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1 Introduction

A necessary input to planet occurrence calculations is an accurate model for the pipeline com-
pleteness (Burke et al.,2015). This document describes the use of the Kepler planet occurrence
rate products in order to calculate a per-target detection contour for the measured Data Re-
lease 25 (DR25) pipeline performance. A per-target detection contour measures for a given
combination of orbital period, Py, and planet radius, Rp, what fraction of transit signals are
recoverable by the Kepler pipeline (Twicken et all [2016; Jenkins et al., 2017)). The steps for
calculating a detection contour follow the procedure outlined in Burke et al.| (2015]), but have
been updated to provide improved accuracy enabled by the substantially larger database of
transit injection and recovery tests that were performed on the final version (i.e., SOC 9.3) of
the Kepler pipeline (Christiansen, 2017; Burke & Catanzarite, 2017a)). In the following sec-
tions, we describe the main inputs to the per-target detection contour and provide a worked
example of the python software released with this document (Kepler Planet Occurrence Rate
Tools — KeplerPORTs)E] that illustrates the generation of a detection contour in practice. As
background material for this document and its nomenclature, we recommend the reader be
familiar with the previous method of calculating a detection contour (Section 2 of Burke et al.|
2015), input parameters relevant for describing the data quantity and quality of Kepler targets
(Burke & Catanzarite), [2017b), and the extensive new transit injection and recovery tests of the
Kepler pipeline (Christiansen et al., 2016; Burke & Catanzarite, [2017a; (Christiansen|, 2017)).

2 Planet Radius to Multiple Event Statistic

This section describes the calculation necessary to estimate the primary detection statistic
employed in the Transiting Planet Search (TPS) algorithm, Multiple Event Statistic (MES)
(Jenkins, 2002; |Christiansen et al., [2012), at a point (Pop and Rp) of the detection contour.
This is the first step toward calculating a detection contour, as we must estimate what the MES
would be for a hypothetical planet for any given Py, and Ry in the domain of the detection
contour tailored for the stellar properties of the Kepler target. We employ this MES estimate
to obtain a completeness estimate based upon the detection efficiency model which is expressed
in terms of MES (see Section . To first order, the MES is proportional to and has the same
dependence as the basic equation for transit signal-to-noise ratio,

A
SNR = = /Nyran: (1)

where A is the transit depth, is an estimate of the flux time series noise on a time scale
equivalent to the transit duration, and N¢an is the number of transit events contributing to the
detection. However, for sufficient accuracy for use in modeling the Kepler pipeline completeness,
MES formally depends on how well the search template matches the transit signal and the
time-varying noise estimate measured in TPS (the so-called Combined Differential Photometric

Thttps://github.com /nasa/KeplerPORTs
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Precision (CDPP) time series, Christiansen et al., 2012; Thompson, 2016). For DR25, the MES
estimate is given by,

=0 (Rp; 2)
one(Rp; I:)orb; ’?)

where o is the transit depth for an impact parameter,b = 0, planet crossing, - is a list of
the stellar parameters R», log g, andT, ) of the target along with limb darkening parameters,

one 1S the one-sigma depth (OSD) function, andMES ., is a scale factor (see below) to achieve
agreement with the MES values calculated by TPS.

We employ - because it represents the maximurMESs possible (for a givenR, and
Porp), there is a simple algebraic expression for the case of a limb darkened transit (Mandel
& Agol, 2002, see case 10), and it provides a convenient reference point in order to take into
account the distribution of MES values encountered for a giveR, and P, (see Section 4) in
the detection contour modeling. Limb darkening parameters consistent with stellar parameters
from the DR25 Stellar Catalog (Mathur et al., 2017) are provided in the DR2Kepler Stellar
Table for all Kepler targets searched for planets. The KeplerPORTSs software provides a python
implementation for calculating -9 modeled after Mandel & Agol (2002). The OSD function
is described in Burke & Catanzarite (2017b). To summarize, the OSD function quanti es
the transit signal depth that results in a MES=1 signal for a given transit duration, , and
Porn. At xed Pgy, the one-sigma depth function takes into account e ects such as the time
varying CDPP noise, cadences deweighted during the search, and number of transit events
while averaging these quantities over orbital phase. The OSD function depends anthrough
predicting the expected at a given point in the detection contour. The OSD function values
are tabulated over a very ne grid ofP,,, and the fourteen standard transit durations employed
in the planet search in TPS (i.e., 1.5, 2.0, 2.5, 3.0, 3.5, 4.5, 5.0, 6.0, 7.5, 9.0, 10.5, 12.0, 12.5,
15.0 hr). KeplerPORTs provides python functions to compute for a given ?, Pgyp,, and Ry,
as well as code for interpolating the OSD function in order to implement Equation 2.

We verify the R, to MES model by comparingMlES ¢ from Equation 2 to the expected MES
(MESey) as measured in the ux-level transit injection (FLTI) tests (Burke & Catanzarite,
2017a). TheMES, as provided by the FLTI tests are calculated with the TPS algorithm
itself, thus the FLTI MESy, is the standard we are trying to match with the approach taken in
Equation 2. For the MES comparison, we selected a subsample of 7199 targets from the available
32316 targets in the FLTI run having KSOC-5006 as its identi er (Burke & Catanzarite, 2017a).
From these 7199 targets, 5742, remained after selecting a set of "well-behaved' targets for the
MES comparison (see Section 3 for a more detailed de nition of "well-behaved’). We dropped
from consideration targets with>10% of cadences removed by the multiple planet search.
Furthermore, we selected transit injections that haveb < 0:05, transit duration <15 hours,
pass the window function criteria with su cient Nya, (Burke & Catanzarite, 2017b), and have
4.0< MES ¢, < 100.0. If a target has at least 20 transit injection trials meeting the above
criteria, we calculate the median ratio OMES a0 = MES =M ES,,, for that target, assuming
MES., = 1. Figure 1 shows the resultingMES 4, as a function of targetR,. The median
MES ratio, MES.,; = 1:003, and the standard deviation around the median, = 0:01. Our
simpli ed MES ¢ calculation agrees well with the MES values provided by the TPS algorithm,

MESest(Rp; Porb) = MEScor; (2)

7
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however, in order to improve the agreement, we apply thMMES., correction factor when
calculating MES ¢ for the detection contour model using Equation 2. Repeating the analysis
on other subsamples of targets from the KSOC-5006 FLTI run yielded the same result.

As more thoroughly discussed in Section 3.6, the outliers in Figure 1 are correlated with
parameters associated with suppressed recovery of transit signals in tkepler pipeline. The
full database of FLTI results can be employed to develop a higher ord&, to MES model
and provide more accurate results for the outliers shown in the right panel of Figure 1. These
higher order e ects are an insigni cant contribution to planet occurrence for thekepler dwarf
star target sample. We do not address them with the currerR, to MES model. Science e orts
that require understandingKepler pipeline completeness for individual targets, especially for
targets with less well-behaved ux time series properties, may need to provide a higher delity
R, to MES model.

Figure 1: MES ratio between the MES estimated by Equation 2 assumifdES ., = 1 and the
MES as measured using the TPS algorithm as a function Bf(left panel) and as a function of
CDPP slope (see Section 3.1) for short transit durations.

3 Per-Target Detection E ciency Model

From previous analysis of the pixel level transit injection (PLTI) studies, Christiansen et al.
(2016) noted that the average detection e ciency (DE) performance varied with varying se-
lections of the target sample. A major emphasis of the DR25 analysis was to quantify this
target-to-target variation of the DE. To support this e ort, we performed a series of ux-
level transit injection (FLTI) tests and released a database of 121 million transit injection and
recovery tests that probe the behavior of the TPS module of th&epler pipeline (Burke &
Catanzarite, 2017a). Burke & Catanzarite (2017a) describe the FLTI output and illustrate the

8
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generation of a DE curve for an individual target. The FLTI tests consist of a set of "deep’' FLTI
runs with 10 injections for a representative set of 100 targets supplemented by “shallow'
FLTI runs with  1C° injections on a much larger set of 10* targets. The deep and shallow
runs complement each other for the development and validation of the per-target DE model
and they help identify external variables that correlate with variations in the DE. The DE is a
critical input for the detection contour, and previous planet occurrence rate calculations (Burke
et al., 2015) employed the average DE derived from PLTI studies (Christiansen et al., 2015).
The average DE derived from the PLTI study is still valid for occurrence rates, especially those
involving large samples of targets. However, occurrence rate studies involving small subsets
of Kepler targets should use the DE model described herein as it more accurately captures
target-by-target variations.

3.1 Characterizing Stellar Noise Using CDPP Slope

Through trial and error, we determined that the external parameters that correlate most
strongly with the empirical per-target DE variations measured from the FLTI tests are stellar
radius (R-), CDPP slope, and orbital period ). CDPP slope values are new to DR25 oc-
currence rate products, and we introduce them in this section before describing the DE model.
CDPP slope values are tabulated for all targets as part of the DR2&epler Stellar Table (Burke
& Catanzarite, 2017b). In order to calculate CDPP slope values, we begin with rmsCDPP val-
ues for the fourteen transit durations employed in the search by the TPS algorithm (Thompson,
2016). Under the assumption of white Gaussian noise in the ux time series, the rmsCDPP
values decrease toward longer transit durations roughly as square root of the number of ca-
dences in-transit. We quantify how well a target follows this expectation of white Gaussian
noise by measuring the slope of rmsCDPP as a function of transit duration; a negative CDPP
slope indicates that the ux time series satis es the white Gaussian noise assumption. To cap-
ture the behavior in rmsCDPP trends with transit duration exhibited by Kepler targets, we
calculate a CDPP slope for the short transit durations (2 < 4.5 hr), slpCDPPs, and long
transit durations (7.5< < 15 hr), slpCDPP. Figure 2 shows a scatter plot of CDPP slope
(short versus long) for the targets studied as part of the FLTI test. Targets in the lower left
corner of Figure 2 (negative CDPP slope values) empirically have a DE response closest to
the theoretical expectation indicative of well-behaved ux time series data free of astrophysical
noise. Targets that depart from the ideal white Gaussian noise properties have higher CDPP
slope in both dimensions, and have suppressed DE curves. We de ne the lower left region of
the CDPP slope plane (slpCDPPRP< 0:1 and sIpCDPR, < 0:4) as having well-behaved noise
properties because the corrections for a suppressed DE inside this region are smaller than 5%.
A majority (85%) of Kepler dwarf (R,<1.1R ) targets are in the well-behaved region of the
CDPP slope plane and have the highest sensitivity DE curves.
Quialitatively targets with short, hourly time scale astrophysical variability populate the

lower diagonal population that branches o from the densely populated area at slpCDRPE

0:4 in Figure 2. Subgiants and giants generally populate the region toward higher slpCDPP
and the upper right corner of the CDPP slope plane. It may be fruitful to investigate whether
the information in the CDPP slope plane can be employed as a stellar gravity indicator in
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Figure 2: Distribution of the Kepler target noise properties in terms of slpCDPP versus
slpCDPP, (small points) for the subsample of targets with FLTI results. For purposes of mod-
eling the DE, this CDPP slope plane is parceled into bins (large points represent bin centers)
and corrections to the DE model are applied at these bin locations. The shading of the large
points represents the reduced? between the nal DE model and empirical DE measurements
from the FLTI tests. The reduced 2 calculation is described in the text, but locations in the
CDPP slope plane with a white to red color shading are locations where locally more than 10%
of the targets have empirical DE that signi cantly disagree with the nal DE model.

10
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