
Exoplanet Overview

• Orbital periods ranging from 4 hours to ~456 years 

• Orbital eccentricities ranging from 0 to 0.97 

• Masses as low as 0.3M⊕ (TTVs) or 1.8 M⊕ (RVs) 

• Radii as small as 0.3 R⊕  

• Host stars from A0 to M8 (but planets have also been 
found around giant stars 50 x larger than the Sun)

• Since 1995: 
over 4000 confirmed exoplanets



Mass-Period Distribution



Detection Methods: Radial Velocity

K ∝ Mp sin(i) a-1/2



Radial Velocity Method Limits
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Fig. 6. Radial velocity, log(R0HK) and BIS of HD 20794 as a function
of time. The RV dispersion is 1.23 m s�1

rms.

an FAP of 0.7%. It must be said, however, that the peak is
strongly attenuated if the eccentricities of the two planets are
let free, probably because the eccentricity of the two Keplerians
’absorb’ part of the 40 day-period signal. On the other hand,
one could argue that a real non-zero eccentricity of the longer-
period planet, if not taken into account in the fitted model,
would produce harmonics. We would expect a signal around
half the longer period, i.e., 45 days. The period of the peak in
the residuals is significantly di↵erent, however. We conclude
therefore that some additional contribution at P = 40 days may
still be present in the data, which has not been taken into ac-
count by the two-Keplerian model. Furthermore, the 40-day
peak in the GLS periodogram does not appear to have a corre-
sponding peaks in either the activity indicator or in the line bi-
sector. This is convincingly confirmed by the correlation plots
in Figure 9, which show a Pearson correlation coe�cient of
only 0.06 between the RV and activity indicator and of 0.15
between the RV and line bisector.
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Fig. 7. GLS periodogram of the HD 20794 radial-velocity data with
FAP levels at 10% and 1% level, respectively (top), the activity in-
dicator log(R0HK) (center) and the line bisector BIS (bottom). While a
very clear peak appears at P = 18 days for the radial velocities, no
such signal is seen in the two other observables.

We studied the distribution of the RV residuals to both
models (eccentric two-planet and circular three-planet) as a
possible way to distinguish between, as done e.g. by Andrae
et al. (2010). Unfortunately, both models yield distributions of
normalized residuals close to Gaussian, and the Kolmogorov-
Smirnov test gives similarly high probabilities that the resid-
uals are drawn from a normal distribution (97% and 80% for
the three-planet and two-planet models, respectively). Note that
this result depends on the assumed level of jitter, and that reduc-
ing the error bars increases the di↵erence between the models
in favor of the three-planet model. However, it is hardly possi-
ble to choose between the models on this basis. Gathering more
data may be the only way to confirm the existence of the third
planet.

All these considerations lead us to adopt a three-Keplerian
model. The resulting orbital parameters are presented in
Table 4. The corresponding phase-folded radial-velocity curves
are shown in Figure 10. As mentioned above, the eccentricities
were fixed to zero, but only after searching for generic solu-
tions and verifying that the eccentricity values were not signifi-
cant. The semi-amplitudes of the induced radial-velocity varia-
tion are all lower than 1 m s�1. The orbital periods of the three
components are at 18, 40, and 90 days.

The shortest and longest-period signal are very significant,
while the P = 40 days period is confidently detected in the peri-
odogram but is less apparent in the phase-folded RV plot. Given
the low amplitude, which would be the lowest ever detected
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Fig. 6. Radial velocity, log(R0HK) and BIS of HD 20794 as a function
of time. The RV dispersion is 1.23 m s�1

rms.

an FAP of 0.7%. It must be said, however, that the peak is
strongly attenuated if the eccentricities of the two planets are
let free, probably because the eccentricity of the two Keplerians
’absorb’ part of the 40 day-period signal. On the other hand,
one could argue that a real non-zero eccentricity of the longer-
period planet, if not taken into account in the fitted model,
would produce harmonics. We would expect a signal around
half the longer period, i.e., 45 days. The period of the peak in
the residuals is significantly di↵erent, however. We conclude
therefore that some additional contribution at P = 40 days may
still be present in the data, which has not been taken into ac-
count by the two-Keplerian model. Furthermore, the 40-day
peak in the GLS periodogram does not appear to have a corre-
sponding peaks in either the activity indicator or in the line bi-
sector. This is convincingly confirmed by the correlation plots
in Figure 9, which show a Pearson correlation coe�cient of
only 0.06 between the RV and activity indicator and of 0.15
between the RV and line bisector.
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Fig. 7. GLS periodogram of the HD 20794 radial-velocity data with
FAP levels at 10% and 1% level, respectively (top), the activity in-
dicator log(R0HK) (center) and the line bisector BIS (bottom). While a
very clear peak appears at P = 18 days for the radial velocities, no
such signal is seen in the two other observables.

We studied the distribution of the RV residuals to both
models (eccentric two-planet and circular three-planet) as a
possible way to distinguish between, as done e.g. by Andrae
et al. (2010). Unfortunately, both models yield distributions of
normalized residuals close to Gaussian, and the Kolmogorov-
Smirnov test gives similarly high probabilities that the resid-
uals are drawn from a normal distribution (97% and 80% for
the three-planet and two-planet models, respectively). Note that
this result depends on the assumed level of jitter, and that reduc-
ing the error bars increases the di↵erence between the models
in favor of the three-planet model. However, it is hardly possi-
ble to choose between the models on this basis. Gathering more
data may be the only way to confirm the existence of the third
planet.

All these considerations lead us to adopt a three-Keplerian
model. The resulting orbital parameters are presented in
Table 4. The corresponding phase-folded radial-velocity curves
are shown in Figure 10. As mentioned above, the eccentricities
were fixed to zero, but only after searching for generic solu-
tions and verifying that the eccentricity values were not signifi-
cant. The semi-amplitudes of the induced radial-velocity varia-
tion are all lower than 1 m s�1. The orbital periods of the three
components are at 18, 40, and 90 days.

The shortest and longest-period signal are very significant,
while the P = 40 days period is confidently detected in the peri-
odogram but is less apparent in the phase-folded RV plot. Given
the low amplitude, which would be the lowest ever detected
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Fig. 10. Phase-folded RV data and fitted Keplerian solution for the
three planetary components b, c, and d of HD 20794 with P = 18 days,
P = 40 days, and P = 90 days, respectively. The dispersion of the
residuals is 0.82 m s�1

rms.

which appears even more clearly after detrending. The peak at
58 days is by far the strongest and the aliases show up at the
expected periods with decreasing amplitude the farther away
from the main peak they are. No such ’coherent’ signal is ob-
served in the log(R0HK) at the mentioned periods, although sig-
nificant power is still present at various (shorter) periods. This
excess power is also seen in the time series of log(R0HK) , but
the signal’s amplitude, frequency and its phase is varying as a
function of the observation epoch. We conclude that this sig-
nal is the expression of stellar rotation coupled with appearing
and disappearing spots and plages, but that it cannot explain the
presence of a a strong and coherent radial-velocity. This latter
is therefore most likely caused by a planetary companion.

5.3. The planetary system around HD 192310

Recently, Howard et al. (2011a) have announced the discov-
ery of a Neptune-mass planet around HD 192310. Because it
is part of the original HARPS GTO program and of our pro-
gram, we have been observing this star for several seasons. The
raw radial-velocity data of HD 192310 are shown in Figure 16.
What strikes one immediately is that, contrary to the previous
objects presented in this paper, the dispersion of the 139 radial-
velocity data points is 2.6 m s�1

rms over the 6.5-year time span.
The typical photon noise on the radial velocity data points is
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Fig. 11. Radial velocity, log(R0HK) and BIS of HD 85512 as a function
of time. The dispersion of the 185 data points is only 1.05 m s�1

rms.

0.25 m s�1, to which, for the analysis, we added quadratically a
noise of 0.7 m s�1to account for possible instrumental and stel-
lar noise.

The dispersion clearly exceeds the internal error and the
stellar jitter expected for this quiet K3 dwarf. Even by eye one
can recognize a rapid radial-velocity variation. The GLS peri-
odogram (Figure 17) confirms the presence of a strong signal
at about 74 days, which is exactly the period of the planet an-
nounced by Howard et al. (2011a). The dashed line indicates a
false-alarm probability level of 1% but the P = 74 days signal
exceeds this level by far. In the same figure we plot for compar-
ison the GLS periodogram of the activity indicator logR

0
HK

and
of the line bisector BIS . None of them reveals any significant
power at the period indicated by the radial velocity.

The highest peak in the GLS periodogram for
log(R0HK) would be observed at very long periods (> 1000 days)
and is produced by the stellar magnetic cycle. We therefore
de-trended the data to make short-period variations appear
more clearly. Some excess power then becomes visible around
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Detection Methods: Transit

ΔF =  (RP/RS)2

1.1. Detection and Characterisation Techniques

Transit observations make it possible to determine the orbital inclination

and the planetary radius. With the inclination known (in conjunction with

the minimum mass determined from RV measurements), the planetary mass

can be obtained, and with the radius, the mean density of the planet. The

density is a very valuable quantity as it allows constraints to be placed on

the planet’s composition.

The probability that a known radial-velocity-detected exoplanet on a

circular orbit transits its star is [201]

pt =
R? +Rp

a
⇡ R?

a
, (1.2)

where a is the semi-major axis (which, for a circular orbit, is equivalent to

the distance between the planet and the parent star). The closer the planet

is to the star, and/or the larger the star, the higher the transit probability

becomes. If the planet is in an eccentric orbit, using the approximation

R? +Rp ⇡ R?, the probability becomes [14]

pt =
R?

a(1� e2)
, (1.3)

where e is the orbital eccentricity. After integrating the transit probability

over all values of the argument of periastron (!) [14], it ensues that larger

values of e lead to higher transit probabilities. However, it should be noted

that this is simply a geometric result. Even so, though equation 1.3 breaks

down as e approaches 1, such orbits would bring the planet inside the star

at periastron passage, and therefore are not physically plausible in any case.

Figure 1.4 shows the transit probability as a function of orbital period (re-

lated to the semi-major axis by Kepler’s third law), for three di↵erent values

of orbital eccentricity.

In 2000, HD 209458b became the first exoplanet system in which tran-

sits were detected. The planet was originally discovered with the RV tech-

nique and subsequent follow-up photometric observations acquired during

7

7

it might seem impossible to find planets with such small
radial velocity signatures. To appreciate how detection of
small (sub-pixel) shifts is possible, it is useful to consider
the precision that is possible against the background of
shot noise (i.e. uncertainty in the number of photons due
purely to counting statistics). An estimate of the photon
noise limit can be derived by considering a very simple
problem: how accurately can velocity shifts be estimated
given measurement of the flux in a single pixel on the de-
tector? To do this, we follow the basic approach of Butler
et al. (1996) and consider the spectrum in the vicinity of
a spectral line, as shown in Figure 3. Assume that, in
an observation of some given duration, Nph photons are
detected in the wavelength interval corresponding to the
shaded vertical band. If we now imagine displacing the
spectrum by an amount (in velocity units) �v the change
in the mean number of photons is,

�Nph =
dNph

dv
�v. (10)

Since a 1� detection of the shift requires that �Nph ⇡

N1/2
ph

, the minimum velocity displacement that is de-
tectable is,

�vmin ⇡
N1/2

ph

dNph/dv
. (11)

This formula makes intuitive sense – regions of the spec-
trum that are flat are useless for measuring �v while sharp
spectral features are good. For Solar-type stars with pho-
tospheric temperatures Te↵ ⇡ 6000 K the sound speed at
the photosphere is around 10 kms�1. Taking this as an
estimate of the thermal broadening of spectral lines, the
slope of the spectrum is at most,

1

Nph

dNph

dv
⇠

1

10 kms�1
⇠ 10�4 m�1s. (12)

Combining Equations (11) and (12) allows us to estimate
the photon-limited radial velocity precision. For exam-
ple, if the spectrum has a signal to noise ratio of 100 (and
there are no other noise sources) then each pixel receives
Nph ⇠ 104 photons and �vmin ⇠ 100 ms�1. If the spec-
trum contains Npix such pixels the combined limit to the
radial velocity precision is,

�vshot =
�vmin

N1/2
pix

⇠
100 ms�1

N1/2
pix

. (13)

Obviously this discussion ignores many aspects that are
practically important in searching for planets from ra-
dial velocity data. However, it su�ces to reveal the key
feature: given a high signal to noise spectrum and sta-
ble wavelength calibration, photon noise is small enough
that a radial velocity measurement with the ms�1 preci-
sion needed to detect extrasolar planets is feasible.

Records for the smallest amplitude radial velocity sig-
nal that can be extracted from the noise have improved

time
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FIG. 4 Illustration of the light curve expected for the transit
of a gas giant planet across a Solar-type star.

dramatically over the years. Planets have now been de-
tected for which K is as small as about 0.5 ms�1 (Pepe
et al., 2011), and there are plans (e.g. the ESPRESSO
instrument on ESO’s VLT) for next-generation instru-
ments able to reach the 0.1 ms�1 precision needed to
find Earth analogs. It is important to remember that
these are best-case values – many stars are not stable
enough to allow anything like such high precision and
complete samples of extrasolar planets that are suitable
for statistical studies only exist for much larger K.
Detailed modeling is necessary in order to assess

whether a particular survey has a selection bias in eccen-
tricity. Naively you can argue it either way – an eccentric
planet produces a larger perturbation at closest stellar
approach, but most of the time the planet is further out
and the radial velocity is smaller. A good starting point
for studying these issues is the explicit calculation for the
Keck Planet Search reported by Cumming et al. (2008).
These authors find that the Keck search is complete for
su�ciently massive planets (and thus trivially unbiased)
for e . 0.6.

2. Transit searches

The observable for transit surveys is the stellar flux as
a function of time. Planets emit very little flux in the
visible, so to a good approximation a transiting planet
produces the “U-shaped” light curve that would result
from a perfectly obscuring disk moving across the stellar
surface as seen from Earth. Simple geometrical consid-
erations, illustrated in Figure 4, allow us to deduce two
important facts. The transit depth (the fraction of the
stellar flux that is blocked by the planet) is,

�F

F
=

✓
Rp

R⇤

◆2

, (14)

where Rp and R⇤ are the planetary and stellar radii. For
giant planets the depth is of the order of 1%, while for



Transit Method Limits

Kepler (0.95m aperture, space-based) 
spent 4 years staring at nearly 200 000 
stars

precision of 494 ppm, while in 30!minute bins, the rms
precision bins down to �

�62 16
26 ppm. The photometric error bars

shown in Figure 14(a) are the total errors including scintilla-
tion, as calculated from Equation (7). The error bars increase
toward the end due to the increasing airmass. Also shown is the
calculated photometric noise error (including photon noise,
dark, read, and sky-background noise), calculated using
AstroImageJ from Equation (2) and a representative scintilla-
tion error calculated from Equation (6). The values for these
errors in the unbinned photometry are !100!ppm and
!500 ppm, respectively, indicating that these observations are
scintillation limited.

To study the effect of residual systematics, we plot the rms
scatter of our 16 Cyg A observations as a function of increasing
bin size (Figure 14(b)). Also overplotted are the relative
photometric !ux errors (green curve) as calculated with
AstroImageJ (Equation (1)), including photon, dark, read, and
sky-background noise, and the expected total photometric noise
(including scintillation noise), T T T� �tot rel flux

2
scint
2 (blue

curve), as calculated using Equations (5) and (7). For the
airmass term in Equation (5), we assumed a "xed airmass equal
to the mean airmass of the observations, amounting to
D � 1.10, which matches well with the observed scatter. We
see that our data (black curve) largely bin down as white noise
(blue curve).

In Figure 14(b), we also compare our precision to Kepler.
We ran the 6.5!hr combined differential photometric precision
(CDPP) metric, as de"ned in Gilliland et al. (2011) for each of
the individual quarters for 16 Cygni A in both long- and short-
cadence mode, that were available from MAST. The resulting
6.5!hr CDPP precision is consistently at the 7–9 ppm level
across different quarters, giving a 6.5!hr CDPP precision of
>22 ppm, except for Quarter 6, which was known to have poor
data quality due to the use of a non-optimized photometric
aperture (Lund et al. 2014). Scaling this result to 30!minutes

(i.e.,T T� 6.5 hr 0.5 hrCDPP,30 minutes CDPP,6.5 hr ) gives a pre-
cision ranging from 26 to 30 ppm in 30!minute bins across the
different quarters, with a median precision of 27.4 ppm.
Calculating the standard deviation of the long-cadence data
(!30!minute cadence), after throwing out 5! outliers and
running the same two-day Savitsky–Golay high-pass "lter as
performed in Gilliland et al. (2010) and in the Everest 2.0
pipeline (Luger et al. 2016, 2017), we get a precision of
28–44 ppm with a median value of 31.6 ppm, in
30!minute bins. This way of estimating the precision might
be biased toward outliers, but it gives a precision estimate that
is roughly consistent with the scaled CDPP precision. We
choose to use the better of the two, or 27.4 ppm, as our Kepler
precision comparison of 16 Cyg A, and we plot this number in
Figure 14(b). Additionally, in Figure 14(b), to graphically
compare an equal length segment of Kepler photometry to our
4!hr ground-based photometry, we plot a representative 4!hr
segment of the Kepler short-cadence data of 16 Cyg A. We say
that this 4!hr segment is “representative” of Kepler photometry
on this star, as in 30!minute bins the precision of this 4!hr
segment is similar to the 27.4 ppm 30!minute CDPP precision
value discussed above. Additionally, to perform a head-to-head
comparison with our ground-based differential photometry to
Kepler’s differential photometry of 16 Cyg A, we calculated
the same 30!minute CDPP metric for Quarter 7 on the
differential16 Cyg A short-cadence Kepler light curve, using
16 Cyg B as a reference star. In doing this, the resulting
30!minute CDPP metric for the 16 Cyg Quarter 7 differential
light curve degraded to 36.3 ppm, effectively adding a factor of

2 to the photometric noise. By this metric, our ground-based
precision of 16 Cyg A of �

�62 16
26 ppm in 30!minute bins is a

factor of �2 from Kepler!s differential precision (37.4 ppm),
but a factor of !2 in the non-differential photometry case
(27.4 ppm). We show the exact 4!hr segments of Kepler
photometry of 16 Cyg A and B used in Figure 18(a) in
Appendix A.

Figure 14. (a) Final detrended photometry of 16 Cyg A including scintillation errors, showing both unbinned (blue points) and in 30 min bins (red points). (b)
Comparison of results with Kepler: photometric precision as a function of bin size in minutes, comparing the 16 Cyg A diffuser data to representative 4!hr short-
cadence data of 16 Cyg A from Kepler (orange curve; see details in text). Additionally, as a head-to-head comparison with our ground-based differential photometry,
we show the Kepler differential photometry for 16 Cygni A and B (red curve), which adds a 2 error when dividing the two light curves together. The bin size on the
x-axis accounts for the full effective observing cadence (including both the exposure time and the dead time). The diffuser photometry reaches �

�62 16
26 ppm precision in

30!minute bins, a factor of !2 from Kepler. The data used to create this "gure are available.
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correlated noise is often not clear without the light curve in
hand; therefore, to estimate these values, we did either of the
following. We either report the T30 minutes value in Table 6 if we
can speci!cally read the value from the paper (e.g., from a
precision versus bin plot), or if the T30 minutes value was not
clearly visible from the paper, we calculated T30 minutes by
performing a best-!t transit !t using the published light-curve
data points from the the paper. In the ensuing discussion,
we choose to keep the comparison between the optical and
NIR photometric precisions separate, due to the dissimilar
systematics and instrument technologies involved.

Using the T1 minutes metric in the optical, we see that the 16
Cygni observations presented here with T � 3001 minutes ppm
have the overall highest precision, with other efforts coming very
close. Notably, these include Kundurthy et al. (2013), achieving
a precision of T � 3061 minutes ppm through telescope defocusing
also on the 3.5 m telescope at APO. We discuss the Kundurthy
et al. (2013) observations further below as a comparison between
defocused and diffuser-assisted observations.

Using the T30 minutes metric, we see that diffuser-assisted
precision levels are already matching some of the best
published photometric precisions presented in the literature.
Notably, these efforts include Colón et al. (2012), achieving
T � _6530 minutes ppm using tunable !lter narrow-band spectro-
photometry on the 10.4 m GTC telescope,27 and Johnson et al.
(2009), achieving T � �

�7230 minutes 16
26 ppm precision using the

Orthogonal Parallel Transfer Imaging Camera on the 2.2 m
telescope at Maunakea,28 and Fukui et al. (2016), achieving

�24 7
14 ppm precision using the MuSCAT imager on the 1.88 m

at the Okayama Astrophysical Observatory in Japan.29 For
Colón et al. (2012) and Johnson et al. (2009) to achieve
photometric precision levels similar to the precisions achieved
in this work is not unexpected for a few reasons. First, their

efforts are a specialized implementation of the general
techniques that we promote (Colón et al. 2012 using narrow-
band !lters to reduce systematics and spreading out the light
over many pixels, and Johnson et al. 2009 deterministically
molding the PSF to a broad and stable shape throughout the
observations). Taking into account that the scintillation noise is
further averaged out with larger telescope diameters as �D 2 3

(see Figure 14) further places these observations at very similar
values.
In performing this analysis, we noted that some of the

measurements took large excursions down well below the
expected Gaussian white noise limit—similar to our TRES-3b
observations (formally achieving �

�54 14
23 ppm precision in

30!minute bins, but with an expected photon-limit value of
101!ppm; see Figure 16). This happened notably for Colón
et al. (2012), who achieved !65!ppm precision in
30!minute bins, with a Gaussian expected value of 93 ppm,
and Fukui et al. (2016), who formally achieved �24 7

14 ppm
precision in 30!minute bins, with a Gaussian expected value of
80 ppm. Similar to our discussion above in Section 5.2.2 for
our TRES-3b observations, we argue that these values are
likely an overestimate of the actual precision due to binning-
induced "uctuations at larger bin sizes, and we suggest that the
Gaussian expected values are likely a better estimate of the
actual achievable precision. We include both values in Table 6
for completeness.
In the NIR, we compare the photometric precision achieved

here to two other high-precision NIR photometry efforts in the
literature. First, we compare our observations to the defocused
observations performed by Croll et al. (2011), who observed
the secondary eclipse of WASP 12 in the J, H, and KS bands,
and second, to the defocused observations performed by Zhao
et al. (2014), who observed the secondary eclipse of HAT-P-
32Ab in the H and K bands. To perform a head-to-head
comparison with the Croll et al. (2011) and Zhao et al. (2014)
results, we speci!cally compare our photometric precision to
their KS observations. Based on the T1 minutes metric, Croll et al.
(2011) achieve a better precision than our precision in the NIR,
but based on the T30 minutes metric, we see that the precision of
our NIR diffuser-assisted observations is better. These early

Figure 18. Detrended Kepler and K2 short-cadence photometry of the 16 Cyg system (a) and WASP-85 A (b). The data are plotted on the same scale. (a) 4!hr of
Kepler short-cadence data of 16 Cyg A used in Figure 14. Also shown is the same period for 16 Cyg B, along with the Kepler differential light curve for 16 Cyg A
using 16 Cyg B as a reference star (light curve of 16 Cyg A divided by the light curve of 16 Cyg B). (b) K2 data for WASP-85 A used in Figure 15. These data were
retrieved from MAST and the Everest 2.0 Web site, for panels (a) and (b), respectively.

27 Value read from the best precision versus bin plot presented in Colón et al.
(2012).
28 Value calculated by !tting a best-!t transit to the published light-curve data
from Johnson et al. (2009).
29 Value calculated by !tting a best-!t transit to the published light-curve data
from Fukui et al. (2016).
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Transit Timing Variations

• For Kepler systems, it is often the only way to measure planet masses 

Holman et al. (2010)



Class Activity

With what you know so far about the planets found with the Kepler 
telescope, its limitations, and the limitations of the radial velocity 
technique, design a mission/survey/experiment that would enable the 
measurement of both the radius and mass for a large number of 
exoplanets.



Gravitational Microlensing

Projected Einstein radius



Direct Imaging

HR 8799

HR 8799
1.05+2.80-0.70% of stars 
harbor at least one giant 
planet between 0.5 and 
14 MJ and between 20 
and 300 AU

Galicher et al. (2016)



Astrometry



Size Distribution 
Small Planets Are Common

Fulton & Petigura (2018)



Transiting Exoplanet Survey Satellite 
(TESS)

• 10 cm aperture 
• 600 - 1100 nm 
• elliptical 13.7-day Earth orbit  
• searches for transits of exoplanets 

around nearby, bright stars




