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Section A: Use Image/Illustration Set A to answer Questions 1-18. An H-R diagram
is shown in Image 20. All questions in this section are worth 1 point.

1. (a) What is the number of the illustration that shows the system which includes Kepler-186?

(b) The planet shown in this illustration was the first to be validated to have which prop-
erty?

2. (a) What is the name of the object in Image 13, and what type of object is this?

(b) What letter on the H-R diagram shows the location of this object?

(c) Which image shows the behavior of this object?

3. (a) Image 25 depicts which method of exoplanet detection?

(b) The difference in flux between position 1 and position 3 on the light curve constrains
what quantity of the system?

4. (a) What is the image number and name of the large complex that will collapse into a star
formation region?

(b) What is the image number and name that shows the next stage in the process of star
(and therefore planet) formation?

5. Place the following images in order from youngest to oldest: 1,3,9,11,14.

6. (a) What specific type of object is shown in Images 7 and 18?

(b) What letter(s) on the H-R diagram show the location of this general class of object?

(c) Which images show the rotational variability that can occur for objects in this class?

(d) What mechanism is most likely causing this variability?

7. (a) What is the name of the system shown in Image 10?

(b) What method of detection was used to find the planet in this image?

(c) Which image illustrates the structure of this object?

8. (a) What is the name of the smallest exoplanet that has been found to have water vapor
in its atmosphere?

(b) What method was used to detect water vapor in this atmosphere?

(c) What image depicts this detection?

9. (a) What is the number of the image that shows the behavior produced by the object in
Image 6?

(b) What letter represents the location of the object shown in Image 6 on the H-R diagram?

10. Which letters on the H-R diagram mark the locations of pre-main sequence objects?
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11. (a) What information do the maps display in Image 17?

(b) The data in Image 17 resulted from observations of what exoplanet?

12. (a) What is the image number for the object that has an orbital separation too large to
have formed by current theories of planet formation?

(b) What is one way this object could have been formed as expected and then ended up at
its current location?

13. (a) Which system is illustrated in Image 16?

(b) What letters on the H-R diagram show the locations of the host and companion star of
this system?

(c) Which image shows a transit signal from the super-Earth planet in this system?

14. (a) Which image shows the radial velocity method of detecting exoplanets?

(b) Name 2 planetary characteristics that this method measures.

15. (a) What is the name and type of object in Image 4?

(b) What effect is the planet having on the parent star?

16. (a) What letter on the H-R diagram shows the location of an FU Ori object?

(b) Which image shows the behavior exhibited by this type of object?

17. (a) What is the name of the system, consisting of a white dwarf and brown dwarf, illustrated
in Image 5?

(b) What is the spectral type of the brown dwarf in the system?

(c) What letters correspond to the locations on the H-R diagram for both objects in this
system?

18. (a) What is the name of the first exoplanet discovered orbiting a Sun-like star?

(b) What method was used to detect this exoplanet?
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Planets have been discovered around a variety of types of stars, from pulsars to red dwarfs.
In Section B we will delve qualitatively into how exoplanet detection differs with stellar
type. In Section C we will look at at some current results for how planet characteristics
depend on stellar mass, with questions that will ask for insight on planet formation from

the observational data.

Section B: Use Image/Illustration set B/C to answer Questions 19-21.

19. Though we exist in orbit around a G-type main sequence star, stars lie in a broad range of
effective temperatures and hence luminosities.

(a) What type of star (O,B,A,F,G,K,M) is most prevalent in our galaxy? (1 point)

(b) Why is this type of star the most prevalent? (2 points)

20. Detecting planets in the habitable zone of a star can be easier or harder than around Sun-like
stars depending on the spectral type of the host star.

(a) Image 31 depicts transit light curves of planets around a Sun-like star and star with a
radius half that of the Sun. The star with a radius half that shows a larger fractional
transit depth. What is its spectral type? (1 point)

(b) Finding planets in the habitable zone of smaller, cooler stars is easier than finding
planets in the habitable zone of a Sun-like star, because the habitable zone lies closer
in. Write down two reasons why detecting planets closer-in to their host star is easier
via the transit method. (2 points)

(c) Closer-in planets are also easier to detect via radial velocity. Write down two reasons
why it is easier to detect planets via radial velocity if they are closer-in (hint: one of
these is the same as for the transit method). (2 points)

21. Let’s put it all together, and figure out how to find Earth 2.0!

(a) Given your answers from Questions 19 and 20, what type of star would it be easiest
(i.e. take the least telescope time) to find a planet with the surface temperature and
size of Earth around? (1 point)

(b) However, recall that simply finding the right surface temperature is not enough to
determine habitability, at least for Earth-like organisms (e.g. humans). These small,
cool stars have one complicating factor in that they emit high amounts of radiation that
is damaging to human tissue. What part of the EM spectrum is this radiation in? (1
point)

(c) Additionally, these stars may be variable. What type of variability do these smaller
stars have? (1 point)

4



Section C. Use Image/Illustration set B/C to answer Questions 22-24.

22. Image 32 shows the occurrence rate of Kepler planets with radii 1-4 times that of Earth as
a function of semi-major axis, from Mulders et al. (2015a). Image 33 shows the occurence
rate as a function of planet radius, from Mulders et al. (2015b).

(a) Earth-sized planets are most prevalent around stars of which spectral type? (1 point)

(b) Stars of this spectral type do not have many Neptune or Jupiter-sized planets, however.
Why is this? (2 points)

23. Image 34 shows the trend between heavy-element and planet masses for modeled gas giant
planets, while Image 35 shows the fraction of the planet-to-star metallicity as a function of
planet mass, both from Thorngren et al. (2015).

(a) There is a known correlation (not shown here) between giant planet mass and the metal-
licity of the host star. How can this observation be described using planet formation
theory? (2 points)

(b) The slope of the increase of heavy-element mass with planet mass in Figure 34 shows that
planets with higher mass have relatively higher fractions of what two atomic species?
(1 point)

(c) There is a negative correlation between heavy-element abundances (relative to that of
the star) and planet mass in Image 35. What theory of planet formation does this point
towards? How do you know? (2 points)

24. Consider a planet with the radius and mass of Earth, at a distance where it has an equilibrium
temperature of 255 Kelvin, which is similar to that of Earth (before including the greenhouse
effect). We’ll compute properties of the planet-star system considering two different types of
stars: Star A, which has all the properties (radius, mass, effective temperature) of the Sun,
and Star B, which has a mass of 0.4 Solar masses, radius of 0.39 Solar radii, and effective
temperature of 3,400 Kelvin.

(a) Assuming the planet has an albedo of 0.3, what is its distance from Star A, in AU? (1
point)

(b) Again assuming an albedo of 0.3, what is its distance from Star B, in AU? (1 point)

(c) What is the orbital period of the planet around Star B, in days? (1 point)

(d) How many times greater is the fractional transit depth of the planet around Star B than
around Star A? (2 points)

(e) How many times greater is the radial velocity of Star B than Star A? (2 points)

(f) Star A and Star B both have a parallax of 0.05”. What is their distance from Earth, in
parsecs? (1 point)

(g) How many times brighter does Star A appear to us than Star B? (2 points)

(h) Let’s put it all together. If you wanted to detect biosignatures (e.g. ozone, methane) in
the atmosphere of this planet, which star (A or B) would you prefer to observe? Does
the benefit of larger transit depth around Star B outweigh the lower signal to noise from
the lowered brightness of the star? (1 point)
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Image/Illustration Set B/C: 

31 

A stellar-mass-dependent drop in planet occurrence rates 7

Figure 4. Occurrence rate as a function of distance from the star,
for spectral types M to F. Error bars in the top panel are given
by the square root of planets in each bin. Occurrence rates in the
middle panel are calculated by multiplying the occurrence rate f
of each planet by the number in brackets. The bottom panel is
calculated by also multiplying the semi-major axis a of each planet

by the factor in brackets.

ever, a di↵erence in cuto↵ location between bins remains
present at the 2.4 (M-G), 5.4 (K-G) and 5.9 (F-G) sigma

Mechanism Location Assumption Eq.

co-rotation M
1/3
? 11

sublimation M0.7
? L

PMS

/ M1.4
? 12

M
11/9
? q = 2 13

M
7/9
? q = 1 13

tides (stellar) M
9/13
? R? / M? 15

(planetary) M
3/13
? 16

Table 2
Power-law index of turnover radius as function of stellar mass for
the di↵erent truncation mechanisms discussed in §4.1. The third
column lists any additional assumption required for turning the

listed equation in a pure stellar-mass dependency. The
pre-main-sequence luminosity scaling is based on the Bara↵e

et al. (1998) evolutionary tracks at 1 Myr.

level (middle panel of Figure 4). The curves can be
matched to that of the F stars by shifting the semi-major
axis by a factor 1.6, 1.4, and 1.2 for M, K, and G stars,
respectively. These factors are progressively larger for
later spectral types – and hence lower stellar masses –
confirming that the planet population extends closer in
to lower mass stars, as already noted by Plavchan et al.
(2012).

4.1. Truncation mechanisms

To identify which mechanism might be responsible for
setting the steep decrease in planet occurrence rate to-
ward the star, we estimate the location where a cuto↵
would occur as a function of stellar mass for a range of
processes. These mechanisms, described in the introduc-
tion, include: inhibiting planet formation inside a disk
inner edge; trapping migrating planets at that edge; or
removing planets by tidal interactions.
In Figure 5, we show how these processes match the

observed turnover in planet occurrence rate, each col-
ored cross representing the calculated turnover location
for each KOI based on the stellar mass, radius and ef-
fective temperature in Huber et al. (2014). To guide the
eye, we have indicated the location where the occurrence
rates are reduced by 5, 10, 20, and 50% with respect to
the plateau for di↵erent spectral type bins. The median
truncation location per bin is shown by a thick black
cross. These mechanisms include additional free param-
eters that can be tuned to match the exact location of
the cuto↵, and the purpose of this plot is mainly to show
how the cuto↵ radius scales with the median mass per
spectral type bin. The power-law index of each scaling
law with stellar mass is also given in Table 2.
Though in principle the index of the power law inside

of a
cut

contains information on the truncation process,
we did not attempt a full forward modeling to explain
the shape of this curve, but simply note that it may
reflect either a spread in initial disk or observed stellar
parameters that define the location of the turnover, or
may be a result of long-term dynamical evolution of the
planet population such as planet-planet scattering. Our
approach is very similar to that of Plavchan et al. (2012),
though it is independent of the functional form chosen to
describe the radial planet occurrence rates, leading to a
di↵erent stellar-mass scaling for a

cut

, which is discussed
in detail in §5.2.
Protoplanetary disks are truncated at or around the

co-rotation radius, from where material is funneled onto
the star. This radius is defined as the location where the

32 Planet radius distribution 5

Figure 6. Same as figure 4 for M dwarf stars in the Kepler sample.
95% of the heavy-element mass is concentrated in planets smaller
than 2.8 � 4R�. The contribution of rocky planets (< 1.5R�) to
the heavy-element mass is about 20%.

of a planet with a radius and orbital period correspond-
ing to the logaritmic center of each grid cell. Because
the binned version does not capture all the structure in
the data, we also show the regression curve based on
variable-bandwidth kernel density estimation in the bot-
tom panel. This approach of representing the data is
similar to that of Morton & Swift (2014), but we use a
kernel density estimator based on a maximum width of
0.1 dex and the distance to the 5th nearest neighbour.
The 1 � � confidence interval is calculated by adding
the contribution of each kernel in quadrature and tak-
ing the square root of the total. Both distributions show
a plateau in occurrence rate between 1 � 2.8R� and a
dropo↵ towards larger planets. The occurrence of plan-
ets in the plateau is a factor of ⇠ 3.5 higher for M stars.
The occurrence rate of larger planets (2.8 � 16R�) is a
factor two lower around M stars, best visible in the re-
gression curve, roughly consistent with the linear scaling
of giant planet occurrence with stellar mass from RV sur-
veys (Johnson et al. 2010).
We note that the low number of detected large planets

around M stars is not due to a signal-to-noise bias, as
Kepler is more complete for large planets than for small
ones. Instead, the low number of detected KOIs is a
product of the lower number of M stars surveyed com-
bined and an intrinsic lower planet occurrence rate. In
other words, if a population of planets similar to that
around sunlike stars was present, it would have been de-
tected. Instead, the ratio of small to large planets is a
factor 8 higher for M stars than for FGK stars. A stu-
dents t-test shows that this result is significant at the
13 sigma level. This shows that the lack of Neptune-
sized and larger planets around M stars is not due to
low-number statistics.
The CDF of the M star planets (Figure 6) is signifi-

cantly di↵erent from that of FGK stars (Fig. 4). Planets
larger than 2.8 R� do not contribute significantly to the
total number or heavy-element mass of planets. We as-
sume the planet mass-radius relation is the same for all
spectral type sub-samples, motivated by the lack of any
observed trend with stellar mass (Weiss & Marcy 2014).

Figure 7. Planet radius distribution (left) and cumulative planet
mass per star (right) for orbital periods between 2 and 50 days for
M, G, K and F stars. The bins in the upper panel are twice as
wide as in figure 1.

95% of the heavy-element mass around M stars is located
in planets smaller than 2.8 � 4.0R�, in contrast to the
70%-80% in the full sample. Rocky planets amount to
⇠ 10% of the heavy-element mass, again implying that
the contribution of planets below the detection limit to
the total mass is negligible.

3.2. Di↵erences between FGK stars

Motivated by the finding of a higher planet occurrence
rate around M stars, we investigate the spectral type de-
pendence of the planet radius distribution between F,
G, and K stars. Figure 7, left panel shows the spectral
type dependence of the binned planet radius distribution.
Since the di↵erences between FGK stars are significantly
smaller than the di↵erence with respect to M stars, we
bin the planet radius to a coarser resolution. The occur-
rence rate in the plateau below 2.8 R� increases from
0.27± 0.01, to 0.35± 0.01, to 0.46± 0.02, to 1.12± 0.12
for F,G,K, and M stars, respectively, consistent with the
increase in occurrence with spectral type of planets be-
tween 1 � 4 R� in Mulders et al. (2015). These di↵er-
ence between G stars and K and F stars are significant
at the 4.5 and 5.5 sigma level, respectively. There is no
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FIG. 5.— The heavy element masses of planets and their masses. The lines
of constant Zplanet are shown at values of 1 (black), 0.5, 0.1, and .01 (Gray).
Distributions for points near Zplanet = 1 tend to be strongly correlated (have
well-defined Zplanet values) but may have high mass uncertainties. No models
have a Zplanet larger than one. The distribution of fits (see §4 for discussion) is
shown by a red median line with 1, 2, and 3 � contours. Blue squares indicate
circumbinary planets. Note Kepler-75b at 10.1 MJ which only has an upper
limit.

MF2011 and theoretical core-formation models (Klahr & Bo-
denheimer 2006). A bootstrap power-law fit to the data gives
Mz = (46± 5.2)M(.59±.073), or roughly Mz /

p
M and Zplanet

/ 1/
p

M. Our parameter uncertainties exclude a flat line by a
wide margin, but the distribution has a fair amount of spread
around our fit. While some of this may be from observa-
tional uncertainty, it seems likely that other effects, such as the
planet’s migration history and the stochastic nature of planet
formation, also play a role. With this in mind, using planet
mass alone to estimate the total heavy element mass appears
accurate to a factor of a few.

We note that the four circumbinary planets in our sample
(marked as blue squares in Figure 5) appear to typically have
higher heavy-element contents for their mass than the gen-
eral sample. We examined the residuals to the fit of heavy-
elements against mass (this time excluding the circumbinary
planets). This was done to control for the effect of the planet’s
mass. A K-S test was applied to these residuals, revealing a p-
value of 0.26 that the circumbinary planets were drawn from
a different sample than the rest. This result is non-significant,
possibly due to the small number of circumbinary planets in
our sample. Still, the distribution is suggestive of a possible
effect, and this test should be repeated when a larger sample
becomes available.

5.2. Effect of Stellar Metallicity
The metallicity of a star directly impacts the metal con-

tent of its protoplanetary disk, increasing the speed and mag-
nitude of heavy element accretion. We examined our data
for evidence of this connection. MF2011 observed a corre-
lation for high metallicity parent stars between [Fe/H] and
the heavy element masses of their planets (see also Guil-
lot et al. (2006) and Burrows et al. (2007) for similar re-
sults from inflated planets). If we constrain ourselves to the
fourteen planets in MF2011, we see the same result. How-
ever, the relation becomes somewhat murky for our full set
of planets (see Figure 6). A bootstrap regression gives Mz =
(31.4± 3.4)⇥ 10(.48±.047)[Fe/H]. Though this appears to show
that the points are positively associated, it is clear from Fig. 6
that no line could fit the data effectively. Some of the reason
for this may lie with the high observational uncertainty in our

FIG. 6.— The heavy element masses of planets plotted against their parent
star’s metallicity. Our results for the planets studied in MF2011 are in blue,
and the remaining planets in our data set are in red. A correlation appears for
[Fe/H] in the blue points, but washes out with the new data. Still, it appears
that planets with high heavy element masses occur less frequently around low
iron-metallicity stars.

values for stellar metallicity, but it is still difficult to believe
that there is a direct power-law relationship.

A more plausible model is that planets rich in heavy el-
ements are found less frequently around metal-poor stars.
Transit surveys should not be biased in stellar metallicity, so
this analysis is viable. Most of the planets with heavy element
masses above 100 M� orbit metal-rich stars; there is no clear
pattern for planets with lower metal masses. Considering the
connection between planet mass and heavy element mass, we
note that planets more massive than Jupiter are found far less
often around low-metallicity stars (see Figure 7). This is simi-
lar to one of the findings of Fischer & Valenti (2005) in which
the number of giant planets and the total detected planetary
mass are correlated with stellar metallicity. The population
synthesis models in Mordasini et al. (2012) also observe and
discuss an absence of very massive planets around metal-poor
stars. Apparently, metal-poor stars generally do not have the
massive planets which would typically contain higher metal
masses. The causal link for this could be an interesting ques-
tion for formation and population synthesis models. In the fu-
ture, a more thorough look at this connection should take into
account stellar metal abundances other than iron and put an
emphasis on handling the high uncertainties in measurements
of stellar metallicity.

5.3. Metal Enrichment
A negative correlation between a planet’s metal enrichment

relative to its parent star was suggested in MF2011 and found
in subsequent population synthesis models (Mordasini et al.
2014), so we revisited the pattern with our larger sample. We
see a good relation in our data as well (Figure 9), and a boot-
strap fit of Zplanet/Zstar= (8.1± 1.3)M(-.51±0.11) cleanly rules
out a flat relation. The exponent differs somewhat from the
results of Mordasini et al. (2014) (between -0.68 and -0.88),
but the discrepancy is not especially large. The pattern ap-
pears to be somewhat stronger than if we considered only the
planetary metal fraction Zplanet alone (shown in Figure 8). This
supports the notion that stellar metallicity still has some con-
nection to planetary metallicity, even though we do not ob-
serve a power-law type of relation. Jupiter and Saturn, shown
in blue, fit nicely in the distribution. Our results show that
even fairly massive planets are enriched relative to their par-
ent stars. This is intriguing, because it suggests that (since
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FIG. 7.— Planet mass plotted against parent star metallicity for transiting
planets with RV masses. Planets in our sample are in blue. Planets in red
were too strongly insolated to pass the flux cut (the inflated hot Jupiters).
Note the lack of planets around low-metallicity stars above about 1 MJ. This,
combined with the findings on Figure 6, suggests that planets around low-
metallicity stars are unable to generate the giant planets which typically have
massive quantities of heavy elements.

FIG. 8.— The heavy element fraction of planets as a function of mass. We
observe a downward trend with a fair amount of spread. Compare especially
with Figure 9, which shows the same value relative to the parent star.

FIG. 9.— The heavy element enrichment of planets relative to their parent
stars as a function of mass. The line is our median fit to the distribution from
bootstrapping, with 1, 2, and 3 � error contours. Jupiter and Saturn are shown
in blue, from Guillot (1999). The pattern appears to be moderately stronger
than considering Zplanet alone against mass.

their cores are probably not especially massive) the envelopes
of these planets are strongly metal-enriched, a result which
can be further tested through spectroscopy. Note that we cal-

FIG. 10.— The relative residuals (calculated/fit) to the fit of Zplanet/Zstar
against mass, plotted against the semi-major axis, period, parent star mass,
flux, and eccentricity. No relation is apparent. The lack of a residual against
flux implies that we have successfully cut out the inflated hot Jupiters; had
we not, the high flux planets would be strong lower outliers.

culate our values of Zstar by assuming that stellar metal scales
with the measured iron metallicity [Fe/H]. Considering other
measurements of stellar metals in the future would be illumi-
nating. For instance, since oxygen in a dominant component
of both water and rock, perhaps there exists a tighter corre-
spondence between Zplanet and the abundance of stellar oxy-
gen, rather than with stellar iron.

We also considered the possibility that orbital properties
might relate to the metal content, perhaps as a proxy for the
migration history. We plot the residual from our mass vs.
Zplanet/Zstar fit against the semi-major axis, period, eccentric-
ity, and parent star mass in Figure 10. No pattern is evident
for any of these. Given the number of planets and the size of
our error-bars in our sample, we cannot rule out that any such
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(b)
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(b)

(c)

3. (a)

(b)

4. (a)

(b)

5.

6. (a)

(b)

(c)

(d)

7. (a)

(b)

(c)

8. (a)

(b)

(c)

9. (a)

(b)

10.

11. (a)

(b)

12. (a)

(b)

13. (a)

(b)

(c)

14. (a)

(b)

15. (a)

(b)

16. (a)

(b)

17. (a)

(b)

(c)

18. (a)

(b)
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19. (a)

(b)

20. (a)

(b)

(c)

21. (a)

(b)

(c)

22. (a)

(b)

23. (a)

(b)

(c)

24. (a) AU

(b) AU

(c) Days

(d) Times

(e) Times

(f) Parsecs

(g) Times

(h)
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Team name: KEY Team number: KEY

Answer Page: Section A

1. (a) 12

(b) Lie in the habitable zone

2. (a) AB Aurigae, protostar

(b) D

(c) 28

3. (a) Transit

(b) Planet-to-star radius ratio

4. (a) 2, Barnard 68

(b) 11, M47 (Orion Nebula)

5. 11,9,3,14,1

6. (a) Brown dwarf

(b) K,F

(c) 21,27

(d) Patchy clouds

7. (a) HD 95086

(b) Direct imaging

(c) 29

8. (a) HAT-P-11b

(b) Transmission spectroscopy

(c) 26

9. (a) 24

(b) B

10. D,E,B,K,F

11. (a) Brightness temperature for a range of wavelengths

(b) WASP-43b

12. (a) 15

(b) Scattered outwards by interactions with other planets or nearby star

13. (a) 55 Cancri

(b) O,H

(c) 22

14. (a) 23

(b) Mass, eccentricity, orbital period

15. (a) WASP-18b, hot Jupiter

(b) Changing its magnetic field

16. (a) E

(b) 30

17. (a) GD 165

(b) L

(c) H/K,C

18. (a) 51 Pegasi b

(b) Radial velocity



Team name: KEY Team number: KEY

Answer Page: Sections B & C

19. (a) M

(b) Longest main-sequence lifetime

20. (a) M

(b) Shorter orbital period, higher transit probability

(c) Shorter orbital period, higher stellar radial velocity

21. (a) M

(b) UV

(c) Flaring

22. (a) M

(b) Smaller disk masses

23. (a) More metal-rich disks can more easily create the cores
of giant planets which then accrete gaseous envelopes

(b) H, He

(c) Core accretion, the bulk of the planet’s mass is gaseous
and hence increases in mass past that of the core is due to gas, not solid accretion

24. (a) 1 ± 0.2 AU

(b) 0.14 ± 0.05 AU

(c) 28.5 ± 5 Days

(d) 6.6 ± 1 Times

(e) 1.8 ± 0.5 Times

(f) 20 Parsecs

(g) 54.8 ± 10 Times

(h) Star B! One can perform many repeat measurements
and beat down the signal to noise that way rather than simply through a stronger signal.
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