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The detection of a moon around an extrasolar planet represents an outstanding challenge in 

modern astronomy. The announcement of an “exomoon” would usher in a new age of discovery 

with the promise of solving many unanswered questions about the nature, origin and evolution of 

planetary systems. Perhaps most interestingly, moons could be common habitable environments 

in the Galactic neighborhood and may even outnumber planets as temperate abodes for life. I 

propose here a program of observations and theoretical development to search for an exomoon. 

This search will provide many opportunities for parallel science, which will be exploited, as done 

with my previous publications. The principal science goals may be summarized as: 

I. A search for exomoons in transiting systems, with primarily (but not exclusively) Kepler 

II. A search for perturbing planets and Trojan bodies in transiting systems 

III. Characterization of transiting exoplanets using secondary eclipse measurements 
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In the last two decades we have witnessed the discovery of hundreds of extrasolar 

planets, ranging from super-hot Jupiters to frozen super-Earths (see http://exoplanet.eu).  As the 

catalogue of known planets continues to swell, one of the great last questions in exoplanetary 

science is - do exoplanets have moons?  Based on a Copernican view of the Universe and the 

observations of our own Solar System, it seems very probable that exomoons are common 

throughout the Galaxy.  Indeed, it has been postulated that exomoons could be frequent habitable 

environments - maybe even outnumbering habitable planets [1,2].  In light of this, the search for 

an exomoon is of paramount importance to furthering our understanding of not just planetary 

formation and evolution, but more profoundly, our place in the Universe. 

I have spent a substantial portion of my PhD researching methods to detect extrasolar moons 

and this work constitutes the core of my thesis.  My research so far on this subject can be split 

into two principal components: (1) theoretical development (2) observational searches.  In 2009, 

I published a series of three theoretical papers which: 

! Devised a new technique for detecting exomoons [3]  

! Explored second-order effects [4] 

! Showed that habitable-zone exomoons down to 0.2M! are detectable with Kepler [5] 

Although detecting an exomoon is feasible [5], it requires a detailed understanding of the effects 

at play, which are much more subtle than the techniques used in exoplanet detection. I believe I 

am uniquely placed to lead an observational search as a result of the years of research I have 

already invested towards this challenging goal. 
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If a planet has a moon, the pair of bodies orbit a common center-of-mass, which is 

usually located very close to the planet's center.  As a result, the planet appears to wobble about 

during the course of its motion around the host star.  More precisely, both the position and 

velocity of the planet oscillate around some local mean value and these changes manifest as 

transit time and duration variations (TTV & TDV). With TTV being a positional-effect and TDV 

a velocity-effect, the two will always be !/2 out-of-phase, providing a unique exomoon signature 

that may be searched for (see Fig. 1 left panel, and [3,4] for more technical details). TTV and 

TDV are conceptually analogous to the astrometry and radial velocity methods, respectively, of 

finding exoplanets. Kepler is estimated to be capable of detecting habitable-zone exomoons 

down to 0.2M! with TTV/TDV [5], demonstrating the feasibility of the search we propose here. 

THANK-YOU SAGAN!



η☾=?

‣ Habitable moons 

‣ Habitable planets with large moons 

‣ Satellite formation

HOW OFTEN DO PLANETS 
HAVE (LARGE)  MOONS?
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PLUTO-CHARON RATIO

EARTH-MOON RATIO

D
ETECTABLE FO

R
~1 IN 8 P

LANETS

D
ETECTABLE FO

R ~2 IN 5 P
LANETS

Kipping, Schmitt, Huang et al. (2015)
“HEK V. A Survey of 41 Planetary Candidates for Exomoons”Kipping et al. (2015)

survey of 57 KOIs
[2 million CPU hours]



secondary science
‣ Transit timing variations (TTVs) due to perturbing 

planets are a false-positive for us 

‣ But, these have yielded several secondary science 
discoveries...

KOI-872c, first non-transiting planet with 
a unique orbit found using TTVs

KOI-142b: The King of  TTVs

KOI-314c: Lowest mass transiting 
planet found to date at 1.0 Earth 

masses. Composition likely a mini-
Neptune and not rocky!

Nesvorny+ 
(Science, 2012)

Nesvorny+ (2013)

Kipping+ (2014)



stack it



statistical inference of moon populations 

Simon et al. (2011) and later Heller (2014) proposed stacking many transits 
of a planet may reveal an averaged signal of exomoons

requires N≫1 transits, so we have 
to stack different planets together 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Galilean clones are uncommon...

5.1 ppm

noise looks well-behaved...
posteriors constrain 
occurrence rate of 

Galileans to η<0.38 (95%)

BSP=Zsat/Znull=0.43



<0.1AU  

0.1-1AU  

>1AU 

rarely forms?

not surveyed

moons uncommon

rarely 
survives?

crucial need to 
survey out here

=> rare long-period transiters 
need follow-up!



wait... but I just saw 
this...!



Kepler-1625b

-5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5
significance

fre
qu
en
cy

but one object did stand out...

287d 11 MJ, 1RJ super-Jupiter with 4 RE, 
30 ME “Neptmoon”, 20 RP sep @ 3 days

we didn’t feel convinced by this (!) and so 
we asked for HST time

Teachey, Kipping & Schmitt
2017, AJ, 155, 36  

(arXiv:1707.08563) 



Marginalising instrument systematics in HST WFC3 transit lightcurves 3

XO-1 HD 209458 WASP-17

Fig. 1.— Three of the main systematic e↵ects observed in HST WFC3 transit datasets: a) “HST breathing” e↵ect caused by the
temperature variations in the orbital period of HST. b) Visit-long Slope, a linear trend observed across the entire observing period for all
transit lightcurves observed with HST WFC3. c) The ‘ramp’ e↵ect which is thought to be caused by charge trapping between bu↵er dumps.
Lower panels show the residuals of each dataset with respect to di↵erent timeseries parameters. Top: residuals in terms of planetary phase.
Middle: residuals in terms of HST orbital phase, where each HST orbit of data is overplotted on subsequent orbits. Bottom: residuals in
terms of exposure number.

Wakeford et al. 2013; Line et al. 2013; Stevenson et al.
2014) which remove systematics based on functions of
the HST orbital time period and phase.
Many groups have also reported a visit-long trend in

WFC3 lightcurves. This trend can be seen clearly in the
raw band-integrated lightcurve of HD209458 shown in
Fig. 1b, which displays a significant slope across the en-
tire observation period. This can be seen in relation to
both planetary phase and exposure number. This sys-
tematic trend has not been correlated with any other
physical parameter of WFC3 observations. However, it
has been shown to significantly a↵ect the resultant sys-
tem parameters obtained from the lightcurve.
In addition to orbital phase trends, both in planetary

and HST space, a number of lightcurves have been dom-
inated by a systematic increase in the intensity during

each group of exposures obtained between bu↵er dumps
referred to as the ‘ramp’ or ‘hook’ e↵ect (e.g. Berta et al.
2012; Mandell et al. 2013). The dataset of WASP-17 in
Fig. 1c clearly displays this e↵ect, and the bottom resid-
ual plot in terms of exposure number shows the highly
repeatable aspect of the systematic. This is thought to
be caused by charge trapping on the detector and it has
been found that the ‘ramp’ is, on average, zero when
the count rate is less than about 30,000 electrons per
pixel (Wilkins et al. 2014). This is commonly seen in
stare mode observations where the count rapidly builds
up over a small pixel range.
Strong wavelength dependent shift of the stellar spec-

trum across the detector throughout the course of the
observation can also a↵ect the spectroscopic lightcurves
and therefore the measured transit parameters (Deming

WFC3 has 3 important systematics to deal with  

Wakeford et al. (2016) 



step 1: remove breathing  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step 2: remove hooks 

x3.8 times better than Kepler 



step 3: fit long-term trend with transit model  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2logKMZ = 6.38
logKM = 6314.01

2logKMZ = 17.77 
logKM = 6315.73

2logKMZ = 3.61 
logKM = 6312.92

linear

quadratic

exponential

typical WFC3 approach is linear trend (Huitson+ 2013, Ranjan+ 2014, Knutson+ 
2014), some have used quadratic (Stevenson+ 2014a,b) 

planet+moon  
+trend model



step 3: fit long-term trend with transit model  

compute Bayesian evidences of 3x trend models and 4x transit models 

P = planet-only model (linear ephemeris) 
T = planet with TTVs
M = planet + moon model
Z = planet + zero-radius moon 

Table 1: Bayesian evidences (Z) and maximum likelihoods ( ˆL) from our combined fits using
Kepler and new HST data. Kepler+HST fits. The subscripts are P for planet model, T for plan-
etary TTV model, Z for a zero-radius moon model and M for moon model. The three columns
are for each trend model attempted.

linear quadratic exponential
logZP 6302.79± 0.11 6306.68± 0.11 6308.41± 0.11
logZT 6304.86± 0.11 6308.81± 0.12 6305.11± 0.11
logZZ 6306.84± 0.11 6311.12± 0.12 6310.82± 0.12
logZM 6315.73± 0.12 6312.92± 0.12 6314.01± 0.12

2 logK(Z 0
M/Z 0

P) 1.00± 0.22
2 log(ZM/ZP) 25.88± 0.32 12.47± 0.33 11.19± 0.32
2 log(ZM/ZT) 21.72± 0.33 8.21± 0.34 17.81± 0.33
2 log(ZM/ZZ) 17.77± 0.33 3.61± 0.33 6.38± 0.34

��02
PM = 2 log(

ˆL0
M/ ˆL0

P) 18.66

��2
PM = 2 log(

ˆLM/ ˆLP) 54.93 41.04 41.57
��2

TM = 2 log(

ˆLM/ ˆLT) 35.69 23.97 38.71
��2

ZM = 2 log(

ˆLM/ ˆLZ) 33.68 19.59 19.22

24

planet+moon strongly 
favored over planet-

only 

what drives 
this?
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linear quadratic exponential

epoch -2 (Kepler) epoch 0 (Kepler) epoch +1 (Kepler)

epoch +7 (HST) epoch +7 (HST) epoch +7 (HST)

BJD - 2,455,400

anomaly 1: HST transit comes in 78±25 mins early [SNRttv = 4.3] 

anomaly 2: a second decrease 
in brightness 3.5 hours after the 

planetary transit
[SNRdip = 5.1] 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^
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exponential  <log P> = -0.63

 <log P> = -1.03quadratic
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- we detect a TTV anomaly (SNR~4) 
and a second dip (SNR~5) with HST 
around a long-period Jupiter

- dip does not appear to be instrumental 
after residual inspection, centroid 
analysis, SAA consideration, chromatic 
testing, comparison star check and 
hook correction method

- moon is a Neptune sized body, 
seemingly stable with self-consistent 
masses and radii for system

is it real? we advocate for more data!
- because HST data is so much more 
precise than Kepler, HST dominates the 
regression and so we only really have 
one event

- in revised Kepler data, the moon is 
less apparent and we probably may not 
have applied for time if we’d used 
DR25!

- we have no post-moon transit data

pros cons

- not anticipated from formation theory

- moon hypothesis is the simplest 
explanation for both anomalies



TTVs could easily be caused 
by an unseen perturbing 

planet

unless - could the second dip, 
corresponding to a Neptune-
sized body, be a previously 

undetected transiting planet?

Nesvorny, Kipping et al. (2014)

but this doesn’t explain 
the dip…



duration is at least 7.8 hours, means P>24.3 days
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Figure 3. The fraction of injected signals successfully recovered
by the pipeline, for the FGK dwarfs (4000K < Teff < 7000K, log
g > 4.0; 8,579 injections in total) in the upper panel and the re-
maining targets (M-dwarfs and evolved stars; 2,092 injections in
total) in the lower panel. In both panels, the black dotted line is
the 7.1σ pipeline threshold; the red curve is the optimum detection
efficiency of the pipeline for white noise; the green curve is the Γ
function fit to the data; and the magenta line is the linear detec-
tion efficiency used by Fressin et al. (2013). The increased noise
in the lower panel is due to the significantly lower number of trial
injections.

processes in the pipeline that are implicated. Of the
1,218 injections that are not recovered, 397 have an ex-
pected MES of greater than 15. Only 95 of these have
periods longer than 3 days (below which we can attribute
the non-detections to the harmonic fitter described ear-
lier) and 17 of these are recovered at an integer multiple
of the injected orbital period. Of the remaining 78 sig-
nals, 46 (∼ 60%) show very strong stellar variability, stel-
lar rotation or eclipsing binary signals; these light curves
may not be treated well by the harmonic fitter, and/or
may generate many spurious detections that cause the in-
jected signal to be missed. Of the remaining 32 signals,
26 have fewer than six transits. Here, a significant fac-
tor contributing to the non-recovery of transit signatures
is the vetoes used by TPS to discriminate between gen-
uine transit signals and those caused by systematic noise
(Seader et al. 2013, Tenenbaum et al. 2014, Seader et al.
2015). In this version of TPS, there is a documented issue

that the χ2 veto is overly aggressive toward signals with
a low number of transits, due to the test not taking into
account the mismatch in shape between the transit signal
in the data and the modelled transit template (Seader et
al. 2015)1. Additionally, for transiting planets where the
individual events have low SNR, the shape of the transit
can be distorted by the noise present in the data to the
extent that the transit signal can fail the vetoes. Careful
tuning of the vetoes has been performed during pipeline
testing to preserve as many of the ‘real’ transit signals
as possible while eliminating many tens of thousands of
spurious signals, but we can see the impact of the ve-
toes on the signals with low numbers of transits and low
SNR here. This leaves six well-behaved light curves with
a reasonable number of high SNR transits for which we
have no ready explanation for their non-recovery.
One comparison we can investigate is between the tar-

gets on the nominal/best focus CCD channels, and the
channels at the edge of the field, which experience the
worst focus. Although the focus changes across the
field of view, it is relatively stable across the scientific
timescales of interest, cycling on a yearly basis with
the spacecraft thermal environment. Indeed, we find
that there is only a slight improvement in detection effi-
ciency for the ‘best’ focus CCDs compared to those with
the ‘worst’ focus. Examining the FGK sample as de-
fined above, we find best fit coefficients of a = 4.26,
b = 1.04 (a 27.6% recovery rate at 7.1σ) and a = 4.79,
b = 0.98 (a recovery rate of 22.7% at 7.1σ), respectively.
This is distinct from the fact that the targets on the
‘worst’ focus channels typically have higher CDPP val-
ues (Christiansen et al. 2012) and therefore it is already
more difficult to detect low SNR planetary signals in
these channels; this statement is that, for a given CDPP,
the detection efficiency of the pipeline is lower on the
channels that are less well focussed.
We also examined the different electronic artefacts that

were sampled (e.g. variable black/bias correction, FGS
crosstalk, rolling band artefacts, and start-of-line ring-
ing; see the footnotes of Table 1 for a description of these
artefacts) and the results are delivered in Table 3. We
find small variations in the recovery rate from the average
rate for all FGK targets, with variable black/bias correc-
tion and rolling band artefact channels having a slightly
higher recovery rate, and the FGS crosstalk and start-
of-line ringing channels having rates comparable to the
non-electronic-artefact channels examined. At this stage
we are hesitant to over-interpret the slightly higher rates
in some channels as meaningful, due to the relatively
small number of injections and recoveries per behaviour
studied, and also since the periodicity of the noise intro-
duced by these CCDs is, like the focus changes, approx-
imately yearly, as the targets cycle off the CCD channel
with the electronic artefact and typically onto more well-
behaved CCDs, before returning to the noisier channel
a year later. We can expect to uncover longer period
changes in sensitivity when a longer observation baseline
is examined in the next experiment.

3.2. Recovery of injected parameters

For the recovered injections, we can compare the values
fitted by the pipeline to those injected. First, we examine

1 This issue will be resolved in the 9.3 version of TPS.

Christiansen et al. (2015)

SNRc =
SNRb

(11.4/4)2

√Pb

√Pc

Pr(appears in 40hr window)
= 40hrs/Pc

Pr(detecting c|coplanar)
+

50 100 500 1000 5000 104
5.×10-5

1.×10-4

5.×10-4

0.001

0.005

Pc [d]

Pr(c not detected by 
Kepler AND appears 
in 40 hr HST window) <0.3%

could the second dip, corresponding to a Neptune-sized body, be a 
previously undetected transiting planet?

highly 
improbable



can the TTVs and the second dip be explained by a self-
consistent moon model?
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linear quadratic exponential

epoch -2 (Kepler) epoch 0 (Kepler) epoch +1 (Kepler)

epoch +7 (HST) epoch +7 (HST) epoch +7 (HST)

BJD - 2,455,400

- Neptune size moon at ~40 planetary radii explains all data



can the TTVs and the second dip be explained by a self-
consistent moon model?

linear  <log P> = -0.55
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exponential  <log P> = -0.63

 <log P> = -1.03quadratic

photodynamics

Rp + forecaster

photodynamics *and* (Rp 
+ forecaster)

Rs + forecaster + Msp

- asp = 20% of the Hill sphere, stable in 78% of posterior samples

- Neptune size moon at ~40 planetary radii explains all data
- planet & moon mass/radius are self-consistent => physically sound



the case for a moon really rests on that second dip, 
could it be due to an instrumental effect?
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comparison star is stable at this time



moon-like dip is nowhere near an SAA crossing

Phase II primary support contact, Bill Januszewski
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centroids look very stable around this time

+ no noticeable correlation between centroid and flux
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2log!MZ = 4.59 

2log!MZ = 6.35 

2log!MZ = 1.61 ^

^

^ 2log!MZ = 21.14 

2log!MZ = 9.00 

2log!MZ = 11.40^

^

^

1.2 - 1.4 μm 1.4 - 1.6 μm

chromatic residual interpixel sensitivity variations unlikely are 
thus unlikely to explain the dip

signal also appears to be achromatic



linear
solution

quadratic
solution

exponential
solution
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2log!MZ = 4.59 

2log!MZ = 6.35 

2log!MZ = 1.61 ^

^

^ 2log!MZ = 21.14 

2log!MZ = 9.00 

2log!MZ = 11.40^

^

^

1.2 - 1.4 μm 1.4 - 1.6 μm

stellar activity?

signal also appears to be achromatic

- HST achromaticity suggests no

- WFC3 suppresses spots by 30% (assuming 
ΔT=2000K spots)

- star is old (9Gyr) and somewhat evolved (1-
>1.7 RSun) suggesting a slow rotation period

- indeed no rotation period is detectable in Kepler 
data (McQuillan+ 2015)

- global LS periodogram finds best fitting peak of 
66ppm, quarter-by-quarter median is 136 ppm (c.f. 
500ppm dip)

- sharp dips away from main transit difficult to 
conjure using spots

v unlikely to be the product of stellar 
activity

500 1000 1500 2000
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GAIA DR2 parallax greatly helps us 
interpret the star
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residuals bin as 
Gaussian noise, but 
without a moon the 
binning looks worse

+ big artifact 
sticks out


