity e, the orbital period P (in years), 
the combined stellar and planetary mass (in solar mass units), and the planet mass 
Mp sin i (in units of Earth masses, M@): 

K.,.= 8.95cm ~-I M p sin i (M,.+ Mp) -
213 (!_ )-l/J (

5
.
2

) 

J t -e- M m M0 yr 

Because only the projected line-of-sight velocity is measured, the inferred planet 
mass from Doppler measure ments is Mp sin i, the product of the trne planet mass 
and the sine of the orbital inclination; the true mass of the planet cannot be deter
mined. However, in a s tatistical sense the probability that the orbital inclination is 
within a particular range i 1 < i < i 2 is given by: 

(5.3) 

Thus, there is an 87% probabi lity that orbital inclinations lie between 30° and 90°, 
implyi ng that the true planet mass is s tatistically within a factor of two of Mp sin i 
for the vast majority of Doppler-detected exoplanets. 

I hllp://~:.d.Jpl.nasa.gov/?i:pht:mcridcs 
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Fig. 5.3 Detection of cxoplancts over time. Black dots indicate Doppler decec
lions. Solid horizontal lines indicate the ma~SCl> of Jupiter, Neptune and Eanh. 

ln order to derive the orbital period and other orbital parameters, the radial ve loc
ity observations must span at least one complete orbit. Assuming circular orbits 
and a K. corresponding to a given velocity precision (say, I m s- 1), the minimum 
detectable mass can be calculated over a range of orbitaJ periods to determine the 
threshold for lhe minimum detectable planet mass for the Doppler technique. 

Figure 5.3 shows a time line of exoplanet detections; clearly the community 
has been addressing the technical chaJlenges and improving the Doppler measure
ment precision so that the mi nimum detectable planet mass has been dropping over 
ti me. The data point close to one Earth mass indicates the companion to a Ccn B 

(Oumusque et al., 2012) with an orbital period of 3.24 days. The question now 
is whether we can further improve the Doppler precision so that Earth analogs in 
habitable lOne orbits can be discovered around nearby stars. 

5.2.2 Current limitations to Doppler precision 

The measurement of Doppler shifts induced by orbiting planets is technically chaJ
lcnging. In order to reach a Doppler precision of l m s- 1 the wavelength must 
be known with a relative precision of at least 10- 9• a nont1ivial requirement. A 
Doppler shift corresponding to 1 m s- 1 typicaJJy moves the stellar Jines by less 
than 1/1000th of a pixel on a CCD detector. However, the spectn.im will move 
on the detector for other reasons, too. Vari ations in the temperature, pressure, or 
mechanical ftexures can shift the stellar spectrum by more than a pixel. Time
varying imperfections in the CCD can compromise the measurement of wavelength 
shifts. Contamination from a Moon-lit sky or a background star can induce spurious 
velocity signals. In short, everything matters and all of these issues must controlled 
or tracked. 
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5.2.3 Stellar noise for Doppler techniques 

Even if the technical and engineering challenges are perfectly managed, another 

threat to precise Doppler measurements remains outs idt: of our control: coherent 

velocity flows on the surface of the star. Any technique that relies on observations 

of the host star to detect the unseen planet (Doppler, transits, ac;trometr)', but not 

direct imaging or microlensing) will be affected by signals arising from the stellar 

photosphere. Planet hunters often refer to these signals as stellar noise. Of course, 

the stellar noi se is signal to our colleagues who study the Sun and other stars; 

these ~ ignals include p-mode oscillatio n<; and features that are correlated with timc

variable magnetic fie lds: variability in granulation. starc;pots, meridional flows (see 

chapters on the Sun and its magnetic ac1ivity listed in Table 1.2). The magnitude 

of these variable velocities can be hundreds of meters per second, making them 

important even if they are diluted by the integrated stellar fl ux. 

Jn the case of p-modc oscillations, the variability has a typical period of a few 

minutes for stars like the Sun. The amplitude of the radi al velocity signal from 

p-modes depends on whether the pressure modes are in resonance and is also a 

function of the spectral 1ype of the 'ilar. However, radial velocities from t}pical 

p-mode signals usually have an amplitude that is no more 1han a few meters per 

<;ccond. By taking long or multiple exposures, it is possible to average over p

mode oscillations. from the perspective of the planet hunters, this high freque ncy 

contribution to errors is the least serious of the potential .;; te llar noise sources. 

Convective granule'> are a more significant source of stellar noise. In principle, 
what goes up must come down; however, the intensity of the hot upward flows is 

grca1cr than the cool downward flows. This produces asymmetry in the spectral 

line. Ir the granulation were in a steady s tate, that asymmet ry would no1 matter. 
However, magnetic fie lds cause a loca l suppression of granulation. Because the 

magnetic fields are time-variable, the granulation tlows are vari able and the spec

tral line profile wi ll be lime-variable. With high enough signal-to-noise and high 

enough spectral resolution, it may one day be possible to distinguish becwee n 1he 

e ffect of s1ellar noi~e and Doppler shifts associated with the bulk motion of stars. 

Current instruments do not have that resolution, so the Doppler analysis code inter

prets this as a shift in the line centroid over lime - i.e., a spurious net ste llar bodily 

Doppler shift. The time scale for convective flows ranges from several minutes to 

a couple of hours, but 1he magnitude of this effect is difficult to assess. 

Cool spots in the stellar photosphere also cause spectral line profile variations. 

As a spot emerges from behind the s tellar disk as the scar rotates, it blocks ou1 light 

from the approaching limb of the star and the Doppler-broadened spectral line has 

less light in the blue wing. Later, the spot moves across the rotating star. and blocks 
light from the receding edge of the star; now the spectral line profi les all have less 
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intensity in the red wing. The Doppler code interprets these line profile variations 
as a net red shift followed by a net blue shift with a pe1iodicity that matches the 
rotation period of the star. The rotation period of stars on Doppler planet surveys 
is uncomfortably close to the orbital periods of planets that we want to detect; this 
has led to confusion in the interpretation of data on more than one occasion. The 
spot signal is further complicated because it attenuates over a few rotation cycles 
and differential rotation and spot migration produces spots with slightly varying 
periods. 

Longer-term magnetic activity variations, comparable to the solar cycle, have 

also been correlated with radial velocity variations. All of the above issues only 
represent "the devil that we know". There are additional noi se sources and veloc

ity flows in stars that are Jess well understood, such as meridional flows. Current 
instruments do not have the ability to resolve most of the photospheric noise from 
Doppler shifts. Without new instnunent designs and analysis techniques that have 
the ability to detect photospheric velocities, the Doppler technique will be limited 
to a precision of about I m s- 1

• 

5.3 Transit technique 

In the lucky case where the orbit of a planet takes it along a path that crosses our 
line of sight to the star, the planet wi ll block out a fraction of the stellar fl ux. The 

decrease in brightness scales with the ratio of the cross sectional area of the planet 
to the star (see Fig 5.4, reproduced from a review by Winn, 2011 ). Thus, if we can 
measure or estimate the radius of the star, we can easily calculate the size of the 
transiting planet. 
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Fig. 5.4 The sketch of a transit light curve shows that the measured llux from 
the star begins Lo decrease du1"ing ingress. The flux is al a minimum after the 
planet has completed ingrci.s and before the planet begins egress. After egress, 
the measured flux returns to the pre-transit value. Reproduced with permission 
from Winn (20 11 ). 
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Transit observations uniquely provide a measurement of the radius of exoplancts 
for cases where the stellar radius is known. Ground-based transit observations only 
have the precision to detect gas giant planets; however, the spaced-based Kepler 

mission has detected thousands of planet candidates and confirmed planet<; with 
radii as small as the Earth. The real bonus comes when transit and radial velocity 
measurements can be combined to calculate an average density for exoplanets with 
masses comparable to or greater than Neptune. The technique is limited to a narrow 
range of essentially edge-on orbital configurations (inclinations close to 90°) and 
to relatively short orbital periods (up to about I year). However, geometrical cor
rection can be made to deduce the statistics of these planets. Thanks to the NASA 
Kepler mission, we now know that small rocky planets arc far more common than 
gas giants. 

The first transiting planet was detected around the Sun-like star HD 209458 
(Henry et al., 2000: Charbonneau et al., 2000). Jn this case, the photometric 
monitoring of the star began after the planet was first discovered by the Doppler 
technique. Although the inclination was unresolved by the radial velocity measure
ments, the short period of this planet meant that the transit probability was about 
I 0% (see Eq. (5.4 )) and the other orbital parameters derived with Doppler data were 
used to predict the putative transit time. Because both the size and the mass of the 
planet were known (in the case of transiting planets, we know the inclination so the 
Doppler measurements yield a true mass for the planet, not just M sin i), the mean 
density of the planet was easily calculated. Density is a powerful characterization 
parameter that reveals infonnation about the internal structure and atmospheres of 
exoplanets. 

There are also programs that carry out nearly continuous photometric monitor
ing with the hope of a serendipitous transit observation. The HAT-NET (Bakos 
et al., 2007), MEanh (Charbonneau et al., 2009), and the XO Project (McCul
lough et al., 2005) are examples of ground-based transit surveys. Examples of 
space-based missions that have been used to search for transiting planets include 
the Hubble Space Telescope (HST; Brown et al., 2001 ), Spitzer (Knutson er al., 
2007a), CoRoT (Deleui l et al., 2000) and Kepler (Borucki et al., 2003). 

ln order for the planet to transit, the impact parameter (b in Fig. 5.4) must be 
Jess than unity, which corresponds to the angular radius of the star. In practice, this 
is a requirement for nearly edge-on inclinations; as shown in Fig. 5.5, most of the 
orbital inclinations for the planet candidates from the NASA Kepler mission are 
indeed between 87° and 90°. The ratio of the stellar radius to the semi-major axis 
a, or R,,./ a, is also of fundamental importance in the geometry for transits. The 
probabil ity that a given planet wi ll transit is given by the following expression: 

_ 0 (A~ (R.+.Rp)[l+ecos(7l/2-w)] P,r - 0. 045 ? . 
a R0 1 - e-

(5.4) 
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Fig. 5.5 The disLribution of inclinations for lhe Kepler Lransi ling planet candidates 
arc highly biased loward edge-on (i = 90°) configurations (drawn from !he l ist of 
KOls in the NASA Exoplanet Archive). 

This relation can be used to back oul a geometrical correction for planet occur
rence raLes determined by transits. To appreciate the observational detection biases 
for the transit technique, it helps to assume circular orbiLs so that the last term in 
Eq. (5.4) reduces to unity. Then it is clear that for a given size of star, planets that 
have small semi-major axes and large radii are most easily detected. 

Transiting gas gian t planets uniquely permit studies of gas giant atmospheres. 
Although exoplanets cannot be spatially resolved from the star, it is possible to 
obtain a fa int transmission spectrum of the exoplanet atmosphere, generally with 
low-resolution spectroscopy. Most transmission "spectra" are rea lly spectrophoto
metric observations, obtai ned with broadband photometry (e.g. , J. H. and K bands). 
The game plan is to obtain a transit light curve in each bandpass. Before the begin
ning of the transit, the only llux contribution is from the star. During transit, the 
Hux in each bandpass is a combination of the Aux from the star and lhe transmis
sion spectrum of the planet. The light curve is then mode led in each bandpass, 
fitting for the ratio of the radius of the planet to the radius of the star and for limb
darkening (discussed below). This model of the planet radius provides three points 
for the planet 's transmission spectrum, in the broad J, H, K bandpasses. Extracting 
spectral information based on three (very low resolution) points is challenging; as 
a result , the detection of molecules such as H20, C02, and CH.i and assessments 
about the thcm1al structure of atmospheres in hot a nd warm Jupilers and Nepluncs 
can be controversial (Tineni et al., 2010; Crouzet et al., 201 2; Grillmair et al., 
2008; Barman, 2008; Madhusudhan and Seager, 2009). 

Planels that transit their host stars arc also occulted when they pass behind 
the star. The planet occultation is sometimes called a seco ndary eclipse and it 
provides a unique opportunity to obtain an isolated spectrum of the star. The stel
lar spectrum obtained during occultation can be subtracted from lhe unresolved 
combined spectrum of the star plus planet to yield a spectrum of the planet alone. 
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5.3. I Limb darkening 

The shape of the transit light curve provides information about the stellar atmo
c;phcre. When we look at the spherical star, it appears brighter and bluer in the 
center and redder near the edges or limb of the star. Both the denc;ity and tempera
ture are decreasing as a function of the c;tellar radius. When we look near the edge 
of the scar, we see down to an optical depth of r '"'"' I but we are looking through 
a column of relativel y cooler and lower density gas that is higher up in the stellar 
atmosphere. When we look at the center of the star. we also see down to an optical 
depth of r ,...., I ; however, this column of gas extends to deeper physical depths in 
the c; tar and is therefore hotter and higher in intensity. Becauc;e of limb-darkening, 
a transiting planet wi ll block more flux from the bright center of the star than near 
the edges. 

A beautiful example is shown in Fig. 5.6, which is reproduced from Knutson 
et al. (2007b). Each of the transit curves was taken with a different bandpass uc;; ing 
the Space Telescope imaging Spectrograph (STlS) on the Hubble Space Telescope 
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Fig. 5.6 Ohscrvations of HD 209458 in different HST band passes show the wave
length dependency of limb darkening (rec.I wavelength<; at top to blue at the 
bouom). (From Knut'iOn et al., 2007b). 
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Fig. 5.7 Left: the shape of the transit light curve depends on the impact parameter 
b (from 0 lo 0.9 from the out:-.idc inward in the diagram). Right: inclusion of limb 
darkening also affects the shiipe of the ingress and egress, making the curves more 
rouaded. Figures courtesy of Meg Schwamb. 

(HST). Limb darkening changel> the shape of ingress and egress and the light 
curves are more rounded for the blue wavelengths of light than for the red wave
lengths. Knutson et al. (2007b) used a nonlinear limb-darkening law to model the 
wavelength-dependent shapes of the transit curves in Fig 5.6. 

Changing the impact parameter a lso affects the shape of the lighl curve because 
it changes the duration of the transit. At an impact parameter of zero, the planet 
is perfectly aligned with the diameter of Lhe star and the maximum transit dura
tion occurs. When Lhc impact parameter is close to unity, only a grazing trans it is 
observed. Figure 5.7 (left) shows the difference in the shape of the transit curve for 
di ffe rent impact parameters without considering limb darkening. In this figure, the 
same wavelength bandpass was assumed for all four (synthetic) light curves. 

If limb darkening is included, there is an additional change in the shape of 
ingress and egress for the curves, and Fig. 5.7 (right) shows a more realistic set 

of transit curves for impact parameters of 0, 0.5, 0.7, and 0.9. Although both the 
impact parameter and limb darkening will change the shape of the transit curve, 
these effects can be distinguished because the impact parameter is wavelength 
independent. 

5.3.2 Stellar noise for transit techniques 

As with Doppler observations, the flux for transit measurements comes from the 
host star. Therefore, starspots can be a source of additional noise. The cooler 
starspots result in a d iminution of flux (especially at bluer wavelengths). When 
a planet crosses a starspot, the sum of the flux decrement from the transit plus the 
starspot is not as great and the star brightens sli ghtly. The shape of the photometric 
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Fig. 5.8 As the planet in C0Ro1:.2 transits starspots on HD 189733, which are 
cooler than the rest of the !.tar, lco;o; Oux i<; blocked. The rotation period of the 
planet is different from the rotation period of the spots. and the i.,pots advance in 
1hi!-> time i.eries of transit light curves. These data were cleverly used to dctcnnine 
the alignment of the planet with the equatorial plane of the <;tar (reproduced from 
Nutzman er al .• 20l1 ). 
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perturbation to the light curve depends on the relative size of the planet and spot 
and lhc re lati ve spot temperature. Thi s effect can be seen in Fig. 5.8 for the CoRoT-
2 transiting planet (Nutzman et al., 201 1). For this star, the rotation period is 
roughly 4.5 days and the typical <; pot lifetime is about 55 days. The orbital period 
of the planet is only 1. 74 days, so as the planet circles around, the spot cluster has 
advanced slightly on the star. 

5.4 Direct imaging 

The majority of exoplanets that have been detected arc within 5 Sun- Earth dis
tances (AU) of their host stars. Thi s is c.lue to the detection biases of the two 
predominant exoplanet detection techniques, the Dopple r technique and the tran
siting method. The direct imaging technique offers the most pro mising prospect 
to detect gas giant exoplanets in wide orbits. The opportunity co direccly image an 
exoplanec has enormous appeal. With enough photons from the planet, one day in 
the future it might be possible to see clouds rotating on the surface of the planet or 
to take a ~pectrum of the exoplanet atmosphere from a direct image. 

A 10-m telescope imaging at H band has a 32-milliarcsccond diffraction limit. 
Such an instrument has sufficient spatial resolution to detect a planet on a 5-AU 
orbit around a star at 150 pc, approximately the distance to the Orion star-forming 
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region (Oppenhei mer and Hinkley. 2009). However, scattered light from the star 
generally prevents the detection of planets at small angular separations. The criti
cal requirement for direct imaging is high contrast, the brightness ratio between a 
planet and its host star. This requirement is less severe for wider angular separations 
where scattered light from the star is less intense. While the contrast requirement 
for imaging a young and hoc Jovian planet is I 0 8 , the prototypical high-contrast 
observation of GL 229 B with a re latively wide angular separation was detected 
with a contrast of only I 0- 4 (Oppenhe imer, 1999; Oppenheimer et al., 200 I). 

Improvement of image reduction technjques wi ll enable direct exoplanet detec

tions in more systems. for example, HR 8799 (Marois et al., 2008), Fomalhaut 
(Kalas er al., 2008), and f3 Picto ris (Lagrange er al., 20 I 0). With the advent of next 

generation adapti ve optics systems, instruments such as the Gemini Planet Imager 
(Macintosh et al., 2006), the Project 1640 (Hinkley et al., 2008), and SPHERE 
(Dohlen et al., 2006) wi ll deliver better than I 0- 10 contrast close to the diffraction 

limit of a telescope. These inst111ments will not only image young Jovian planets 
but also obtain low-resolution spectra to study their atmosphere. 

5.5 Microlensing 

The microlcnsing technique was developed to search for dark matcer in the form of 
massive compact halo objects, or MACHOs. The method works in the followi ng 
way: the light from a distant source brightens when a "lensing" star passes between 
the line of sight of the observer and the background source. The lensing star warps 
spacetime through the mathematical construct of an Einstein ring; li ght from the 
source bends around the lensing star and the observer detects more photons. The 
duration of the photometric brightening (j.c., the mi crolensing event) is a function 
of the mass of the lens star; however, the brightening ampli fication depends almost 
entirely on the impact parameter (the alignment of three objects: the observer, the 

lens, and the source). 
The brightening amplification is remarkably insensitive to the mass of the lens. 

Even low mass planets (in orbir around the lensing star, or free-floating planets) can 
induce strong amplification of the source starl ight if the alignment is good. This is 
what makes the technique usefu l for the detection of low mass exoplanets, when 

they orbit al angular separations near the Einstein Ring. 
A histo rical challenge for microlensing detections has been the follow up obser

vations required to search for the lens star. Because 70% of the stars in the galaxy 
are M dwarfs, the lensing star is li kely to be faint and difficult to recover, making 
the detection more difficult to characterize. However, the microlensing community 

is tightly o rganized with observing stations at all latitudes on the Earth and rapid 
response follow-up. The recovery rate of the lensing stars has improved and clever 
new techniques are being developed to measure microlensing parallaxes, yielding 
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Fig. 7 .8 Influence of magnetic fields oa plane1ary near-space environments. Mag
nelic fields supply magnetic pressure (left: for Martian crustal magnetic fields) 
that deftect solar wind, but al!>o modify magnetic topology (from Brain, 2006); 
(right: for the strong Martian crustal fields in 1he sou1hern hemisphere, where 
ret.1 denotes closed field lines and blue denotes 11cld lines open to tbe solar wind 
at one end) that enable exchange of particles and energy between the atmo
sphere and solar wind. Both renderings result from model calculations that include 
contributions from crustal ficldi. and external drivers (solar wind or IMF). 
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Caption for 13.10 (overleaf) 

The 30 CAT recom.1ructed vic;ualization of the distribution of solar-wind density 
upwards of 8 e cm 3 (brighter colon. toward yellow mean increasing density) 
on the left-hand s ide and high-velocity portions (blue) on the right-hand side 
showing the developing and changing reconstructed structure of the 13- 15 May 
2005 coronal mass ejection (CME) event sequence. The left-hand density images 
arc highlighted with green cubes to encompass the reconstructed volume of the 
mass portion of the CME. This :.ame highlighted volume is depicted on the 



14 May 2005 
03·00 UT 

l'1 

I 

\ 

l'1 

\ 
1 

• 

Excess Mass = 6.7 x 1015 g Ambient Mass= 7.7 x 1015 g 

Total Mass= 1.3 x 1016 g 

Energy= 3.1 "' 1dl1 erg Volume• 0.045 AU' 

1-1 

\ 
\ • \ 

--~· ---~· 

14 May 2005 
1500 UT 

15 May 2005 
03:00 UT 

15 May 2005 
15:00 UT 

Caption for 13. 10 (cont.) 

Excess Mass= 6.2 x 1015 g Ambient Mass= 6.9 • 1015 g 
Total Mass= 1.3" io'6 g 

Energy = 4.7 x 10» erg Volume = 0.079AU3 

1-1 l'1 

\ 
--~ 

Excess Mass= 6.11 >< 10" g Amti.ent Mass= 6.8 >< 1016 g 

Total Mass = 1.3 >< 1016 g 

Energy = 2.9 x 1031 erg Volume• O. 130AU3 

Excess Mass= 6.5 >< 1015 g Arrt>ieni Mass= 7.2" 1015 g 

Total Mass = 1.4 >< 1010 g 

Energy = 3.5 x i o3 • erg Volume ~ 0.204AU3 

right-band velocity reconstructions for illusn-ativc purposes. Each image is 
labeled with the ma<>ses, volume, and energy value~ on each date and time as 
shown. All non-CME-related features have been removed for clarity of view
ing when displaying !he 3D volume. The axes are hcliographic coordinates with 
X-axis direction pointing toward the vernal equinox, and Z-axis directed toward 
solar heliographic Nonh. An r 2 density increase has been added lo bcuer
show structures furl.her out from the Sun (the ccntrnl sphere) to the Earth (the 
hlue sphere) along with the Earth orbit (ellipse). (From Bisi et al., 20 I Oa.) 
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distances and masses of the lensing object with a few asrrometric and photometric 

ground-based observations. 
This technique will be particularly powe1ful for determining exoplanec masses 

when WFIRST (the highest-ranked project in the 2010 Astronomy Decadal Sur
vey) is launched. If parallaxes can be recovered for most of the WFIRST detections, 

ii will make this cechnique a game-changer. Microlen~ing will become a power
fu l technique fo r detecting exoplanets al separations beyond the ice line and for 
understanding exoplanctary architectures. 

5.6 Astrometry 

Astrometry is one of the oldest cechniques and has been u ed to measure stellar par
allaxes, proper motions, and binary star orbics. With this technique, the changing 
position of the star in the plane of the sky is measured with respect to other objects 

typically background srars. Like the Doppler technique, al least one full orbital 
period must be observed to map out exoplanet orbits. However, this technique 
recovers the full three-dimensional orbit, so there is not the M sin i degeneracy 
of the Doppler technique. 

Attempts lo detect exoplanets with ground-ba<;ed astrometry have been chal
lenging because the center of mass for a slar-planel system is generally inside the 
radius of the star. As a result, the photometric centroid barely moves. Astrometry is 
better leveraged for planets at large separations because the center of mass moves 
outside of the star. However, these planets also have longer orbital periods and 1he 
astrometric precision must be maintained for years. 

Jn all cases, the astromctric wobbles induced by orbiting planets are tiny and it 

is an enormous challenge to identify background reference stars that do not move. 
Some improvement in ground-based asrrometric precision have been realized with 
the ui.c of adaptive opt ics to shrink the twinkling star. However, astromelry is best 
carried out above the Earth's atmosphere. The Hipparcos mission operated from 
I 989 10 I 992 with a measurement precision of 1 milliarcsecond. Astrometry is 
about to undergo a new revolution. The European Space Agency (ESA) launched 
the Gaia mission in 2013. Thi s mission w ill make the largest and most precise 
three-dimensional map for a population of more than one billion s tars in the Milky 
Way galaxy. The collecting area of the Gaia telescope is 30 times the size of Hip
parcos and the positional accuracy and proper motion measurements for most stars 
will be improved by a factor of 200. 

5.7 Comparative planetology 

5. 7.1 Exoplanet formation 

How do all of the cxoplanet detectionc; flt with our understanding of the formation 
and evolution of the solar system? The solar nebula theory provides a theoretical 
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description for the formation of the solar system. Indeed, it has been said that this 
model is so e legant, that it is hard to imagine that it could be wrong. The solar 
nebula theory neatly explains most observations: the planets closest to the Sun form 
in a hot environment and as a consequence these planets are small and comprised of 
refractory elements (i .e., e lements whose solid state withstands high temperatures); 
the more massive gas giants form beyond the ice line (a distance where it is cold 
enough for dust grains to be coaled with icy mantles) where the feed ing ground 
is more voluminous; jovian planets have moons that were either captured or that 
form as mini-solar-systems; che planets all orbit in the same direction in the disk 
because they inherit the same angular momentum vector; the solar system is littered 
with le ftover debris such as a-;teroids and comets. The theory supports the idea first 
suggested by Kant and Laplace that the proto-Sun was surrounded by a primordial 

spinning disk of dust and gas. All of the material that makes up the Sun drained 
through this disk. 

Note that the primordial or protoplanetary disks are different from reprocessing 
disks or debris disks, which can be observed around older main sequence stars. 
Debris disks are caused by collisions of small bodies in the disk at later stages and 
can even be detected around old main sequence stars. Debris disks are dusty, gas
poor structures that evolve and dissipate with Poynti ng- Robertson drag (Wyatt, 
2008) as stellar radiat ion causes dust grains to lose energy and spiral inwards. 

The study of protoplanetary disks has made tremendous advances in parallel 
with the discovery of exoplanets. Lada and Wi lking (1984) inferred the presence of 
dusty shells around young ste llar objects (YSOs) in Ophiuchus based on an excess 
of infrared Hux ; light from the star that was trapped and scattered by dust particles. 
Their classification of three different types of YSOs suggested evolutionary stages. 
However, the geometry of the dust distribution was not actually observed until 
the refurbished Hubble Space Telescope (HST) resolved flattened pancake-shaped 
structures around young stars in the Orion Nebula (O'dell and Wen, 1994). How
ever, observations cannot yet see into the protoplanetary disks beca use the disks 
are optically thick a l most wavelengths. It is only the outer regions (beyond ,...., 40 
AU) where the di sk becomes optically thin to millimeter wavelengths that obser

vations are secure. Thus, theory currently outpaces observational evidence about 
the temperature and pressure s t111cture and the evolution of protoplanctary disks, 
a situation which should improve with data from the Atacama Large Millimeter 
Array (ALMA). 

The mass of the protoplanetary d isk is a fraction of the stellar mass and evolves 
with the central star. Our understanding of the physics and chemistry of proto
planetary disks is distilled in Fig. 5.9. The temperature is about 1500 K near the 
inner part of the disk and along the Hared outer layers. These high temperature 
are too hot for grain growth, but a few AU from the protostar the disk mid plane 
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Fig. 5.9 A sketch of the struclurc and processes of protoplanetary disks. From 
a talk hy Dmitry Semenov PPVI (Henning and Semenov, 2013; hllps://www. 
youtuhc.com/watch?v==F2IDOccNy8c). 
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is cool enough for icy grai ns to s tick and grow. The opacity of the disk is set by 
rhe dust, which gradually decouples from the gas and seules toward the mid plane, 
increai;ing transparency of lhe disk over time. 

Protoplanetary disks provide the initial conditions for planet formation. The for
mation of gas-giam planets was described in a seminal paper by Pollack er al. 

( 1996). In the first phase of planec formation, the planet grows by runaway accre
tion of solid material. The second phase of growth is very slow; both solid and gas 
accretion are nearly time independent and this phase sets the planet formation time 
scale. Once the planet core reaches a mass of about I OMa;i, the third phase of run
away gas accretion begins, growing the planec mass from ten to a few hundred M9 . 

Pollack et al. ( 1996) estimated that gas-giant planet formation should take roughly 
JO Myr. However, observations of protoplanetary disks in the 1990s presenced a 
conundrum: the primordial disks appear to be nearly ubiquitous around stars that 
are I Myr; at 2 Myr only about half of young stars have d isks and, by 10 Myr, the 
di!.ks are essentially gone. Figure 5.10 shows the fraction of pro1oplanetary disks 
found in young cluster s tars (Mamajek, 2009). 

One triumph that emerged from the discovery of exoplanets was a solution to the 
disagreement between theory and observations for the fom1ation Lime scale of gas
giant planets. The first detected gas-giant planets orbited close co their host stars 
providing evidence that exoplaneti; could undergo orbital migration. Thus, plan
ets were not restricred to a planetesi mal feeding ground at a fixed orbital radius; 
instead, 1he planet embryo!> are pushed around in the disk by planet- planet interac
tions and tidal torques. The access to a wider part of the disk suggests a wider 
feeding zone for more rapid accretion of planetesimals that would shorten the 
second phase of gas-giant planer format ion described by Pollack et al. (1996). 
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Fig. 5 .10 Primordial disk fractions of stars in young clusters (Mamajck, 2009). 
These observations show that the dust di'lks last for only a few million years. 

5.7.2 Exoplanet migration 

The realilation that exoplanets are mobile during the early stages of formation has 
led to many studies of dynamical interactions. The details of migration and the 
parking mechanisms that place gas-giant planets just a few stell ar radii away from 
their host stars are an active areaofresearch (Lin et a!., 1996; Bat.ygin, 20 12). ln the 
younger primordial disk with significant gas and dust density, the planet embryos 

will clear gaps in the disk. In this case, material can pile up at both the inner and 
outer edges of the gap. When the disk mass at the edges of one of these gaps is 
comparable to the mass of the planet embryo the disk wi l I exert a torque that causes 
the planet to migrate. The outer edge of the disk causes inward migration while 
the inner edge of the disk can produce outward mi gration. When multi ple planet 
embryos exist in the disk it is possible for the outer embryo to become locked into 
a resonant orbit with the inner planet, a process called convergent migration. As the 
disk clears, convergent migration can leave planets in resonant orbits that persist 
stably over the lifetime of the star. This effect is especially powerful for resonances 

where the ratio of the orbital periods (Pou1erl P1,11111,.) is close to an integer number, 
N . Planets with small N are said to be in mcan-molion resonance (MM R) and the 
exchange of angular momentum between MMR planets is fl agged by oscillations 
in eccentrici ty and orbital periods. 
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Another way to push exoplanet" inward is through gravitational encounters. 
There are several proposed mechanisms that excite orbital eccentricity inc luding 
secular migration (Wu and Lithwid., 20 l I ), planet- planet scattering (Ford and 
Rasio, 2008; Nagasawa et al., 2008), and Kozai perturbation in which gravitational 
interactions result in coupled variations in orbitaJ inclination and eccentricity (Wu, 
2003; Fabrycky and Tremaine, 2007; Naoz et al., 201 l ). High-eccentricity planets 
with a small enough periastron passage eventually experience tidal circularization 
and can end up in short-period orbits. 

Different migration mechanisms predict di stinct observables. A particularly 
inrerescing observable is stellar obliquity, the relative angle between the stel lar 
rotation vector and the vector of planet orbital plane. The stellar obliquity can 
be measured by ob~crving the Rossiter- McLaughlin (RM) effect (Rossiter, 1924; 
McLaughlin, 1924). The RM effect is caused by a transiting object blocking some 
of the light from a rotating star. First, the planet crosses the approaching limb 
of the rotating star, decreasing the contribution of blue-shifted light in the spec
tral line and a few hours later the planet crosses the receding limb of the rotating 
c;tar. decreasing the contribution of red-shi fted light. The systematic decrement of 
Doppler-shifted light in the composite s.pectral lines results in a dist01tion of line 
pron le, which is (mis)imerpreted as a change in the radial velocity of the star. The 
shape of the RM cu rv~ during transit is entirely dependent on the stellar obliquity. 
Conc;equently, the stellar obliquity is determined by modeling the anomalous radial 
velocity signals during a transiting event. 

Disk-driven migration is expected to produce a c;mall stellar obliqui ty whereas 
gravitational encounters that temporarily pump up the orbital eccentricity of gas
giant planets should result in a wide range of stellar obliquities including retrograde 
orbit<\. The latter has been observed for many transiting planets (Winn et al .. 20 IO; 
Albrecht et al., 2012) suggesting that high-eccentricity mechanisms drive gas
giant planets inward. However, it has alc;o been suggested (Batygin. 20 12) that 
the obc;erved c;tellar obliquity range may reflect a primordial stellar obliquity due 
to interactions between protoplanetary disk and a companion star. Interestingly. the 
~rnall stellar obliquity of low-mass multi-planet systems suggests well-aligned vec
tors for the stellar spin and planetary orbits (Sanchis-Ojeda el al., 2012; Albrecht 
er al., 2013). It is certainly possible that gas-giant and low-mass planets migrate by 
different mechani!>ms. 

Jn c;ummary, the moc;t important revisions to the solar-nebula model and our 
understanding of planet fonnation can be attributed lo one source: the addition of 
dynamical interactions between planets and the primordial disk. These dynamical 
interactions speed up the accretion lime scales, produce mean-motion resonances, 
scatter planets out of the di sk into non-coplanar orbits that can be detected by the 
Rosc;iter-McLaughlin effect and even eject some planets. 
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Several other studies have also suggested an important transition at ......., 1.5-1.7 
Earth radii. Rogers (2014) applied a hierarchicaJ Bayesian statistical method for 
a sample of Kepler planets with determined mass and identifies a transition radius 
above l.6RE!l. Lopez and Fo11ney (2014) model radii for planets with mass between 
l-20ME!l considering different compositions and suggesc a physically-motivated 
transition radius at I .75RE!l· Buchhave et a.I. (2014) study the metallicity distribu
tion of 406 Kepler planet host stars. They find two characteristic planet radii ( 1.7 
and 3.9RE!l) that divide planets into three populations: terrestrial planets, gas-dwarf 
planets, and gas-giant planets. 

Both the mass-radius relationship and the transition radius from rocky to non
rocky planet help us to better understand the formation history of small planets. 
Planets that form in-situ in the inner part of the disk would consist primarily of 
rocky materials and possibly a primordial H/He atmosphere (Chiang and Laughlin, 
2013). In comparison, planets that have undergone significant migration should 
contain more volatile materials such as astrophysical ice (H20 , CO, and NH:i). 
The debate of whether Kepler close-in planets form in-situ (Chiang and Laughlin, 
20 13; Hansen and Murray, 2013) or migrate (Swift et al., 2013; Schlichting, 20 14) 
should eventually gain evidence from studies of exoplanet atmospheres that add 
constraints on their chemical composition. 

5. 7.3 Exoplanet geology 

Thousands of planet candidates were discovered by the Kepler mission, allowing 
for precise measurements of exoplanet radii. The combination of the radius and 
mass measurements (either from the Doppler technique or from transit timing vari
ations) provide a mean density for hundreds of exoplanets and allow us to begin 
considering the bulk composition of unseen planets that orbit stars hundreds of light 
years away from us. The varying bulk composition of exoplanets results in different 
curves that cut through the mass-radius parameter space shown in Fig. 5.11. 

Planets with radii smaJler than 4 times that of the Earth can exhibit a remarkable 
diversity of compositions (Rogers and Seager, 20 10). Weiss and Marcy (20 14) con
sidered the Kepler-detected planets with radii smaller than 4 times that of the Earth. 
Although their Doppler precision was not sufficient to measure reflex velocities 
from these small planets, they were able to place statistical limits on the exo
planet masses. They found that these small planets could be di vided into two radius 
regions. Planets smaller than 1.5 Earth radii increase in density with increasing 
radius and seem to have a composition that is consistent with rock. Planets with 
radii between 1.5 and 4 times the radius of the Earth showed decreasing density 
with increasing radius, suggesting that the larger planet radius was a product of 
gaseous envelopes. Weiss and Marcy (2014) also conc luded that the significant 
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Fig. 5.11 Ma~l>CS and radii of well-characterized exoplaners (circles) and ~olar
system planets (triangles). Curves -;how models for idcali7cd planets consil>ting 
of pure hydrogen (Seager er al.. 2007). water, rock (Mg2Si04), or iron. (From 
Howard eta/., 2013). 
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amount of scatter in the mass-radiuc; parameter space suggested a large diversity 
in planet composition at a given radius. 

5. 7.4 Exoplanet statistics 

With thousands of exoplanets and exoplanet candidates, it is possible to carry out 
statistically significant studies of the attributes of exoplanetc;. ft is common to plot 
exoplanet mac;s ac; a function of orbital period when showing the distribution of 
exoplanets. However, that figure si mply reflects the observational incompleteness 
and biases of the detection techniques and does not contain very much fundamental 
information about exoplanets. 

However, there are ocher correlations that do reveal fundamental information. 
One of the first observed statistical correlations established that gas-giant planets 
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Fig. 5.12 High mctallicity '\tars arc more likely to host gas-giant planets than 
sub-solar metallicity ~tars. Figure from Fischer and Valenti (2005). 

fonn more frequently around metal-rich stars (Gonzalez, 1997; Santos et al., 2004; 
Fischer and Valenti, 2005, Johnson et al., 20 I 0). This planet-metallicity corre lation 
was used as evidence for core accretion as the formation mechanism for gas-giant 
exoplanets that orbit closer than a few AlJ around their host main-sequence stars 
(see Fig. 5. 12). 

Interestingly, a similar correlation with host-star metallicity has not been iden
tified for smaller Neptune-like or rocky planets (Sousa et al., 2008; Neves et al., 
20 13). The discovery of so many small planets with the Kepler mission has enabled 
a more thorough search. Buchhave et al. (2012) measured metallicity for a sample 
of 152 Kepler planet stars hosting planets with radii smaller than the radius of Nep
tune (4Re ) and did not find a metallicity correlation. Everett et al. (2013) obtained 
spectra of 220 faint Kepler planet host stars and reached a similar conclusion. 
Buchhave er al. (20 14) then expanded their metaJlicity measurements to include 
406 Kepler planet host stars. In their recent data, the average metallicities for gas
giant planets (Rp > 3.9R$ ) and gas-dwarf planets (1.7 Re < Rp < 3.9R0 ) are 
above the solar metallicity (0. 18 ±0.02 dex and 0.05 ± 0.01 dex), the average 
metaUicity for terrestrial planets (Rp < 1.7 RQ)) is consistent with the solar melal
licity at"" 0.02 ± 0.02 dex. With their larger sample, it was clear that stars with 
either gas-giant planet'\ or ga'\-dwruf planets were preferentially metal-rich, sug
gesting a planet-metallicity correlation for these two types of planets. However, it 
remains unclear whether such correlation exists for rocky planets. Wang and Fis
cher (2013) examined the same dataset as Buchhave et al. (2014). After accounting 
for systematic errors of stellar properties from the Kepler Input CataJog, Brown 
et al. (20 I I), they reported a modest planet-metaJlicity correlation for terrestrial 
planets at 4.2a level. 

Many stars in the solar neighborhood are components of multiple-star syscems 
(Duquennoy and Mayor, 1991 ; Fischer and Marcy, 1992; Raghavan et al., 20 IO; 
Duchene and Kraus, 20 13) and many planets have been detected in binary or 
multi-star systems. Initially, exoplanets were discovered orbiting one individual 
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~tar in the binary star system (Cochran er al., 1997; Eggenberger e1 (II., 2004). 
l{ecently, exoplancts have been discovered in difficult to detect circurnbinary 
orbits. where the planet orbits both stars (Doyle et al .. 20 I I; Welsh et ol., 20 12; 
Schwamb et al., 20 13). 

Circumbinary planet" can be detected' ia the timing variation of eclipsing bina-
1ies <Deeg et al., 2008; Beuennann el al., 20 10). Since the launch of the Kepler 
mission, ten circumbinary exoplanets have been discovered around eight Kepler 

star<\. The occurrence rate of circumbinary planets is estimated to be ....., I 0% (Welsh 
et al., 2014; Annstrong et al., 20 14) a'muning the orbital plane of circumbinary 
planets roughly align with the binary orbital plane. The occurrence rate could be 
much higher if lhe orientation of planet orbits is more isotropic. 

It is expected that planet fonnation may be impeded in systems where 1he 
binary stars have small separations (e.g., "-10-200 AU). This is supported both 
by simulations (Thebault et al., 2006; Kley and Nelson , 2008; Thebault, 20 11 ) and 
observations (Desidera and Barbieri, 2007; Kraus eta!., 2012; Wang et al., 20 14) 
that find a smaller fraction of exoplanets in binary star <;ystcms. It is not surpris
ing that the dynamics of binary star !>)'Stems stir things up and challenge planet 
formation. What is surprising is that the planets exist there at all. 

Our view of exoplanets is still skewed by the observational sensitivities of the 
techniques lhat we use. However, the discoveries that have been made have he lped 
us to revise our understanding of planet formation and the formatjon of the solar 
<>ystem. We sec that planet formation is a chaotic process and that disks are sculpted 
by gra"icational interactions to a greater extent than we appreciated by considering 
our own solar system. We now know that almost every star has planets and that 
planet formation is far more robust than astronomers expecccd. 


