Australian
National
University

Using the Titius-Bode Relation to Correct for Kepler Incompleteness in the Habitable Zone

Planetary Science Institute, Research School of Astronomy and Astrophysics & Research School of Earth Sciences Timothy Bovaird & Charles H. Lineweaver

Using the Titius-Bode Relation to Predict the Periods of Kepler’s Missing Planets The Average Number of Planets in the Habitable Zone Per Star

What is the Titius-Bode relation (TBR) 7 , What is the Probability of a Predicted Planet being Rocky? 1000 100
* The TBR was used to help discover the Asteroid g 010 - .E:;Z'T;Zﬂ:ms ]  We define a‘rocky’ planet by its radius, with planets having R, < 1.5 Rg being | T | | |
Belt and Neptune, Uranus could have been discov- £ i B Kepler systems after | assumed to be rocky (Rogers et. al. 2014). Sun Mer V- up
. . . . i 1P e SystamS ANer 1
Ered ea;llte; Ii.y using the relation, which was j:% 0.05 |- IR ] e The Titius-Bode relation directly gives a period for the predicted planet. We look KOI-518 o b o . 2
|- ~ . . . . K - W
nown at the time. K i ] at the period ratios between adjacent planets and the dynamical stability of the KOI-435 ¢ ¢ & ol o = = o = Z
e The TBR represents the approximately even loga- & 0.00 - system to add an uncertainty to the predicted period worsr o ¢ i ¢ 2
o ' : : 1.0 0.5 0.0 0.5 1.0 ' KOI-701 o= 0 =+ = B0 & e & 3 ¥
”th.m:jc spacing of planetary orbital distances or Period ratio - mean period ratio of system e Given the predicted planet period, the noise of the star, and the size of the KOI-2183 >« o I ® Z 7
periods. i 1: Period Rati p for C let detected planets in the system, we calculate the maximum radius of the predict- KOI-841 ® @ @ = Z ® 74 Z
e The relation is directly related to the period ratios T;\gut(‘; t.'bertl.o aflozlgs a troxly 01 om.p; entgss ed planet which would have resulted in a detection. The predicted planet must Kor-1422 e ¢ ot ¢ G
f adi | in th hich i e distribution of adjacent planet period ratios, ) ) KOI-1922 @ o | @ £ Z
OreadC:JcizeVCitllT)Z:etsrg]xitn(;tseellmceo:\)s/:;ir:l WRICh Tt et from the mean period ratio in each system.The therefore have a radius less than this value Ry,,. KOI-1430 ® o | Y 74 7
E /P ~CH ”pFI) t . y. th .t green distribution represents our ‘most complete’ e We use an assumed planetary radius distribution (Fig. 3), and calculate the KOI-1258 e O ‘ [ &
n+1/Fn = - TOr all PIANELs palrs In the system. systems (unlikely to contain undetected planets). The fraction of the “undetectable” and “detectable” regions which are < 1.5 R, KOI-564 o © I o Z Z
. . . s S . ) ' i N ) i ) KOI-812 () ® o1 e A £
¢ For'adjacgnt pIanet. pairs which do not have a  black d'St”bUt'(_)n .IndICE:?teS that the Samp"”9 O,f This fraction is the probability of the predicted planet being rocky, i.e. what KOL612 ® l® : PY o ) 7
period ratio near this common value, we assume  Kepler systems is highly incomplete. The blue distri- Fracti £ th luded by ob . lies in th . I 2 Z
. buti ts th t ft . raction of the parameter space not excludead by observations lies in the region KOI-806 ._|‘ . 7z i 7
there is at least one undetected planet between bution represents the same systems atter missing where the planet is likely to be rocky (R, < 1.5 Rg) KOL351 - s unio o 2 @ @ 7 & v v u
the planet pair and insert planets to increase the Planets have been inserted using the Titius-Bode p= T ok KOLo04 % - @““ - -
system’s adherence to the TBR (Figs. 1 and 2) KOI-775 [ o | —o Z Z 7
o o KOI-2926 .—.—.—|_. @ 7 o 2
- _ o . o _ ~0.3 Rocky Planets Per Star in the Habitable Zone (R, < 1.5 Rg) KOL-2714 o o | ° = 7
e The transiting pIanet.a.ry systems dlscover.e.d by the Kep!er mission are su!OJected to significant selection e Forthe 31 systems in our sample which have planets close to the habitable zone, KOL-2073 ° ® I o = 2 2
effects as the probability of a planet transiting falls off with increasing period. we use the Titius-Bode relation to account for the expected detection incom- KOI-481 ° ® | ® i Z
e We expect many Kepler systems to have a high degree of incompleteness, as only some fraction of the pleteness and insert the missing, undetected planets. HOL719 ’ I . Z & @@
. . . . . KOI-1895 o— 0 1e 4 4
planets around a star will transit while the other planets remain undiscovered. e We extrapolate the planetary spacing of the system such that it extends past the KOI-250 AP - S P
¢ Previous period predictions that we have made resulted in the discovery of five new transiting planets. outer edge of the habitable zone. KOI-899 - o s.i = = e Z
- . KOI-1426 ol @ e 2 2 2
e We then calculate the probability of being rocky for each of these extrapolated KOL757 ° ® | ® 2 - -
planets. KOL620 o 0@ - =z =z = =
e Onaverage, there are 2+1 planets in the habitable zone per star, almost indepen- KOI-886 oo o= T O U
: dent of our three different definitions of the habitable zone (Table 1 & Fig. 4). Kor-952 &= 2 2 2
KOr-1336 . ) ) KOI-282 L | e 2 Z 7
orioss Of the 2+1 planets in the habitable zone per star, we expect ~0.3 to be rocky - Mercury
e Earth
KOI-2722 ® Uranus HZ
Ceres Mercury Mars . Saturn
KOI-2859 0-8 T \O' 1 \\\ T T 1T 1 T LI \10 ‘ ‘ ‘
. ET | | ] 1000 100
KOI-733 8 - Rlow anin Rmax ] Effective temperature [K]
KOL1151 g 0.6 |- A i Figure 4: Extrapolating Predictions to Estimate the Number of Habitable Zone Planets Per Star
g - The effective temperatures of planets within the 31 systems from our sample which extend out to the
T S 04 b - green habitable zone (HZ) after our planet predictions are made. For the purpose of estimating the
g - undetectable Doiine: ] number of HZ planets per star (see Table 1), we extrapolate additional planets (gray squares) beyond
‘ Mer‘;‘:ry S 09 L N the HZ. The sizes of the red hashed squares represent the maximum radius of the predicted planet.
® Eart i) L _
® Uranus ~ B ]
.Saturn 0.0 becoodienuin o i L ‘ ]
‘ ‘ ‘ ‘ ‘ 1.0 -0.5 0.0 0.5 1.0 1.5 Table 1. The estimated number of planets per star within various ‘habitable zones'.
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Rocky planets (R< 1.5R@)

All planets

0.0 0.1 0.2 0.3 0.4 0.5 Log planet radius [R.]
Semi-Major Axis [AU] gp ® Sample Mars-Venus K13 “optimistic” K13 “conservative” Mars-Venus K13 “optimistic” K13 “conservative”
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Exoplanet systems where an additional candidate was detected after a TB relation prediction was made. Previ- Our assumed planetary radius distribution. The distribution is well known Least extrapolation D 6+ 0.9 17408 1340 0.40 035 030

above 1 Earth Radius but poorly constrained below this value (Howard et. al.

ously known planets are shown as blue circles. The predictions of Bovaird and Lineweaver (2013) and their
uncertainties are shown by the red filled rectangles if the transit probability is high, or by red hatched rectan-
gles otherwise. The new candidate planets are shown as green squares. The critical semi-major axis, beyond
which the probability for a planet to transit is < 0.5, is shown by a solid black arc.
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