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284 KOIs used for a Kepler superstack 
blue lines: 100 posterior samples 
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K. Rodenbeck et al.: Revisiting the exomoon candidate signal around Kepler-1625 b

Fig. 1. Kepler light curve of Kepler-1625. Left panel: Simple Aperture Photometry (SAP) flux. Right panel: Pre-search Data Conditioning Simple
Aperture Photometry (PDCSAP) flux. The top panels show the entire light curves, respectively. The second, third, and fourth rows illustrate zooms
into transits 2, 4, and 5 of Kepler-1625 b, respectively. These transits were shifted to the panel center and ±10 d of data are shown around the transit
mid-points. Some examples of jumps and gaps in the light curve are shown. Time is given as a Barycentric Kepler Julian Date.

fast convergence of our detrending and transit fitting procedures,
we initially estimate the transit midpoints and durations by eye
and identify data anomalies: for example, gaps and jumps (e.g.
the jump 2 d prior to transit 2 and the gap 4 d after transit 4, see
Fig. 1).

Jumps in the light curve can have different origins. The
jumps highlighted around transit 2 in Fig. 1 are caused by a
reaction wheel zero crossing event; the jump 5 d after transit 4
is caused by a change in temperature after a break in the data
collection. Following Teachey et al. (2018), who ignore data
points beyond gaps and other anomalous events for detrending,
we cut the light curve around any of the transits as soon as it
encounters the first anomaly, leaving us with a light curve of a

total duration D around each transit (see top left panel in Fig. 3).
In Sect. 2.4.4, we investigate the effect of including data beyond
gaps. The detrending is then applied in two passes, using the
first pass to get accurate transit parameters. In particular, we
determine the duration (tT) between the start of the planetary
transit ingress and the end of the transit egress (Seager &
Mallén-Ornelas 2003) and the second pass to generate the
detrended light curve.
First pass. Using the estimated transit midpoints and durations,
we calculate the time window (tc, see top left panel in Fig. 3)
around a given transit midpoint to be cut from the detrending fit
as tc = ftc tT, where the factor ftc , relating the time cut around
the transit to the transit duration, is an input parameter for the
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possible starspot-induced signal would be crossing events.
However, starspot crossings (when a transiting planet occults a
dark spot; e.g., see Rabus et al. 2009) cannot be responsible for
the observed moon-like dips. This is because spot crossings can
only occur inside the main planetary transit and can never
produce out-of-transit flux decreases, as seen for Kepler-1625b,
purely from a geometrical argument. If the signal were
confirmed then, this would leave the exomoon hypothesis as
the leading explanation based on current information.

The quoted stellar properties of Kepler-1625 in the NASA
Exoplanet Archive changed significantly from DR24 to
DR25, owing to the addition of updated information in the latter
data release (Mathur et al. 2017). This update pushed the star
from a sub-solar to a super-solar radius (R 0.838 0.079

0.366
� = l-

+

R1.793 0.488
0.263

-
+

☉), enhanced the metallicity from sub- to super-
solar abundances, and lowered the density substantially ( �r =
2.059 0.26361.306

0.4626
0.0768
0.3257l-

+
-
+ g cm−3), indicating that this star is

likely climbing the giant branch. Critically, our planet-only and
planet+moon fits favor a low stellar density of 0.387 0.083

0.034
�r = -

+

g cm−3 and 0.405 0.054
0.028

�r = -
+ g cm−3. If the true density were

much higher, then Kepler-1625b would need to be either highly
eccentric or blended (Kipping 2014), both of which would be
severely detrimental to the exomoon hypothesis. Determining the
true nature of this star is critical as it will also dictate the sizes of
the planet and moon derived from the transit depth (which we
describe shortly).

We also attempted to recover a rotation period for the star
(following the methodology described in Torres et al. 2015) but
the amplitude of variability appears too small to recover a
consistent period across each quarter, with best-fitting periods

ranging from 4.5 days to 21 days. Attempting to regress a
coherent signal across all quarters gives an amplitude of
66 ppm; when performed on each quarter independently, the
median amplitude was 136 ppm. Given the lack of strong
evidence for rotation, the weak amplitudes in comparison to the
candidate moon transit depth (570 ppm), and the arguments
made earlier as to why rotational modulations are unlikely to be
a source of false-positive, we deem it unlikely that activity is
responsible for the signal observed.
Our photodynamical fits, combined with the DR25 stellar

properties indicate that Kepler-1625b is likely a Jupiter-sized
planet with approximately ten times Jupiter’s mass, orbited by
a moon roughly the size of Neptune. We calculate the radii of
the planet and moon by measuring the depth of the flux dip
( F F R Ro

2
*D = ( ) , where Ro is the radius of the object in

question) and we are able to derive a mass based on the
photodynamical model fit. We note that both the planet and the
moon show good agreement between mass and radius estimates

Table 2
Table of Effective Moon Sizes RS for Various Subsets of the 284 Planets Examined in this Work, in Units of Earth Radii

Single Effective Moon Subset Fits

Group RS [1σ] RS
max [2σ] BSP Group RS [1σ] RS

max [2σ] BSP

Smaller Planets [0.02, 0.36] 0.90 0.75 Larger Planets [0.02, 0.41] 1.18 0.76
Colder Planets [0.02, 0.41] 1.12 0.81 Hotter Planets [0.02, 0.42] 1.03 0.79
Colder Stars [0.02, 0.35] 0.83 0.79 Hotter Stars [0.02, 0.36] 1.07 0.74
Inner Planets [0.03, 0.81] 1.40 1.04 Outer Planets [0.02, 0.29] 0.83 0.69
Single-Planet Systems [0.02, 0.42] 1.05 0.79 Multi-Planet Systems [0.02, 0.34] 0.96 0.72
Habitable Zone [0.03, 1.10] 1.66 1.12 Non-habitable Zone [0.02, 0.33] 0.92 0.74

Note.We present 1σ credible interval values from the posterior distributions, while 95 pct is the 95th percentile upper limit. Here, BSP is the Savage-Dickey ratio
computed from the Rlog S( ) posteriors.

Figure 11. Histogram of the “significance” of an OSE detection for several
hundred KOIs, the test that revealed the presence of a possible candidate
around Kepler-1625b. The vertical axis scale is linear.

Figure 12. The three transits of Kepler-1625b observed with Kepler, overlaid
with 100 draws from the model posteriors. The black line is the maximum
a posteriori model.
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• star: solar mass, slightly evolved: 
1.793 (+0.263, -0.488) R⨀ (Mathur et al. 2017) 

• planet: Jupiter-sized, super-massive (10 MJup) 

• moon: Neptune-sized, orbit 19.1 (+2.1, -1.9) Rp 
(comparison: Galilean moons between 6 and 27 RJup)
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"Simple Aperture Photometry" (SAP), 4 years of almost continuous observations 
pixel summation time series of calibrated flux in optimal aperture

"Pre-search Data  Conditioning Simple Aperture Photometry" (PDCSAP), 4 years 
SAP corrected for systematic trends found by correlating times series of quiet stars

zoom into PDCSAP flux of transit 5 
note the stellar (and systematic?) variability!

zoom into detrended ("pre-whitened") PDCSAP flux of transit 5 
stellar variability removed to some (not fully known) extent with a sum of cosines

figure from 
Heller (2018, Sterne und Weltraum, in press)

"pre-whitened" PDCSAP flux of transit 5 
with 100 MCMC realizations
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detrended light curve looks like planet only
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Injection-Retrieval Experiments

Each panel 10 × 100 sequences of three transits with white noise only fitted with a planet-moon model
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Figure 11. Histogram of the “significance” of an OSE detection for several
hundred KOIs, the test that revealed the presence of a possible candidate
around Kepler-1625b. The vertical axis scale is linear.

Figure 12. The three transits of Kepler-1625b observed with Kepler, overlaid
with 100 draws from the model posteriors. The black line is the maximum
a posteriori model.
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Simple Aperture Photometry (SAP) 
Kepler Science Operations Center pipeline version 9.3

Simple Aperture Photometry (SAP) 
Kepler Science Operations Center pipeline version 9.0

http://advances.sciencemag.org/content/4/10/eaav1784
http://advances.sciencemag.org/content/4/10/eaav1784
http://iopscience.iop.org/article/10.3847/1538-3881/aa93f2/meta
http://iopscience.iop.org/article/10.3847/1538-3881/aa93f2/meta
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