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Kepler	
  Mission	
  Goals	
  

1)  Determine	
  the	
  frequency	
  of	
  terrestrial	
  and	
  larger	
  planets	
  in	
  or	
  near	
  the	
  
habitable	
  zone	
  of	
  a	
  wide	
  variety	
  of	
  spectral	
  types	
  of	
  stars.	
  
	
  

2)  Etc.	
  



Planetary	
  Transits	
  

Planet	
  Finding	
  Methods	
  



Planetary	
  Transits	
  

Jupiter:	
  1	
  part	
  per	
  1000	
   Earth:	
  1	
  part	
  per	
  100,000	
  

Planet	
  Finding	
  Methods	
  



From	
  one	
  “Goldilocks”	
  to	
  Another	
  
1) 	
  SpacecraY	
  Size:	
  

•  Too	
  large	
  à	
  over	
  budget	
  
•  Too	
  small	
  à	
  not	
  enough	
  precision	
  

	
  
2) 	
  Target	
  List:	
  

•  Too	
  few	
  à	
  sta[s[cal	
  sample	
  too	
  small	
  
•  Too	
  many	
  à	
  loss	
  of	
  data	
  due	
  to	
  downlink	
  [me	
  

	
  
3) 	
  Field	
  of	
  View:	
  

•  Too	
  dispersed	
  à	
  sta[s[cal	
  sample	
  too	
  small	
  
•  Too	
  crowded	
  à	
  confusion	
  from	
  background	
  stars	
  

	
  
4) 	
  Observing	
  Cadence:	
  

•  Too	
  fast	
  à	
  loss	
  of	
  data	
  due	
  to	
  downlink	
  [me	
  
•  Too	
  slow	
  à	
  planet	
  transits	
  are	
  no	
  longer	
  visible	
  





50 micromagnitudes in 6 hours 
30 minute cadence 





So,	
  how	
  good	
  are	
  these	
  data?	
  



It’s	
  not	
  all	
  fun	
  and	
  games	
  



Raw	
  Time	
  Series	
  



Cotrending	
  Basis	
  Vectors	
  



Corrected	
  Time	
  Series	
  



Raw	
  Time	
  Series	
  





From	
  Candidate	
  to	
  Planet	
  

Valida[on:	
  demonstrate	
  the	
  planet	
  nature	
  of	
  a	
  candidate	
  
	
  by	
  elimina[ng	
  alterna[ve	
  explana[ons	
  

Confirma[on:	
  demonstrate	
  the	
  planet	
  nature	
  of	
  a	
  candidate	
  
	
  through	
  a	
  dynamical	
  constraint	
  on	
  its	
  mass	
  



Planet	
  Valida[on	
  
The	
  least	
  massive	
  planets	
  do	
  not	
  produce	
  large	
  dynamical	
  signals.	
  

Alterna[ve	
  explana[ons,	
  such	
  as	
  background	
  eclipsing	
  binaries,	
  
or	
  background	
  transi[ng	
  planet,	
  must	
  be	
  eliminated.	
  
	
  
The	
  smallest	
  planets	
  that	
  Kepler	
  discovers	
  will	
  use	
  this	
  approach.	
  



Radial	
  Velocity	
  

Planet	
  Confirma[on	
  



Planet	
  Confirma[on	
  
Transit	
  Timing	
  Varia[ons	
  

Agol,	
  Steffen,	
  Sari,	
  Clarkson	
  (2005),	
  Holman	
  and	
  Murray	
  (2005)	
  



Planet	
  Confirma[on	
  
Transit	
  Timing	
  Varia[ons	
  

Agol,	
  Steffen,	
  Sari,	
  Clarkson	
  (2005),	
  Holman	
  and	
  Murray	
  (2005)	
  



Kepler	
  9	
  

Holman	
  et	
  al.	
  2010	
  



A	
  first	
  defini[ve	
  TTV	
  detec[on,	
  Kepler	
  9	
  



Planet	
  Confirma[on	
  with	
  TTVs	
  

Some	
  systems	
  show	
  very	
  large	
  TTVs.	
  
	
  
This	
  is	
  a	
  problem	
  if	
  you	
  are	
  nominally	
  
looking	
  for	
  strictly	
  periodic	
  signals	
  
and	
  need	
  to	
  stack	
  mul[ple	
  transits	
  in	
  
order	
  to	
  detect	
  a	
  small	
  planet.	
  



Less	
  Intensive	
  Planet	
  Confirma[on	
  



Less	
  Intensive	
  Planet	
  Confirma[on	
  





Kepler	
  23,	
  24,	
  25,	
  26,	
  27,	
  28,	
  29,	
  30,	
  31,	
  32,	
  33	
  

Blue:	
  Solar	
  System	
  
Red:	
  Known	
  planets	
  in	
  mul[-­‐transi[ng	
  systems	
  
Gray:	
  KOIs	
  in	
  mul[-­‐transi[ng	
  systems	
  
Green:	
  Newly	
  confirmed	
  planets	
  

Ford	
  et	
  al.	
  (2012a),	
  Fabrycky	
  et	
  al.	
  (2012a),	
  Steffen	
  et	
  al.	
  (2012a),	
  Lissauer	
  et	
  al.	
  (2012)	
  



Kepler	
  48	
  —	
  Kepler	
  60	
  (and	
  a	
  few	
  others)	
  

Steffen	
  et	
  al.	
  (2012e)	
  
	
  
Xie	
  (2012)	
  

Two	
  independent	
  papers	
  
confirm	
  41	
  planets	
  in	
  
20	
  mul[planet	
  systems.	
  



Exoplanet	
  Science	
  



Kepler	
  36	
  

Carter,	
  Agol,	
  et	
  al.	
  2011	
  

Large	
  TTVs	
  required	
  the	
  
development	
  of	
  a	
  new	
  search	
  
algorithm.	
  
	
  
These	
  two	
  planets	
  are	
  very	
  
near	
  the	
  7:6	
  mean-­‐mo[on	
  
resonance—their	
  orbital	
  
distances	
  are	
  10%	
  different.	
  
	
  
Their	
  densi[es	
  differ	
  by	
  nearly	
  
a	
  factor	
  of	
  10.	
  
	
  
Deck	
  et	
  al	
  (2012)	
  showed	
  that	
  
this	
  system	
  undergoes	
  short-­‐term	
  
dynamical	
  chaos.	
  
	
  
How	
  do	
  you	
  make	
  such	
  a	
  system?	
  
	
  
Good	
  ques[on.	
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Figure 3: Mass-radius diagram for small planets. Constraints for Kepler-36b and c are shown
as two-dimensional joint probability densities and confidence contours (68% and 95%). Other
exoplanets are shown for comparison: blue – the planets in Kepler-11 (22), pink – Kepler-
18b (23), gray – Kepler-20 b and c (24), brown – GJ 1214b (25), violet – CoRoT-7b (26),
green – Kepler-10b (27), orange – 55 Cnc e (28). Solar System planets are plotted using the
first letter of their names (excluding Mercury). The curves represent theoretical models for
planets of a given composition. Dotted curves are models of terrestrial bodies [those lacking a
significant gas envelope (29)], with “Ice/Rock” – 50% ice and rock (silicates) by mass, “Rock”
– 100% rock, “Earth-like” – 33% iron, 67% rock, “Iron” – 100% iron. Dashed curves are for
planets with Earth-like solid cores surrounded with H/He envelopes with 5% or 10% of the total
mass. The dash-dotted curve is for an Earth-like core and a water layer, in equal parts mass,
surrounded by H/He envelope with 1.6% of the total mass.
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Kepler	
  36	
  



Mul[ple	
  Candidate	
  Systems	
  

Lissauer	
  et	
  al.	
  (2011)	
  



Candidate	
  Radius	
  Comparison	
  

CDF	
  of	
  candidate	
  radius	
  ra[o	
  (outer/inner)	
  –	
  Jupiter/Saturn	
  is	
  0.08,	
  Venus/Earth	
  is	
  -­‐0.02.	
  
(Ciardi	
  et	
  al.	
  2013)	
  
	
  

The Astrophysical Journal, 763:41 (12pp), 2013 January 20 Ciardi et al.

Figure 2. Distributions of the radii and orbital periods of the planets that are
used in this study. The vertical dashed lines mark the median values of the
distributions.

detected transits scales with the orbital period as

(S/N)transits ∝ (P 1/3/P )1/2 ∝ P −1/3. (3)

An additional restriction on the sample was made such that no
planet candidate was included that has an impact parameter of
b ! 0.8. At such high impact parameters, the transit parameters,
particularly the transit depth (i.e., the planet radius), are less
certain. Using the S/N > 25 detection threshold and the impact
parameter restrictions, there are 96 multiple-candidate systems
with 159 pairs of planets (228 individual planets) in the analysis.

All of the planet pairs used in the analysis of this paper are
summarized in Table 1; planets are labeled with roman numerals
(I, II, III, IV, V, VI) in the order of increasing orbital period.
These do not necessarily correspond to KOI fraction numbers
(e.g., .01, .02, ...) nor do they correspond to the confirmed planet
letters (e.g., Kepler-11b, Kepler-11c, ...). After the S/N and
impact parameter cuts, the largest planet in the sample is 13 R⊕,
and the median planet radius is ≈2.5 R⊕; the smallest planet
retained in the sample has a radius of 0.75 R⊕. The orbital
periods of the planets in this sample span 0.45–331 days, with
an median period of ∼13.1 days. The distributions of the radii
and orbit periods for the 228 planets retained in the sample are
shown in Figure 2.

Previous work indicates that the detected planets in the Kepler
multiple-candidate systems have mutual inclinations of 1◦–3◦

(Fabrycky et al. 2012b; Fang & Margot 2012). Due to the usual
limitation of the transit technique in only detecting planets
that are very nearly edge-on, the Kepler sample used here is
naturally biased to systems of nearly coplanar planets. The
prevalence of Kepler multiple-candidate systems shows that

Figure 3. Observed cumulative distribution of the planet-radii ratios for
all planet pairs (black histogram), and the predicted cumulative distribution
for planet radii drawn randomly from the measure planet sample (gray
histogram). The horizontal dot-dash line marks the fraction of planet pairs with
Rinner/Router < 1; the gray region marks the 1σ confidence interval for this
fraction. The vertical dashed line marks the boundary where Rinner/Router = 1,
and the horizontal dashed line marks the 50% fraction.

there is a large population of such systems with small planets
and orbital periods of tens of days (Figure 2). It may be that
other system architectures with higher mutual inclinations or
different period ranges do not show the same trend in planet
sizes that we describe herein.

3. DISCUSSION

We have calculated the ratios of the inner planet radius to
the outer planet radius for each unique pair of planets within a
system (Rinner/Router), and the cumulative fraction distribution
is displayed in Figure 3. If there were no preference for the
ordering of planet sizes, the chance that a given planet-radii ratio
is larger than unity would be equal to the chance that the ratio
is below unity, and the cumulative fraction distribution would
pass through 50% at log(Rinner/Router) = 0 (Rinner/Router = 1).

In contrast, 59.7+4.1
−4.2% of the planet pairs are ordered such that

the outer planet is larger than the inner planet (Rinner/Router < 1).
The resulting fraction deviates from the null-hypothesis expec-
tation value of 50% by ≈2.5σ . The 1σ upper and lower confi-
dence intervals are based upon the Clopper–Pearson binomial
distribution confidence interval (Clopper & Pearson 1934). The
Clopper–Pearson interval is a two-sided confidence interval and
is based directly on the binomial distribution rather than an ap-
proximation to the binomial distribution. We do caution that in
applying the Clopper–Pearson confidence interval there is an
implicit assumption that all elements of the sample are uncorre-
lated. Given that not all planet pairs are from independent stellar
systems, there may be a correlation between individual planet
pairs within a system (i.e., planet I is smaller than planet III
because it is smaller than planet II), and the Clopper–Pearson
confidence intervals may underestimate the true uncertainties in
the fractions.

In addition to the confidence intervals, the significance of
the observed fraction in comparison to the null hypothesis can
be evaluated through the χ2 statistic. The probability of the
observed fraction (96/159 = 59.7%) when compared to the
expected fraction (79.5/79.5 = 50%) yields χ2 = 6.0 with a
probability of only 1.4% that the observed fraction is observed
only by chance (see Table 2).
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Inclina[on	
  Distribu[on	
  

Probability	
  for	
  Kepler	
  to	
  find	
  the	
  candidate	
  popula[on	
  vs	
  inclina[on	
  and	
  number	
  of	
  planets	
  

(Solar	
  system	
  ~1.5	
  degrees)	
  

Probability	
  for	
  Kepler	
  to	
  find	
  the	
  candidate	
  popula[on	
  vs	
  inclina[on	
  and	
  number	
  of	
  planets	
  Probability	
  for	
  Kepler	
  to	
  find	
  the	
  candidate	
  popula[on	
  vs	
  inclina[on	
  and	
  number	
  of	
  planets	
  



Resonance	
  Proximity	
  

Slope	
  of	
  the	
  CDF	
  in	
  period	
  ra[o	
  averaged	
  over	
  four	
  adjacent	
  candidates.	
  



Mul[ple	
  Candidate	
  Systems	
  

Teff	
  >	
  4600K	
  only	
  

Different	
  planet	
  popula[ons	
  



Mul[ple	
  Candidate	
  Systems	
  and	
  Single	
  Candidate	
  Systems	
  

Teff	
  >	
  4600K	
  only	
  

Different	
  planet	
  popula[ons	
  



Mul[ple	
  Candidate	
  Systems	
  and	
  Single	
  Candidate	
  Systems	
  

Teff	
  >	
  4600K	
  only	
  
How	
  do	
  these	
  planets	
  get	
  here?	
  

Different	
  planet	
  popula[ons	
  



Different	
  planet	
  popula[ons	
  

with periods between 0.8 and 6.3 days.

We choose our boundaries for the planet sizes
by first selecting all planet candidates with orbital
periods between 1 and 10 days (see Figure 1). We
see a transition from Jupiter size objects to the
much larger population of Neptune and smaller
objects in the distribution of candidate sizes and
choose hot Jupiter candidates with sizes between
0.6 and 2.5 RJup. The number of KOIs that satisfy
the above selection criteria is 63, and they consti-
tute our hot Jupiter sample (we note that uncer-
tainties in the stellar radii may produce systematic
bias or uncertainty in these candidate sizes).

In addition to the sample of hot Jupiters, we
consider two neighboring samples of KOIs, specif-
ically hot Neptunes and warm Jupiters. For the
hot Neptunes, we select all KOIs with sizes be-
tween 0.126 and 0.6 RJupand periods between 0.8
and 6.3 days. The warm Jupiters satisfy the same
size criteria as the hot Jupiters, but have periods
between 6.3 and 15.8 days. These cuts yield 224
hot Neptunes and 32 warm Jupiters. In each of
these samples there is one system that we ignore
as they are missing several quarters of data. Also,
KOI-928.01, a known triple star system involving
an eclipsing binary (Ste�en et al. 2011) is excluded
from the hot Neptune sample. This leaves 222 hot
Neptune systems and 31 warm Jupiter systems.
Figure 2 is a scatter plot of candidate size vs. or-
bital period for KOIs given in B11 that are ana-
lyzed here, with the boundaries of the hot Jupiter
and comparison samples shown. There is a no-
ticeable lack of planet candidates from multiple
transiting systems for large planets on short or-
bital periods—where the hot Jupiter planets are
defined.

2. Companion search results

For these samples, we look for evidence of
additional companions whether by their transits
or from dynamically induced TTVs. These two
searches can respectively constrain the sizes and
masses of secondary planets in these systems.

2.1. Transit search

No additional planets have been found in any of
the hot Jupiter systems. However, using the com-
bined di�erential photometric precision (CDPP)
value for each system, we place an upper bound

Fig. 1.— Distribution of candidate planet sizes for
all KOIs with periods between 0 and 10 days. The
rightmost partition, between 0.6 and 2.5 RJup is
our size criterion for the hot Jupiter sample. The
middle partition, between 0.126 and 0.6 RJup, is
used to select the hot Neptunes, and the leftmost
partition, below 0.126 RJup, is used to select the
hot Earth sample (defined in the discussion sec-
tion).

Fig. 2.— Scatter plot showing the samples for
hot Jupiters (upper left box), warm Jupiters (up-
per right box), hot Neptunes (center box), and
hot Earths (lower box). KOIs in single transiting
systems are the blue, open circles, while multiple
transiting systems are red, filled circles. The size-
able population of single, large planets stands out
from the lack of red, filled circles in the upper, left
portion of this plot.
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  al.	
  (2012b)	
  



Hot	
  Jupiter	
  Systems	
  



Hot	
  Jupiter	
  Systems	
  

•  No	
  known	
  mul[ple	
  planet	
  systems	
  
	
  

•  No	
  evidence	
  for	
  companions	
  with	
  TTVs	
  
	
  

•  No	
  evidence	
  for	
  high	
  inclina[on	
  perturbers	
  
	
  

•  Known	
  mul[ple	
  systems	
  in	
  adjacent	
  samples	
  
	
  

•  Observed	
  TTV	
  signals	
  in	
  adjacent	
  samples	
  
	
  
	
  
	
  

•  Hot	
  Jupiters	
  are	
  really	
  lonely	
  



Other	
  System	
  Architectures	
  2 Ste↵en et al.

els of planet formation suggest that planetary systems are
dynamically packed (Laskar 2000; Lissauer 1995; Barnes and
Raymond 2004; Fang and Margot 2012b) such that stable or-
bits in a planetary system are likely to be occupied. Studies
of the architectures and dynamics of Kepler systems indi-
cate that virtually all of the Kepler multiplanet systems are
likely stable and that the ratios of orbital periods are gen-
erally not large (Lissauer et al. 2011; Fabrycky et al. 2012).
These observations are consistent with the predictions of
dynamical packing. However, we know from the population
of hot Jupiter planets that not all systems share a common
dynamical history; and that that relatively small population
has motivated new ideas for models of planet formation and
dynamical evolution. The identification of any new popula-
tion of systems with a unique history would be comparably
valuable—such as the long-predicted but newly discovered
circumbinary systems (Doyle et al. 2011; Welsh et al. 2012;
Orosz et al. 2012). Likewise, the absence of a detectable pop-
ulation of dynamically distinct systems also makes strong
statements both about the formation and histories of plan-
etary systems generally and about the very large sample of
Kepler systems that show only a single planet candidate.

In Section 2 we investigate some of the properties of the
distribution of the period ratios of adjacent planets in sys-
tems with four or more observed planet candidates. Section
3 uses the results from the high multiplicity sample to make
and test predictions about what we should see in the low-
multiplicity sample where only two planet candidates are
seen in each system. Section 4 makes a similar comparison
with the three-candidate systems. We investigate the newly
released, preliminary planet candidate list that results from
the analysis of Kepler data through quarter 12 (Q12) in
secction 5. We make concluding remarks in Section 6.

2 HIGH MULTIPLICITY SAMPLE

Consider the sample of candidate systems from Batalha
et al. (2012) (hereafter B12) that contain four or more can-
didates. We will call this sample the “high multiplicity” sys-
tems. Lissauer et al. (2012) shows that all multiple candi-
date systems have a high probability of being true planetary
systems—a statement that is especially true as the multiplic-
ity (i.e., the number of candidates on a single target) grows.
Thus, we claim that the Kepler multiple candidate systems
are a su�ciently pure sample of true planetary systems for
our study and we will use the terms“planet”, “planet candi-
date”, and “candidate” are used interchangeably. The num-
ber of high multiplicity systems from B12 is 36 with a total
of 154 planets (averaging 4.3 planets per system) however
we drop two systems from this sample, one where a planet
has a negative period (meaning that only one transit had
been seen) and a second where the system is unstable ac-
cording to the criterion given in Gladman (1993) assuming
Neptune mass planets. The final high multiplicity sample
thus contains 34 planetary systems with 146 planets, giving
114 adjacent planet pairs for study.

Lissauer et al. (2011) (hereafter L11) showed that
the typical mutual inclination of the orbits in multiplanet
systems is a few degrees; multiplanet systems are highly
coplanar. High multiplicity systems likely represent the low
mutual-inclination side of that distribution and we use them

Figure 1. Histogram of period ratios for high multiplicity sample.
The binning of this histogram is chosen to show some of the known
features near the 3:2 and 2:1 MMRs.

here as a proxy for multiplanet systems generally. Figure 1
shows a histogram of the orbital period ratios of adjacent
planets in this high multiplicity sample. In this figure we
can see some of the features discussed in L11 and Fabrycky
et al. (2012)—specifically the excess of planets near the 3:2
MMR and the lack of planets just interior to the 2:1 MMR.
Another feature of potential interest is the marginally sig-
nificant peak near the 7:2 MMR. The 7:2 resonance is not
normally important dynamically without some modest ec-
centricity in one or both of the planets in the pair.

The shape of the log of the period ratio distribution
is reasonably well approximated by a truncated Rayleigh
distribution where the minimum value of the distribution
is approximately 0.05 (corresponding to a period ratio of
100.05 = 1.1 and the Rayleigh parameter is 0.23. This value
of the Rayleigh parameter is found using maximum likeli-
hood estimation on the truncated distribution. We do not
here ascribe any physical significance to this parameteri-
zation, only noting that it is generally consistent with the
shape of the observed distribution for the high multiplicity
sample. Orbital stability requirements will natually impose
some truncation at smaller values as we have done—though
the functional form of the distribution at small separations,
our approximation notwithstanding, is certainly not a step
function. This distribution tends to over estimate the num-
ber of planets in the region roughly between the 2:1 and 4:1
MMRs. Regardless, for this work neither of the tails of this
distribution play a rigorous role and the overestimation of
the number of systems at modest period ratios will tend to
make later results more conservative.

We expect that most of the planets that lie between the
innermost and the outermost planet in the high multiplicity
systems are accounted for. However, some planets will in-
evitably be absent due to either inclination of the orbit or
the smallness of the planet’s transit signal (a good example is
Kepler-36 (Carter et al. 2012) which had an undetected inte-
rior planet that was missed because of its small size and large
TTVs). Missing planets will extend the tail of the period ra-
tio distribution to larger separations. These large gaps in the
observed planetary systems are potentially very interesting
since they could contain an additional planet, they could be
caused by some physical property of the protoplanetary or

c� 0000 RAS, MNRAS 000, 1–9
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Figure 5. Histogram of the starting period ratios (solid bars) and
ending period ratios (line) if one assumes simplified, kinematic
collisions between two planets where the collisions are completely
inelastic and conserve angular momentum. The shift of the peak
to the right (larger separations) may be an underlying explana-
tion for the observed excess of planets in low multiplicity systems
between the 2:1 and 3:1 MMRs.

Figure 6. Histogram of the starting eccentricities (solid bars) and
ending eccentricities (line) of the planets if one assumes simplified,
kinematic collisions between two planets where the collisions are
completely inelastic and conserve angular momentum. The loss of
eccentricity in collisional systems may be an observable that could
distinguish collisions from strong dynamical interactions as the
explanation of the observed excess of planets in low multiplicity
systems between the 2:1 and 3:1 MMRs.

of crossing orbits and planetary collisions, for the origin of
these planet pairs. If strong dynamical interactions via high-
order MMR are responsible, then large eccentricity values
would be expected since high order resonances are otherwise
suppressed by multiple factors of the eccentricity. However,
if collisions are the cause, then the eccentricities of the re-
sulting systems may be small by comparison since collisions
suppress eccentricity.

4 THREE-PLANET SYSTEMS

While not the primary focus of our study, we now make
some comments on the distribution of period ratios in the
observed three-planet systems. There are 83 three planet
systems with 166 associated planet pairs that satisfy the sta-

Figure 7. Histogram of period ratios for three-planet systems as
well as the simulated distributions constructed using the Rayleigh
distribution that is estimated from the high multiplicity sample
(as described in the text). The large excess of planets near the
2:1 MMR is not seen in the high multiplicity sample and is more
localized than the possible excess seen in the two-planet systems.

bility criterion. We deliberately excluded three-planet sys-
tems from the preceding study so that distinctions between
the high multiplicity and low multiplicity systems in the
B12 catalog could be more clearly identified. Nevertheless,
the three planet systems also show some interesting features
that merit further investigation.

Figure 7 shows the period ratio distribution for systems
with three planet candidates as well as the predicted dis-
tribution using a method essentially the same as what was
done with the two-planet systems but only assuming a single
missing planet. The most striking feature of the three planet
distribution is the large peak surrounding the 2:1 MMR—a
peak that is not nearly as prominent in the high multiplic-
ity sample of Figure 1. The peak just exterior to the 2:1
and and the small trough that just interior to it (the trough
is more readily visible in the high multiplicity sample) has
been the subject of additional study (Batygin and Morbidelli
2013; Lithwick and Wu 2012; Petrovich et al. 2012) and may
be generated naturally during the planet formation process
or during the subsequent dynamical evolution in the pres-
ence of a dissipative force. In the three-planet systems, the
peak near the 2:1 appears to be a true excess and may be
caused by orbital migration after the planets have formed
(Thommes 2005; Zhou et al. 2005). A smaller excess is also
visible near the 3:1 MMR that has no counterpart of com-
parable size in the high multiplicity sample.

Since roughly 25% of the three planet systems are near
the 2:1 MMR, several appear to be near 4:2:1 resonance
chains or three-body, Laplace-type resonances. The observed
number of 5 triples where the period ratios of all planets
are within 5% of 4:2:1 is consistent with a random selection
from the observed three planet distribution where one would
expect 5.2 triples. Nevertheless, these near-chains contribute
materially to the peak near the 2:1 MMR. It is not clear
whether the near 4:2:1 chains are a consequence of or the
cause of the excess near 2:1. Investigating the dynamical
properties of these systems will be valuable for identifying
their histories.

The presence of the excess planets near the 2:1 MMR in
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els of planet formation suggest that planetary systems are
dynamically packed (Laskar 2000; Lissauer 1995; Barnes and
Raymond 2004; Fang and Margot 2012b) such that stable or-
bits in a planetary system are likely to be occupied. Studies
of the architectures and dynamics of Kepler systems indi-
cate that virtually all of the Kepler multiplanet systems are
likely stable and that the ratios of orbital periods are gen-
erally not large (Lissauer et al. 2011; Fabrycky et al. 2012).
These observations are consistent with the predictions of
dynamical packing. However, we know from the population
of hot Jupiter planets that not all systems share a common
dynamical history; and that that relatively small population
has motivated new ideas for models of planet formation and
dynamical evolution. The identification of any new popula-
tion of systems with a unique history would be comparably
valuable—such as the long-predicted but newly discovered
circumbinary systems (Doyle et al. 2011; Welsh et al. 2012;
Orosz et al. 2012). Likewise, the absence of a detectable pop-
ulation of dynamically distinct systems also makes strong
statements both about the formation and histories of plan-
etary systems generally and about the very large sample of
Kepler systems that show only a single planet candidate.

In Section 2 we investigate some of the properties of the
distribution of the period ratios of adjacent planets in sys-
tems with four or more observed planet candidates. Section
3 uses the results from the high multiplicity sample to make
and test predictions about what we should see in the low-
multiplicity sample where only two planet candidates are
seen in each system. Section 4 makes a similar comparison
with the three-candidate systems. We investigate the newly
released, preliminary planet candidate list that results from
the analysis of Kepler data through quarter 12 (Q12) in
secction 5. We make concluding remarks in Section 6.

2 HIGH MULTIPLICITY SAMPLE

Consider the sample of candidate systems from Batalha
et al. (2012) (hereafter B12) that contain four or more can-
didates. We will call this sample the “high multiplicity” sys-
tems. Lissauer et al. (2012) shows that all multiple candi-
date systems have a high probability of being true planetary
systems—a statement that is especially true as the multiplic-
ity (i.e., the number of candidates on a single target) grows.
Thus, we claim that the Kepler multiple candidate systems
are a su�ciently pure sample of true planetary systems for
our study and we will use the terms“planet”, “planet candi-
date”, and “candidate” are used interchangeably. The num-
ber of high multiplicity systems from B12 is 36 with a total
of 154 planets (averaging 4.3 planets per system) however
we drop two systems from this sample, one where a planet
has a negative period (meaning that only one transit had
been seen) and a second where the system is unstable ac-
cording to the criterion given in Gladman (1993) assuming
Neptune mass planets. The final high multiplicity sample
thus contains 34 planetary systems with 146 planets, giving
114 adjacent planet pairs for study.

Lissauer et al. (2011) (hereafter L11) showed that
the typical mutual inclination of the orbits in multiplanet
systems is a few degrees; multiplanet systems are highly
coplanar. High multiplicity systems likely represent the low
mutual-inclination side of that distribution and we use them

Figure 1. Histogram of period ratios for high multiplicity sample.
The binning of this histogram is chosen to show some of the known
features near the 3:2 and 2:1 MMRs.

here as a proxy for multiplanet systems generally. Figure 1
shows a histogram of the orbital period ratios of adjacent
planets in this high multiplicity sample. In this figure we
can see some of the features discussed in L11 and Fabrycky
et al. (2012)—specifically the excess of planets near the 3:2
MMR and the lack of planets just interior to the 2:1 MMR.
Another feature of potential interest is the marginally sig-
nificant peak near the 7:2 MMR. The 7:2 resonance is not
normally important dynamically without some modest ec-
centricity in one or both of the planets in the pair.

The shape of the log of the period ratio distribution
is reasonably well approximated by a truncated Rayleigh
distribution where the minimum value of the distribution
is approximately 0.05 (corresponding to a period ratio of
100.05 = 1.1 and the Rayleigh parameter is 0.23. This value
of the Rayleigh parameter is found using maximum likeli-
hood estimation on the truncated distribution. We do not
here ascribe any physical significance to this parameteri-
zation, only noting that it is generally consistent with the
shape of the observed distribution for the high multiplicity
sample. Orbital stability requirements will natually impose
some truncation at smaller values as we have done—though
the functional form of the distribution at small separations,
our approximation notwithstanding, is certainly not a step
function. This distribution tends to over estimate the num-
ber of planets in the region roughly between the 2:1 and 4:1
MMRs. Regardless, for this work neither of the tails of this
distribution play a rigorous role and the overestimation of
the number of systems at modest period ratios will tend to
make later results more conservative.

We expect that most of the planets that lie between the
innermost and the outermost planet in the high multiplicity
systems are accounted for. However, some planets will in-
evitably be absent due to either inclination of the orbit or
the smallness of the planet’s transit signal (a good example is
Kepler-36 (Carter et al. 2012) which had an undetected inte-
rior planet that was missed because of its small size and large
TTVs). Missing planets will extend the tail of the period ra-
tio distribution to larger separations. These large gaps in the
observed planetary systems are potentially very interesting
since they could contain an additional planet, they could be
caused by some physical property of the protoplanetary or
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Figure 5. Histogram of the starting period ratios (solid bars) and
ending period ratios (line) if one assumes simplified, kinematic
collisions between two planets where the collisions are completely
inelastic and conserve angular momentum. The shift of the peak
to the right (larger separations) may be an underlying explana-
tion for the observed excess of planets in low multiplicity systems
between the 2:1 and 3:1 MMRs.

Figure 6. Histogram of the starting eccentricities (solid bars) and
ending eccentricities (line) of the planets if one assumes simplified,
kinematic collisions between two planets where the collisions are
completely inelastic and conserve angular momentum. The loss of
eccentricity in collisional systems may be an observable that could
distinguish collisions from strong dynamical interactions as the
explanation of the observed excess of planets in low multiplicity
systems between the 2:1 and 3:1 MMRs.

of crossing orbits and planetary collisions, for the origin of
these planet pairs. If strong dynamical interactions via high-
order MMR are responsible, then large eccentricity values
would be expected since high order resonances are otherwise
suppressed by multiple factors of the eccentricity. However,
if collisions are the cause, then the eccentricities of the re-
sulting systems may be small by comparison since collisions
suppress eccentricity.

4 THREE-PLANET SYSTEMS

While not the primary focus of our study, we now make
some comments on the distribution of period ratios in the
observed three-planet systems. There are 83 three planet
systems with 166 associated planet pairs that satisfy the sta-

Figure 7. Histogram of period ratios for three-planet systems as
well as the simulated distributions constructed using the Rayleigh
distribution that is estimated from the high multiplicity sample
(as described in the text). The large excess of planets near the
2:1 MMR is not seen in the high multiplicity sample and is more
localized than the possible excess seen in the two-planet systems.

bility criterion. We deliberately excluded three-planet sys-
tems from the preceding study so that distinctions between
the high multiplicity and low multiplicity systems in the
B12 catalog could be more clearly identified. Nevertheless,
the three planet systems also show some interesting features
that merit further investigation.

Figure 7 shows the period ratio distribution for systems
with three planet candidates as well as the predicted dis-
tribution using a method essentially the same as what was
done with the two-planet systems but only assuming a single
missing planet. The most striking feature of the three planet
distribution is the large peak surrounding the 2:1 MMR—a
peak that is not nearly as prominent in the high multiplic-
ity sample of Figure 1. The peak just exterior to the 2:1
and and the small trough that just interior to it (the trough
is more readily visible in the high multiplicity sample) has
been the subject of additional study (Batygin and Morbidelli
2013; Lithwick and Wu 2012; Petrovich et al. 2012) and may
be generated naturally during the planet formation process
or during the subsequent dynamical evolution in the pres-
ence of a dissipative force. In the three-planet systems, the
peak near the 2:1 appears to be a true excess and may be
caused by orbital migration after the planets have formed
(Thommes 2005; Zhou et al. 2005). A smaller excess is also
visible near the 3:1 MMR that has no counterpart of com-
parable size in the high multiplicity sample.

Since roughly 25% of the three planet systems are near
the 2:1 MMR, several appear to be near 4:2:1 resonance
chains or three-body, Laplace-type resonances. The observed
number of 5 triples where the period ratios of all planets
are within 5% of 4:2:1 is consistent with a random selection
from the observed three planet distribution where one would
expect 5.2 triples. Nevertheless, these near-chains contribute
materially to the peak near the 2:1 MMR. It is not clear
whether the near 4:2:1 chains are a consequence of or the
cause of the excess near 2:1. Investigating the dynamical
properties of these systems will be valuable for identifying
their histories.

The presence of the excess planets near the 2:1 MMR in
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els of planet formation suggest that planetary systems are
dynamically packed (Laskar 2000; Lissauer 1995; Barnes and
Raymond 2004; Fang and Margot 2012b) such that stable or-
bits in a planetary system are likely to be occupied. Studies
of the architectures and dynamics of Kepler systems indi-
cate that virtually all of the Kepler multiplanet systems are
likely stable and that the ratios of orbital periods are gen-
erally not large (Lissauer et al. 2011; Fabrycky et al. 2012).
These observations are consistent with the predictions of
dynamical packing. However, we know from the population
of hot Jupiter planets that not all systems share a common
dynamical history; and that that relatively small population
has motivated new ideas for models of planet formation and
dynamical evolution. The identification of any new popula-
tion of systems with a unique history would be comparably
valuable—such as the long-predicted but newly discovered
circumbinary systems (Doyle et al. 2011; Welsh et al. 2012;
Orosz et al. 2012). Likewise, the absence of a detectable pop-
ulation of dynamically distinct systems also makes strong
statements both about the formation and histories of plan-
etary systems generally and about the very large sample of
Kepler systems that show only a single planet candidate.

In Section 2 we investigate some of the properties of the
distribution of the period ratios of adjacent planets in sys-
tems with four or more observed planet candidates. Section
3 uses the results from the high multiplicity sample to make
and test predictions about what we should see in the low-
multiplicity sample where only two planet candidates are
seen in each system. Section 4 makes a similar comparison
with the three-candidate systems. We investigate the newly
released, preliminary planet candidate list that results from
the analysis of Kepler data through quarter 12 (Q12) in
secction 5. We make concluding remarks in Section 6.

2 HIGH MULTIPLICITY SAMPLE

Consider the sample of candidate systems from Batalha
et al. (2012) (hereafter B12) that contain four or more can-
didates. We will call this sample the “high multiplicity” sys-
tems. Lissauer et al. (2012) shows that all multiple candi-
date systems have a high probability of being true planetary
systems—a statement that is especially true as the multiplic-
ity (i.e., the number of candidates on a single target) grows.
Thus, we claim that the Kepler multiple candidate systems
are a su�ciently pure sample of true planetary systems for
our study and we will use the terms“planet”, “planet candi-
date”, and “candidate” are used interchangeably. The num-
ber of high multiplicity systems from B12 is 36 with a total
of 154 planets (averaging 4.3 planets per system) however
we drop two systems from this sample, one where a planet
has a negative period (meaning that only one transit had
been seen) and a second where the system is unstable ac-
cording to the criterion given in Gladman (1993) assuming
Neptune mass planets. The final high multiplicity sample
thus contains 34 planetary systems with 146 planets, giving
114 adjacent planet pairs for study.

Lissauer et al. (2011) (hereafter L11) showed that
the typical mutual inclination of the orbits in multiplanet
systems is a few degrees; multiplanet systems are highly
coplanar. High multiplicity systems likely represent the low
mutual-inclination side of that distribution and we use them

Figure 1. Histogram of period ratios for high multiplicity sample.
The binning of this histogram is chosen to show some of the known
features near the 3:2 and 2:1 MMRs.

here as a proxy for multiplanet systems generally. Figure 1
shows a histogram of the orbital period ratios of adjacent
planets in this high multiplicity sample. In this figure we
can see some of the features discussed in L11 and Fabrycky
et al. (2012)—specifically the excess of planets near the 3:2
MMR and the lack of planets just interior to the 2:1 MMR.
Another feature of potential interest is the marginally sig-
nificant peak near the 7:2 MMR. The 7:2 resonance is not
normally important dynamically without some modest ec-
centricity in one or both of the planets in the pair.

The shape of the log of the period ratio distribution
is reasonably well approximated by a truncated Rayleigh
distribution where the minimum value of the distribution
is approximately 0.05 (corresponding to a period ratio of
100.05 = 1.1 and the Rayleigh parameter is 0.23. This value
of the Rayleigh parameter is found using maximum likeli-
hood estimation on the truncated distribution. We do not
here ascribe any physical significance to this parameteri-
zation, only noting that it is generally consistent with the
shape of the observed distribution for the high multiplicity
sample. Orbital stability requirements will natually impose
some truncation at smaller values as we have done—though
the functional form of the distribution at small separations,
our approximation notwithstanding, is certainly not a step
function. This distribution tends to over estimate the num-
ber of planets in the region roughly between the 2:1 and 4:1
MMRs. Regardless, for this work neither of the tails of this
distribution play a rigorous role and the overestimation of
the number of systems at modest period ratios will tend to
make later results more conservative.

We expect that most of the planets that lie between the
innermost and the outermost planet in the high multiplicity
systems are accounted for. However, some planets will in-
evitably be absent due to either inclination of the orbit or
the smallness of the planet’s transit signal (a good example is
Kepler-36 (Carter et al. 2012) which had an undetected inte-
rior planet that was missed because of its small size and large
TTVs). Missing planets will extend the tail of the period ra-
tio distribution to larger separations. These large gaps in the
observed planetary systems are potentially very interesting
since they could contain an additional planet, they could be
caused by some physical property of the protoplanetary or
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Figure 5. Histogram of the starting period ratios (solid bars) and
ending period ratios (line) if one assumes simplified, kinematic
collisions between two planets where the collisions are completely
inelastic and conserve angular momentum. The shift of the peak
to the right (larger separations) may be an underlying explana-
tion for the observed excess of planets in low multiplicity systems
between the 2:1 and 3:1 MMRs.

Figure 6. Histogram of the starting eccentricities (solid bars) and
ending eccentricities (line) of the planets if one assumes simplified,
kinematic collisions between two planets where the collisions are
completely inelastic and conserve angular momentum. The loss of
eccentricity in collisional systems may be an observable that could
distinguish collisions from strong dynamical interactions as the
explanation of the observed excess of planets in low multiplicity
systems between the 2:1 and 3:1 MMRs.

of crossing orbits and planetary collisions, for the origin of
these planet pairs. If strong dynamical interactions via high-
order MMR are responsible, then large eccentricity values
would be expected since high order resonances are otherwise
suppressed by multiple factors of the eccentricity. However,
if collisions are the cause, then the eccentricities of the re-
sulting systems may be small by comparison since collisions
suppress eccentricity.

4 THREE-PLANET SYSTEMS

While not the primary focus of our study, we now make
some comments on the distribution of period ratios in the
observed three-planet systems. There are 83 three planet
systems with 166 associated planet pairs that satisfy the sta-

Figure 7. Histogram of period ratios for three-planet systems as
well as the simulated distributions constructed using the Rayleigh
distribution that is estimated from the high multiplicity sample
(as described in the text). The large excess of planets near the
2:1 MMR is not seen in the high multiplicity sample and is more
localized than the possible excess seen in the two-planet systems.

bility criterion. We deliberately excluded three-planet sys-
tems from the preceding study so that distinctions between
the high multiplicity and low multiplicity systems in the
B12 catalog could be more clearly identified. Nevertheless,
the three planet systems also show some interesting features
that merit further investigation.

Figure 7 shows the period ratio distribution for systems
with three planet candidates as well as the predicted dis-
tribution using a method essentially the same as what was
done with the two-planet systems but only assuming a single
missing planet. The most striking feature of the three planet
distribution is the large peak surrounding the 2:1 MMR—a
peak that is not nearly as prominent in the high multiplic-
ity sample of Figure 1. The peak just exterior to the 2:1
and and the small trough that just interior to it (the trough
is more readily visible in the high multiplicity sample) has
been the subject of additional study (Batygin and Morbidelli
2013; Lithwick and Wu 2012; Petrovich et al. 2012) and may
be generated naturally during the planet formation process
or during the subsequent dynamical evolution in the pres-
ence of a dissipative force. In the three-planet systems, the
peak near the 2:1 appears to be a true excess and may be
caused by orbital migration after the planets have formed
(Thommes 2005; Zhou et al. 2005). A smaller excess is also
visible near the 3:1 MMR that has no counterpart of com-
parable size in the high multiplicity sample.

Since roughly 25% of the three planet systems are near
the 2:1 MMR, several appear to be near 4:2:1 resonance
chains or three-body, Laplace-type resonances. The observed
number of 5 triples where the period ratios of all planets
are within 5% of 4:2:1 is consistent with a random selection
from the observed three planet distribution where one would
expect 5.2 triples. Nevertheless, these near-chains contribute
materially to the peak near the 2:1 MMR. It is not clear
whether the near 4:2:1 chains are a consequence of or the
cause of the excess near 2:1. Investigating the dynamical
properties of these systems will be valuable for identifying
their histories.

The presence of the excess planets near the 2:1 MMR in
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