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A Section A details our use of the Kepler data and provides important information
deduced from the pulsation spectrum of KIC 05807616:

> Section A.1 describes the extraction of the pulsation frequencies following a
standard procedure, similar to the analysis of the star KPD 0629-0016 observed
with CoRoT?>" or the star KIC 02697388 observed with Kepler®? .

> Section A.2 provides details on the detection of the low-frequency modulations
attributed to orbiting bodies.

o Section A.3 shows evidence for the presence of rotational splitting in the
pulsation spectrum of KIC 05807616. A mean rotation period of approximately
39.23 days is estimated. Rotational splittings can provide extremely valuable
information on the rotational status of stars® .

o Section A.4 shows that constraints on the inclination angle of the system can be
obtained from visibility arguments based on the observed amplitudes of
components of well identified mode triplets. Mode visibilities can be computed
accurately for sdB stars following Randall et al.** . Inclination angles lower than
about 20 appear to be inconsistent with the observed triplet amplitudes. An
inclination of approximately 65 is suggested.

A Section B shows, from pixel level light curve analysis, that the detected low-
frequency signal comes from KIC 05807616 and not from a contaminating nearby
star.

A Section C provides a discussion on various plausible origins for the low-frequency
signal, but all alternative interpretations are ruled out for being either unlikely or
inconsistent.

A Section D provides the calculations for evaluating the properties of the planet
candidates from the measured signal. A complete exploration of the parameter
space is presented. It shows with no ambiguity that in all situations except for very
low inclination angles, objects of planetary size are expected. Low inclinations are
however inconsistent with the observed properties of the pulsations (as detailed in
section A.4) and can reasonably be ruled out. The analysis shows that in most
cases, except when we assume that heat is evenly redistributed on the surface of
the planet candidates (which seems unlikely for this system), nearly earth size
bodies are predicted. At the opposite extreme, efficient heat distribution would imply
Neptune/Jupiter size planets.

A Section E provides a discussion and hints for tentatively interpreting the F2 complex
structure.
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Supplementary Information, Section A:
Frequencies detected in KIC 05807616 with Kepler

KIC 05807616’s variability was first established during the
Kepler exploration phase covered by quarters QO to Q4. During
this phase, potentially interesting stars were alternately selected
for observation in order to assess their potential for asteroseis-
mology and decide if further monitoring with Kepler is rele-
vant. Data for KIC 05807616 were obtained during the Q2.3
sub-run (~ 27 days of short cadence data sampled at 58.8 sec-
onds) and the Q2 run (89 days of long cadence data sampled at
30 minutes)'!. This star was not observed during quarters QO,
Q1, Q3, and Q4. Thus far, only the short cadence Q2.3 data have
been used for a detailed asteroseismic study of KIC 058076167,
Q2 alone was not suitable for this purpose due to undersampling,
as most of the oscillation modes have frequencies beyond the
Nyquist limit for the long cadence data.

The short cadence Kepler monitoring of KIC 05807616 re-
sumed in quarter Q5, nearly 6 months after Q2. From this time,
it has been proceeding with no interruption other than those due
to technical reasons. The detection of the low frequency mod-
ulations of interest and their interpretation first came after the
QS5 data were released (in October 2010). The Q6 data (released
in February 2011) provided insurance that these low signal-to-
noise detections were indeed real. The 6 month monitoring of-
fered by combining Q5+Q6 is the minimal contiguous data set
that proves beyond any doubt (i.e., with a high enough signal-
to-noise) that these frequencies exist. The Q5+Q6 data also re-
solve the fine structure in the pulsation spectrum that can be in-
terpreted as rotational splitting and which is proving useful in
the context of this study (see Section A.3 and A.4). Therefore, a
significant part of the analysis presented below concentrates on
the Q5+Q6 data only, unless their is some relevant benefit in in-
cluding additional runs. By the time of this writing, Q7 has also
been released (in May 2011), as well as Q8 (in August 2011).

A.1. Frequencies associated with pulsations

The analysis of the pulsations of KIC 05807616 (KPD
1943+4058) is based on the combined Q5 and Q6 Kepler runs
which provide a sufficient basis for the purposes of this paper.
In the spirit of having a homogeneous and contiguous short ca-
dence light curve, we also avoided using Q2 in this context. We
have analyzed in detail these data (corrected for flux contamina-
tion) following standard procedures based on prewhitening and
nonlinear least-squares fitting techniques, similar to the analysis
of the star KPD 0629-0016 observed with CoRoT>! or the star
KIC 02697388 observed with Kepler’?. In the present case, this
leads to the detection of 256 peaks emerging above the usual
40 detection threshold and having frequencies higher than 60
1Hz. Table A.3 provides the derived parameters for these peaks
and Fig. A.1 illustrates the Lomb-Scargle periodograms in the
most relevant region where the strongest pulsations occur. It is
remarkable that among the frequencies detected, several emerge
in the p-mode frequency range for a star like KIC 05807616
(above 3000 uHz; not shown in Fig. A.1 but see Table A.3). With
the combined Q5 and Q6 data, this star shows evidence that it is
also a hybrid pulsator with marginal — but clear — acoustic mode
excitation. This would be quite compatible with the location of
KIC 05807616 in the log g — Tefr plane!>32,

Many of these peaks form complexes of frequencies seem-
ingly unresolved despite the very high frequency resolution al-
ready achieved with 6 months of monitoring (the formal resolu-
tion is 0.062 uHz). Most likely, this "hyperfine structure” should
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Figure A.1. Lomb-Scargle periodogram of the combined Q5 and Q6
data gathered on KIC 05807616 (curve shown at the top). The recon-
struction of the modulations based on 256 frequencies associated with
pulsations and known instrumental artifacts extracted from this light
curve (see Table A.3) is plotted upside down. The curve at the bottom
is the Lomb-Scargle periodogram of the residual light curve after sub-
traction of the 256 frequencies.

not be interpreted as real frequencies but must instead be related
to varying amplitudes (and/or phases) of the excited pulsation
modes over the period of observation. This interpretation is fur-
ther supported by the fact that adding more data (Q2, Q7, and
QS8, thus reaching a frequency resolution of 0.018 puHz) does
not help in resolving these structures. Many other sdB stars ob-
served with Kepler (with few exceptions) show this kind of be-
havior. Nevertheless, the presence of rotationally induced fine
structure manifest through the presence of multiplets has also to
be considered. In Sections A.3 and A.4, we investigate for sig-
natures of rotation, as it may provide useful indications on the
inclination angle of the system.

A.2. Weak modulations in the low frequency range

Figure A.2 shows close-up views of the amplitude spectra in
the 31 — 51 uHz range for the Q2 (long cadence), Q5+Q6, and
Q6+Q7 data analyzed separately, as well as for the combined
Q2+Q5-Q8 run. Two extremely low amplitude structures are
clearly present in this frequency range. There are visible in all
data subsets presented in Fig. A.2 and the detection of these
peaks is secured beyond any doubt. We note that a third, much
less certain, structure of even lower amplitude near 42.4 uHz is
also apparent in the complete data set. However, its presence is
at best suggestive in Q5+Q6 and Q7+Q8 and we will not con-
sider it in detail in the following discussions. The parameters of
these modulations are given in Table A.1. Figure 1 (main paper)
also shows the Q2+Q5-Q8 light curve folded on F; and F, where
these periodic modulations are clearly seen.

The time scales involved are 20 745 s (5.7625 hours) for
the dominant modulation (Fj, detected at 9.3 x the noise level
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Figure A.2. Modulations in the low frequency range observed, from
top to bottom, in the Q2 (long cadence), Q5+Q6, Q7+Q8, and in the
combined Q2+Q5-Q8 runs.

with an amplitude of 52 ppm) and 29 625 s (8.2293 hours) for
the other signal (F>, detected at 8.4x the noise level with an
amplitude of 47 ppm for the main component; but see Section
E). The possible third structure has a timescale of 23 568 s
(6.5467 hours; F3, emerging at 5.2x the noise level in Q2+Q5-
Q8 with an amplitude of 29 ppm). Throughout the 20 month
time baseline of these data, the amplitude and phase of F do not
vary by more than 1o between Q5+Q6 and Q7+Q8. It shows a
slightly larger amplitude in the Q2 long cadence data, which re-
mains within less than the 20 error, however. These variations
are therefore not significant and it is a clear indication that F}
remains essentially stable in amplitude and phase (Table A.1).
Another indication of this stability comes from the prewhiten-
ing of F} in the Q2+Q5-Q8 run (i.e., the subtraction of a pure
sine wave to the entire light curve) that do not leave a detectable
residual in Fourier space.

The picture appears more complicated for F; which is sur-
rounded by a complex structure, possibly including components
forming a nearly perfect triplet of frequency separation Av ~
0.20 uHz (most visible in the Q5+Q6 and Q2+Q5-Q8 runs). This
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Figure A.3. Lomb-Scargle periodograms of the Q5+Q6 run showing
two resolved triplets detected in the high frequency (p-mode) range.

complex structure is not resolved in the Q2 data (only 3 months),
but is more apparent in the Q5+Q6, Q6+Q7 and Q2+Q5-Q8 runs
(see Fig. A.2). In Section E, we provide arguments suggesting
that this behavior may be caused by a frequency modulation pro-
ducing a quasi-periodic signature in Fourier space.

A.3. Hints of rotation induced splittings

The signature of slow stellar rotation®333 is somewhat blurred

by the presence of many close peaks originating from the non
constant amplitudes or phases. We can however consider several
mode complexes that seem to be relatively stable. Figure A.3 in
particular shows two clear triplets in the 3430 — 3450 uHz range
(see also Table A.2 and A.3). The first triplet, { fi42, f19s, for9}
shows frequency spacings of 0.29 and 0.30 uHz, respectively.
The second triplet, {fos2, < fi63,fo52 >, foss} has spacings of
0.31 and 0.28 uHz, respectively. Note that < fj¢3, fos2 > indi-
cates the mean frequency value between these two very close
components (attributed to the same mode). The two triplets
therefore clearly show the same spacings of average value Av,, =
0.295 pHz. Since these frequencies can be associated with p-
modes with no ambiguity, the corresponding average rotation pe-
riod for the star can be estimated as Prot ~ 1/ Av, =39.2341 days
(at first order, assuming rigid rotation and neglecting the Ledoux
coefficient which is normally very small for p-modes)>>.

If this rotational signature is present also for the g-modes,
the asymptotic relation assuming solid rotation gives®

1 1
Avy, {l o+ 1)} P (A.1)
leading to expected splittings of Av,, ~ 0.148 uHz, Av,, ~
0.246 uHz, and Avg, ~ 0.280 uHz for g-modes of degree £ = 1,
2, and 4, respectively. Figure A.4 and Table A.2 provide exam-
ples of relatively clear g-mode multiplets that conform to the
above expectation in terms of frequency spacings between the
m-components. This adds further strength to the interpretation
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Table A.1. Orbital frequency candidates detected in the complete, Q2+Q5-Q8, data set and in several subsets: Q2 (~ 89 days in long cadence),
Q5+Q6 (~ 186 days in short cadence), and Q6+Q7 (~ 172 days in short cadence). There is a gap of ~ 185 days between the end of Q2 and
beginning of Q5, while the Q5 to Q8 data are consecutive runs with only short interruptions. F3 will require additional observations to be considered
a secured detection. Note that in order to correctly check for the amplitude and phase stability of Fj in the various data subsets, the frequency
has been locked to the value measured with the full run (Q2+Q5-Q8). This cannot be done for F, which shows frequency variations. We also
provide (in brackets), for comparison purposes with the experiments presented in Section E, the properties of the side components of F, forming
an apparent triplet structure appearing most obviously in the Q5+Q6 sub-run.

Id.  Run Frequency of Period op Amplitude [N Phase Oph S/N
(uHz) (uHz) (s) (s) (%) (%)

Fr Q2+Q5-Q8 48.2040 0.0011 20745.17 0.47 0.0052 0.0006 0.59 0.05 9.3
Q2 (long cadence)  48.2040 0.0123 20746.17 5.31 0.0084 0.0014 0.61 0.07 5.8
Q5+Q6 48.2040 0.0046 20746.17 1.99 0.0057 0.0008 0.64 0.02 7.4
Q7+Q8 48.2040 0.0074 20746.17 3.21 0.0049 0.0010 0.65 0.03 5.0

F Q2+Q5-Q8 33.7547 0.0012 29625.52 1.05 0.0047 0.0006 0.40 0.15 8.4

Q2 (long cadence) 33.7238 0.0223 29652.64 19.65 0.0047 0.0014 0.72 0.24 32

[33.6170]  [0.0055] [29746.86] [4.89] [0.0044] [0.0007] [0.28] [0.04] [6.2]
Q5+Q6 33.8269 0.0066 29562.27 5.76 0.0037 0.0007 0.40 0.05 52
[34.0212]  [0.0096] [29393.46] [8.27] [0.0025] [0.0007] [0.29] [0.07] [3.6]

Q7+Q8 33.7670 0.0053 29614.70 4.66 0.0066 0.0010 0.97 0.04 7.0
F Q2+Q5-Q8 42.4299 0.0020 23568.28 1.09 0.0029 0.0006 0.94 0.10 52
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Figure A.4. Lomb-Scargle periodograms of the Q5+Q6 run showing a sample of clear multiplets detected in the low frequency (g-mode) range.
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Figure A.5. Relative amplitude of £ = 1, 2, 3, and 4 (from left to right)
multiplet components split by rotation as a function of the inclination
angle. From top to bottom, the configurations shown corresponds to
inclinations angles from 0° (pole on) to 90° (equator on) by steps of 5°.

that we are indeed seeing the signature of slow rotation. Many
other multiplets are likely present in Table A.3, but their iden-
tifications are not as clear due to interference with significant
hyperfine structure around the peaks.

A.4. System inclination angle from mode visibility arguments

The identification of rotationally split multiplets can have a
very interesting application. The geometric visibility of each m-
component of a multiplet strongly depends on the inclination
angle of the pulsation axis relative to the line of sight>®. Mode
visibilities can be computed accurately for sdB stars following
Randall et al.>* and this dependence is illustrated in Fig. A.5.

First, we assume as usual that the pulsation axis of the oscil-
lations is naturally aligned with the rotation axis of the star. So
far, this assumption has never been challenged observationally
for sdB stars (oblique pulsators have a recognizable signature
in Fourier space, like in RoAp stars®’). In addition, the seismic
analysis of the sdB star PG 1336-018 show that this alignment
effectively exists in this case®®. Second, the orbital plane of the
planets is assumed coplanar with the equatorial plane of the star.
The majority of the planetary systems are close to this config-
uration, although there are ongoing discussions on evidences of
misaligned systems among the known hot Jupiters>>40. If we
admit that the above configuration most likely prevails for KIC
05807616, then the inclination angle of the pulsation geomet-
ric configuration corresponds to the inclination angle, i, of the
orbital system.

If the intrinsic amplitudes of the modes forming these multi-
plets were to be equal, the apparent amplitude ratios of the var-
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Figure A.6. Average relative amplitude built from 3 well defined ¢ = 1
triplets (see Table A.2). The amplitude is normalized to 1 for the central
component of each triplet (i.e., before the computation of the mean) and
error bars indicate the standard deviation around this mean.

ious components would reveal directly the value of this incli-
nation angle. Clearly from observations, however, the intrinsic
amplitudes are likely to differ from one mode to another, proba-
bly with modulations occurring on long timescales. While there
exists no solid theoretical grounds to describe and predict quan-
titatively the intrinsic amplitudes of pulsations modes, we can
note that, from the linear theory point of view, all the compo-
nents of a given multiplet are expected, at least at first order, to
have similar eigenfunctions. Their response to the mode driving
mechanism is therefore not expected to strongly differ. In this
context, it is reasonable to assume that all m-components of a
given multiplet receive the same amount of excitation and, hav-
ing similar inertia, develop to approximately the same intrinsic
amplitude level. If other nonlinear mechanisms such as, e.g., en-
ergy transfers through resonant mode coupling may disturb this
symmetry, one can think that, on average, the relative amplitude
distribution in the multiplet components reflects mostly the geo-
metrical factor, and hence the inclination of the system.
Looking at Table A.2, we emphasize that three triplets can
naturally be associated with £ = 1. For these modes, the detection
of the three components (i.e., the complete triplet) permits the
identification of the m-index of the modes. Several ¢/ = 2 com-
plexes with 3 or 4 components are also well identified, but the
m-values cannot be uniquely determined in these cases. Focusing
hereafter on the three ¢ = 1 triplets, we can construct from these
a combined triplet of averaged relative amplitudes. For that pur-
pose, we normalize the central component of each triplet to an
arbitrary amplitude of 1 and rescale the amplitudes of the side
components by the same factor, thus preserving the relative am-
plitude ratio between the components. The mean values (and
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Table A.2. Sample of clearly identified multiplets that can be interpreted as rotational splittings. We provide a tentative ¢-identification based on
the observed spacings between the components. These values are derived from the Q5+Q6 data subset.

Id. Frequency Av Amplitude Phase Identification
(uHz) (uHz) (%)

Joss 3447.2455£0.0039 0.0054£0.0006 0.22040.032
0.278 £0.040

< fi63,fos2 >  3446.9678 £0.0400 0.0077+£0.0006  0.925+0.011 (=2
0.308 £0.040

foe2 3446.6596 +0.0031 0.0068 £0.0006  0.852+0.025

Jor9 3432.1334 +£0.0037 0.0057 £0.0006  0.857+0.030
0.304 £0.007

f198 3431.8299 £0.0065 0.0032£0.0006  0.129+0.053 (=1
0.290£0.008

Sz 3431.5402 +0.0053 0.0039+£0.0006  0.254+£0.043

faa3 1744.5154 £ 0.0082 0.0026 £0.0006  0.022 4+ 0.064
0.235+£0.008

Jo3a (f135) 1744.28024+0.0016 0.0134£0.0006 0.236+0.007 (=2
0.200 £ 0.006

fiss 1744.0805 £ 0.0058 0.0037 £0.0006 0.526 4+0.046

226 1576.4477 £0.0073 0.0029 £0.0006  0.979 4 0.060
0.112+0.010

Ja 1576.3354 £0.0071 0.0030£0.0006 0.519£0.061 (=1
0.12540.009

Sz 1576.2106 £ 0.0058 0.0046 £0.0006 0.61140.039

fi2s 1108.9424 +0.0051 0.0042+£0.0006  0.694+0.041
0.132+£0.008 (=1

fi83 1108.8106 £ 0.0063 0.0034£0.0006 0.515+0.051

fis1 873.1052+£0.0063 0.0034£0.0006 0.866 4+ 0.049
0.448 £0.010 (=2

f239 872.6570 £0.0080 0.0027 £0.0006  0.994 £0.063

250 871.6789£0.0083 0.0026 £0.0006  0.760 £ 0.065
0.274+0.010 (=4

fie1 871.4045£0.0059 0.0037£0.0006 0.624 +0.046

foss 824.8685£0.0029 0.0075£0.0006  0.909 £+0.023
0.202 £ 0.006

S1aa 824.6665 £ 0.0056 0.0039+£0.0006  0.087 £0.045
0.231+£0.008 (=2

f136 824.4359£0.0053 0.0041 £0.0006 0.69540.042
0.457£0.008

J231 823.9791 £0.0059 0.0028 £0.0006  0.864 £0.061

Josi 703.5915£0.0039 0.0055+0.0006  0.234+0.031
0.185+0.007

Si7s 703.4065 £ 0.0062 0.0035+£0.0006 0.962+0.051 =1
0.158£0.009

fier 703.2488 £ 0.0060 0.0036 £0.0006 0.10540.049

fa13 226.0692 £ 0.0080 0.0031£0.0007  0.250£0.055
0.192+0.011 (=27

Sa1a 225.8777 £ 0.0080 0.0031£0.0007 0.32240.055

f146 182.5615£0.0068 0.0039£0.0008  0.966 £ 0.045
0.129+0.010 (=1

f160 182.4330+0.0071 0.0037£0.0008  0.367 +0.047

their standard deviations) of the rescaled amplitudes are then
computed, leading to the average ¢ = 1 triplet schematically il-
lustrated in Fig. A.6. In this renormalized amplitude scale, the
central component has, by construction, an amplitude Ayg = 1,
and the side components have amplitudes A, = 1.44£0.34 and
A_=126£0.21.

If we compare Fig. A.3, A.4, and A.6 with Fig. A.5, we find
that the observed amplitude distribution within the rotationally
split multiplets differs rather significantly from those expected
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for inclination angles i < 20°. This provides an interesting con-
straint on the system by suggesting that very low inclinations
(i < 20°) are highly unlikely. If we further consider Fig. A.6 as
the representative amplitude average for the ¢ = 1 triplets, a di-
rect comparison with the £ = 1 modes shown in Fig. A.5 suggests
that the inclination should be ~ 65° £ 10°. This value should of
course be considered as approximate keeping in mind, in partic-
ular, that only three complete triplets have been used to construct
the amplitude averaged template shown in Fig. A.6.
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Table A.3. Frequencies, f;, detected above 4x the noise level and above 60 ptHz based on the Q5+Q6 light curve (6 months).

1d. Frequency oy Period op Amplitude [ Phase Oph S/N
(uHz) (uHz) () () (%) (%)
S206 75.6448 0.0080 13219.674 1.394 0.0032 0.0007 0.728 0.053 43
209 88.4867 0.0081 11301.134 1.030 0.0031 0.0007 0.305 0.054 423
220 89.7206  0.0083 11145710 1.036 0.0030 0.0007 0.402 0.056 4.1
S143 89.9011 0.0065 11123.339 0.808 0.0039 0.0007 0.607 0.022 53
fors 89.9694  0.0044 11114.891 0.547 0.0058 0.0007 0.652 0.015 7.8
f199 92.4111 0.0079 10821.208 0.924 0.0032 0.0007 0473 0.052 44
Sf202 93.5459  0.0080 10689.943 0.913 0.0032 0.0007 0.393 0.053 43
fr08 96.8311 0.0081 10327.256 0.865 0.0031 0.0007 0.981 0.053 4.2
Soae 106.9312 0.0029 9351.812 0.252 0.0091 0.0008 0.420 0.019 119
Soaz 107.0743  0.0028 9339.307 0.248 0.0092 0.0008 0.037 0.019 12.1
Sf203 107.2851 0.0082 9320.963 0.715 0.0032 0.0008 0.804 0.055 4.2
f100 109.4455 0.0052 9136.964 0.436 0.0050 0.0008 0.192 0.034 6.6
JSio8 111.7006  0.0055 8952.507 0.443 0.0047 0.0008 0.374 0.036 6.2
foss 111.8523  0.0049 8940.360 0.394 0.0053 0.0008 0.976 0.016 7.0
S149 111.9247  0.0068 8934.582 0.540 0.0038 0.0008 0.727 0.022 5.1
f109 112.0773 0.0056 8922.416 0.442 0.0047 0.0008 0.171 0.037 6.2
Sis 112.2582  0.0059 8908.035 0471 0.0044 0.0008 0.676 0.020 5.8
fi69 112.3512 0.0073  8900.664 0.577 0.0036 0.0008 0.691 0.024 4.7
fies 112.7462  0.0072 8869.480 0.568 0.0036 0.0008 0.950 0.047 4.8
S129 113.2938 0.0063  8826.609 0.487 0.0042 0.0008 0.548 0.020 5.5
Jo2t 113.3621 0.0015 8821.287 0.115 0.0175 0.0008 0.003 0.005 23.2
Jos3 113.4197 0.0034 8816.814 0.264 0.0077 0.0008 0.372 0.011 10.1
JSoao 113.5626  0.0027 8805.716  0.207 0.0097 0.0008 0.194 0.018 129
Sors 119.3725 0.0046  8377.140 0.322 0.0057 0.0008 0.302 0.030 7.5
Jo3z 119.5451 0.0022 8365.045 0.153 0.0119 0.0008 0.695 0.007 15.7
fi10 119.6006 0.0056 8361.165 0.389 0.0047 0.0008 0.560 0.018 6.2
S17s 119.7576  0.0074  8350.198 0.516 0.0035 0.0008 0.815 0.048 4.6
f180 122.3797 0.0076  8171.289  0.507 0.0034 0.0008 0.702 0.050 4.5
Soas 122.6261 0.0029 8154.871 0.192 0.0091 0.0008 0.824 0.009 11.9
Joes 122.6840 0.0040 8151.021 0.267 0.0065 0.0008 0.022 0.013 8.6
fie2 122.7690 0.0071 8145.380 0.471 0.0037 0.0008 0.218 0.024 4.8
Sio1 126.4964  0.0053  7905.365 0.334 0.0049 0.0008 0.659 0.035 6.4
Sis2 126.6838  0.0077 7893.669 0.477 0.0034 0.0008 0.299 0.050 4.5
Siso 126.8370  0.0071  7884.137 0.439 0.0037 0.0008 0.298 0.024 4.9
S168 126.8868 0.0073  7881.038  0.454 0.0036 0.0008 0.201 0.024 4.7
Jore 130.5418 0.0046  7660.380 0.271 0.0057 0.0008 0.797 0.030 74
fin2 130.8423  0.0074 7642.790 0.431 0.0035 0.0008 0.323 0.048 4.7
fio6 134.6592 0.0055 7426.156  0.304 0.0047 0.0008 0.797 0.036 6.2
S196 135.3763  0.0080 7386.816 0.434 0.0033 0.0008 0.231 0.052 423
Joso 135.6855 0.0038 7369.985 0.206 0.0069 0.0008 0.185 0.013 9.1
fo33 135.7344  0.0019 7367.327 0.102 0.0138 0.0008 0.962 0.006 18.2
JSoss 1357930  0.0037 7364.150 0.199 0.0071 0.0008 0.563 0.012 94
Si22 1359742  0.0062  7354.338  0.333 0.0042 0.0008 0.634 0.041 5.6
f1as 139.5183  0.0068 7167.520 0.348 0.0039 0.0008 0.676 0.044 5.1
f12 139.9032 0.0084 7147.800 0.428 0.0031 0.0008 0.920 0.054 4.1
Si03 141.8502 0.0054 7049.689  0.269 0.0048 0.0008 0.930 0.036 6.3
f114 141.9475 0.0057 7044.858 0.283 0.0046 0.0008 0.095 0.019 6.0
Soot 142.0372  0.0050 7040.408  0.247 0.0052 0.0008 0.996 0.017 6.9
Sis7 142.1539  0.0077 7034.631 0.383 0.0034 0.0008 0.004 0.026 44
Si1o 142.2074  0.0060 7031.983  0.297 0.0043 0.0008 0.264 0.020 5.7
Soeo 144.0234  0.0042 6943.318 0.201 0.0063 0.0008 0.816 0.028 8.2
fis51 144.2236  0.0069  6933.679  0.330 0.0038 0.0008 0.082 0.049 5.0
Jon 144.3298  0.0044 6928.578  0.209 0.0060 0.0008 0.207 0.031 7.9
fi127 144.5139 0.0063 6919.748  0.300 0.0042 0.0008 0.662 0.041 5.5
S200 145.6003 0.0081 6868.116  0.382 0.0032 0.0008 0.724 0.052 4.2
Sim 149.5202 0.0073  6688.061  0.327 0.0035 0.0008 0.458 0.049 4.7
Joes 149.6295 0.0039 6683.176  0.176 0.0066 0.0008 0.952 0.026 8.7
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Table A.3. continued.

1d. Frequency oy Period op Amplitude [ Phase Oph S/N
(uHz) (uHz) (s) () (%) (%)
foss 155.3069 0.0048 6438.862 0.201 0.0054 0.0008 0.998 0.031 7.1
fo93 161.1882  0.0051 6203.927 0.194 0.0052 0.0008 0.936 0.033 6.8
Jowr 161.3460 0.0028 6197.859 0.108 0.0093 0.0008 0.927 0.018 12.2
f132 161.6159 0.0064 6187.511 0.244 0.0041 0.0008 0.183 0.042 54
f193 162.8780  0.0080 6139.565 0.301 0.0033 0.0008 0.429 0.052 4.3
So27 163.0190 0.0017 6134.254  0.064 0.0155 0.0008 0.622 0.006 20.3
fiis 163.1037 0.0058 6131.068 0.216 0.0046 0.0008 0.136 0.019 6.0
fos7 163.2855 0.0049 6124243 0.185 0.0053 0.0008 0.154 0.032 7.0
S194 166.3649  0.0080 6010.883  0.290 0.0033 0.0008 0.009 0.051 4.3
JSos3 167.5458 0.0040 5968.517 0.141 0.0066 0.0008 0.127 0.013 8.7
Soar 167.6183  0.0028 5965.934  0.100 0.0094 0.0008 0.769 0.009 12.2
fo13 167.6754  0.0009 5963.903 0.033 0.0281 0.0008 0.734 0.003 36.6
Jo17 167.7552 0.0013  5961.068  0.047 0.0200 0.0008 0.497 0.004 26.1
JSoot 167.8359 0.0002 5958.203  0.007 0.1421 0.0008 0.218 0.001 185.1
Sfo12 167.8924  0.0008 5956.197  0.029 0.0318 0.0008 0.469 0.003 414
Sozs 167.9783 0.0016 5953.151 0.055 0.0170 0.0008 0.632 0.005 22.1
S137 168.0276  0.0066 5951.403 0.232 0.0040 0.0008 0.404 0.022 5.2
Soo4 168.0867 0.0004 5949.310 0.013 0.0707 0.0008 0.600 0.001 922
Jforz 168.2074  0.0045 5945.042 0.157 0.0059 0.0008 0.485 0.015 7.7
fiz 168.2920 0.0059 5942.054  0.208 0.0045 0.0008 0.138 0.019 5.8
f192 169.4617 0.0080 5901.039 0.278 0.0033 0.0008 0.534 0.051 4.3
Sfi7 171.8123 0.0076  5820.307 0.257 0.0035 0.0008 0.744 0.048 4.5
JSoos 174.6127 0.0005 5726960 0.017 0.0508 0.0008 0.459 0.003 66.1
Joso 1747171  0.0030 5723.539  0.099 0.0088 0.0008 0.990 0.020 114
f160 182.4330 0.0071 5481.465 0.212 0.0037 0.0008 0.367 0.047 4.9
S1a6 182.5615 0.0068 5477.606  0.203 0.0039 0.0008 0.966 0.045 5.1
f134 190.3977 0.0063 5252.165 0.175 0.0041 0.0008 0.319 0.041 5.4
foso 190.6964  0.0047 5243938 0.129 0.0055 0.0008 0.765 0.015 7.3
Sos7 190.7625 0.0035 5242.121  0.097 0.0073 0.0008 0.941 0.012 9.7
Sf174 190.8411 0.0074  5239.962 0.202 0.0035 0.0008 0.541 0.024 4.7
fio2 199.1823  0.0053 5020.527 0.133 0.0049 0.0007 0.799 0.018 6.5
Jose 199.2625 0.0021 5018.506 0.053 0.0122 0.0008 0.365 0.007 16.2
Joes 199.3226  0.0041 5016.993 0.103 0.0063 0.0007 0.587 0.014 8.4
Joao 199.3877 0.0028 5015.355 0.072 0.0091 0.0007 0.350 0.010 12.1
Sfola 199.4349  0.0009 5014.168 0.024 0.0274 0.0007 0.749 0.003 36.6
JSooz 199.5135 0.0002 5012.191  0.006 0.1112 0.0007 0.715 0.001 1484
Jo29 199.5840 0.0018 5010.423  0.045 0.0143 0.0007 0.424 0.006 19.1
f139 199.6285  0.0064 5009.305 0.161 0.0040 0.0007 0.697 0.023 54
JSoso 201.4199  0.0049 4964.752  0.121 0.0052 0.0007 0.733 0.036 7.0
S131 201.5208 0.0062 4962.266 0.153 0.0041 0.0007 0.857 0.048 5.5
fois 201.6606 0.0012 4958.826  0.030 0.0214 0.0007 0.118 0.009 28.6
Jote 201.7564  0.0012 4956.472 0.030 0.0210 0.0007 0.434 0.004 279
Jo90 201.8210  0.0049 4954.886 0.121 0.0052 0.0007 0.597 0.017 7.0
Joo7 201.9051 0.0051 4952.823 0.125 0.0051 0.0007 0.474 0.017 6.8
Soss 201.9811 0.0025 4950.959 0.062 0.0103 0.0007 0.081 0.009 13.7
JSoo 202.0995 0.0014 4948.058 0.034 0.0188 0.0008 0.462 0.005 25.1
fis3 202.1496 0.0068 4946.831 0.166 0.0038 0.0008 0.796 0.023 5.1
Joro 209.1975 0.0041 4780.171  0.095 0.0062 0.0007 0.155 0.027 8.3
S164 212.6202 0.0069 4703.221 0.153 0.0036 0.0007 0.292 0.047 5.0
Sf107 212.7151 0.0054 4701.124 0.118 0.0047 0.0007 0.818 0.019 6.4
fi23 212.7953  0.0060 4699.352 0.132 0.0042 0.0007 0.132 0.021 5.7
Jois 220.6189 0.0013  4532.703  0.026 0.0196 0.0007 0.513 0.009 26.7
Sf214 225.8777 0.0080 4427.175 0.158 0.0031 0.0007 0.322 0.055 43
13 226.0692  0.0080 4423425 0.157 0.0031 0.0007 0.250 0.055 4.3
far1 232.7409 0.0079  4296.623  0.147 0.0031 0.0007 0.095 0.055 4.3
f197 232.9742  0.0076  4292.322  0.140 0.0033 0.0007 0.893 0.052 4.5
f140 233.8258 0.0062 4276.689 0.114 0.0040 0.0007 0.787 0.045 5.5
Sosa 233.9401 0.0046 4274.598 0.083 0.0054 0.0007 0.041 0.033 7.5
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Table A.3. continued.

1d. Frequency oy Period op Amplitude o7\ Phase Oph S/N
(uHz) (uHz) (s) () (%) (%)
Jos9 234.0824  0.0025 4271.999 0.046 0.0098 0.0007 0.621 0.009 13.6
Joro 234.1461 0.0013  4270.838  0.024 0.0188 0.0007 0.244 0.005 26.1
Joos 234.2067 0.0049 4269.733  0.089 0.0051 0.0007 0.670 0.017 7.1
Joas 234.2646  0.0027 4268.677 0.050 0.0091 0.0007 0.956 0.010 12.6
JSus 234.3893  0.0054 4266.407 0.098 0.0046 0.0007 0.677 0.039 64
fiss 239.0130 0.0065 4183.872 0.114 0.0038 0.0007 0910 0.045 5.3
fis0 241.1608 0.0064 4146.611 0.110 0.0038 0.0007 0.903 0.022 54
Jos2 241.2171  0.0045 4145.643 0.076 0.0055 0.0007 0.154 0.016 7.7
fis2 241.3839  0.0064 4142.778 0.110 0.0038 0.0007 0.124 0.047 5.3
Si30 241.5383  0.0059 4140.130 0.101 0.0041 0.0007 0.510 0.044 538
Jozs 241.6346  0.0043 4138.481 0.073 0.0057 0.0007 0.583 0.031 8.1
Joun 248.3190  0.0007  4027.078 0.011 0.0369 0.0007 0.388 0.005 52.1
Jor 249.4774  0.0043  4008.380 0.069 0.0057 0.0007 0.151 0.015 8.0
fro4 249.5606  0.0051 4007.043  0.082 0.0048 0.0007 0.697 0.018 6.7
Joso 249.6199 0.0017 4006.091 0.027 0.0142 0.0007 0.904 0.006 20.0
Jos1 249.6769  0.0035 4005.177  0.057 0.0068 0.0007 0.085 0.013 9.7
Joos 249.7350  0.0048  4004.245 0.077 0.0051 0.0007 0.389 0.017 7.2
Jo31 249.8666  0.0017 4002.135 0.028 0.0140 0.0007 0.135 0.013 19.8
Jooz 264.0237  0.0045 3787.539  0.065 0.0052 0.0007 0.710 0.017 7.6
Soo7 264.0748  0.0004 3786.805 0.006 0.0537 0.0007 0.874 0.002 77.8
Joos 264.1295 0.0004 3786.021  0.006 0.0577 0.0007 0.142 0.002 83.6
Jose 264.1764  0.0032  3785.350 0.046 0.0074 0.0007 0.380 0.013 10.8
JSos3 267.9364 0.0043 3732.229  0.060 0.0055 0.0007 0.091 0.031 8.0
Sis9 268.8341  0.0071 3719.766  0.098 0.0033 0.0007 0.821 0.051 4.8
Sia 269.0908 0.0060 3716.218 0.083 0.0039 0.0007 0.217 0.043 5.7
S124 278.8880  0.0055 3585.668 0.071 0.0042 0.0007 0.872 0.040 6.2
Sf230 279.1875 0.0083  3581.822 0.107 0.0028 0.0007 0.331 0.060 4.1
S133 289.7878  0.0056  3450.801  0.067 0.0041 0.0007 0.398 0.021 6.1
Sf210 289.8550  0.0073  3450.001  0.087 0.0031 0.0007 0.629 0.027 4.7
Joss 290.1219  0.0019  3446.827 0.022 0.0123 0.0007 0.602 0.007 184
Sias 290.2048 0.0059  3445.843  0.070 0.0039 0.0007 0.485 0.022 538
Si70 290.3220 0.0064 3444451 0.076 0.0036 0.0007 0.593 0.049 53
Soos 301.6656  0.0002 3314929  0.003 0.0955 0.0007 0.608 0.002 145.2
fi73 302.3627 0.0064 3307.286 0.070 0.0035 0.0007 0.254 0.047 5.4
Sfae 315.5807 0.0072 3168.762  0.072 0.0031 0.0007 0.185 0.055 4.8
Jogo 315.7905 0.0044 3166.657 0.044 0.0050 0.0007 0.205 0.018 7.7
Sis7 315.8385 0.0060 3166.175  0.060 0.0037 0.0007 0474 0.024 5.7
Si79 316.1603  0.0065 3162.952  0.065 0.0034 0.0006 0.389 0.049 53
Sf242 318.6196  0.0084 3138.539 0.082 0.0027 0.0006 0.322  0.063 4.1
Jora 329.6745  0.0039  3033.295 0.035 0.0057 0.0006 0.242 0.033 8.9
Jooa 329.7726  0.0043  3032.393  0.040 0.0051 0.0006 0.431 0.037 8.0
f126 330.0955 0.0053 3029.427 0.048 0.0042 0.0006 0.598 0.040 6.5
fra1 3444841 0.0082 2902.892  0.069 0.0027 0.0006 0.334 0.064 4.2
Joaz 3447887 0.0084  2900.327 0.070 0.0026 0.0006 0.000 0.065 4.1
Jowo 360.4300 0.0005 2774.464 0.004 0.0425 0.0006 0.178 0.004 674
fooa 361.6834 0.0013 2764.849 0.010 0.0171 0.0006 0.568 0.005 27.1
Joso 361.7446  0.0031 2764.381 0.024 0.0069 0.0006 0.841 0.012 11.0
Sis6 361.8166  0.0058 2763.831 0.044 0.0038 0.0006 0.447 0.023 6.0
S120 393.5186  0.0051 2541.176  0.033 0.0043 0.0006 0.779 0.021 6.8
fo23 393.5696 0.0013  2540.847 0.008 0.0172 0.0006 0.849 0.005 27.3
Joos 393.6183 0.0004 2540.533  0.002 0.0573 0.0006 0.729 0.002 90.7
S205 403.9420 0.0068 2475.603  0.042 0.0032 0.0006 0.385 0.030 5.0
fox2 403.9841 0.0012 2475.345 0.008 0.0173 0.0006 0.254 0.005 27.5
Ja01 404.0426  0.0068 2474986  0.041 0.0032 0.0006 0.949 0.027 5.1
fi28 426.0790  0.0052  2346.983  0.029 0.0042 0.0006 0.864 0.020 6.6
Sooo 426.1331  0.0005 2346.685 0.003 0.0463 0.0006 0.240 0.002 73.6
Jaa9 470.7497  0.0083  2124.271  0.037 0.0026 0.0006 0.632 0.065 42
Saaa 470.9925 0.0081 2123.176  0.037 0.0026 0.0006 0.048 0.064 4.2
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Table A.3. continued.

1d. Frequency oy Period op Amplitude o7\ Phase Oph S/N
(uHz) (uHz) (s) (s) (%) (%)
Si16 473.5820 0.0047 2111.567 0.021 0.0045 0.0006 0.991 0.037 7.3
Jas1 506.9636  0.0084 1972.528 0.033 0.0026 0.0006 0.882 0.066 4.1
f224 507.4432  0.0073  1970.664  0.029 0.0029 0.0006 0.835 0.057 4.7
JSosa 507.5871 0.0033 1970.105 0.013 0.0066 0.0006 0.528 0.013 10.5
S35 507.6593  0.0080 1969.825 0.031 0.0027 0.0006 0.556 0.032 4.3
S121 519.7064  0.0051 1924.163 0.019 0.0043 0.0006 0.204 0.039 6.8
fiss 625.8779  0.0064 1597.756  0.016 0.0034 0.0006 0.861 0.050 54
fisa 654.6297 0.0064 1527.581 0.015 0.0034 0.0006 0.750 0.051 54
f229 654.7753  0.0075 1527.241 0.018 0.0029 0.0006 0.232 0.060 4.6
f190 669.6476  0.0065 1493.323 0.014 0.0033 0.0006 0.671 0.051 53
JS16 670.2628 0.0061 1491.952 0.014 0.0035 0.0006 0.616 0.048 5.6
Ja21 699.2945 0.0071  1430.013 0.015 0.0030 0.0006 0.858 0.056 4.8
fie7 703.2488 0.0060 1421.972 0.012 0.0036 0.0006 0.105 0.049 5.7
Si78 703.4065 0.0062 1421.653 0.013 0.0035 0.0006 0.962 0.051 5.5
Jos1 703.5915  0.0039  1421.279  0.008 0.0055 0.0006 0.234 0.031 8.8
f204 758.2632  0.0066 1318.803  0.012 0.0032 0.0006 0.433 0.053 5.2
J231 8239791 0.0078 1213.623 0.011 0.0028 0.0006 0.864 0.061 4.4
S136 824.4359 0.0053 1212951 0.008 0.0041 0.0006 0.695 0.042 6.5
S144 824.6665 0.0056 1212.611  0.008 0.0039 0.0006 0.087 0.045 6.2
foss 824.8685 0.0029 1212.314  0.004 0.0075 0.0006 0.909 0.023 11.8
S228 858.9581 0.0076  1164.201  0.010 0.0029 0.0006 0.644 0.059 4.5
Sie1 871.4045 0.0059 1147.573  0.008 0.0037 0.0006 0.624 0.046 5.8
S50 871.6789  0.0083 1147.211 0.011 0.0026 0.0006 0.760 0.065 4.1
S239 872.6570  0.0080 1145926 0.011 0.0027 0.0006 0.994 0.063 4.3
fis1 873.1052 0.0063  1145.337  0.008 0.0034 0.0006 0.866 0.049 54
f183 1108.8106  0.0063 901.867 0.005 0.0034 0.0006 0.515 0.051 5.5
JS12s 1108.9424 0.0051 901.760  0.004 0.0042 0.0006 0.694 0.041 6.8
Ja07 1174.6188 0.0068 851.340  0.005 0.0032 0.0006 0.795 0.053 5.1
Sfais 1449.4730  0.0069 689.906  0.003 0.0031 0.0006 0.438 0.054 5.0
S240 1494.5229 0.0080  669.110  0.004 0.0027 0.0006 0.501 0.063 4.3
Jpky) 1527.6849  0.0077 654.585 0.003 0.0028 0.0006 0.376 0.061 4.4
fise 1542.7341  0.0063 648.200  0.003 0.0034 0.0006 0.674 0.050 54
fi12 1576.2106 0.0046  634.433 0.002 0.0046 0.0006 0.611 0.039 7.5
o 1576.3354  0.0071 634.383 0.003 0.0030 0.0006 0.519 0.061 4.9
J226 1576.4477 0.0073 634.338 0.003 0.0029 0.0006 0.979 0.060 4.7
236 1630.9230 0.0079 613.150  0.003 0.0027 0.0006 0.199 0.062 4.3
JS225 1648.3471 0.0073 606.668 0.003 0.0029 0.0006 0.708 0.057 4.7
Sis8 1744.0805 0.0058 573.368 0.002 0.0037 0.0006 0.526 0.046 5.9
f13s 1744.2279  0.0053 573.320  0.002 0.0041 0.0006 0.499 0.021 6.5
Joza 1744.2802 0.0016  573.302  0.001 0.0134 0.0006 0.236 0.007 21.3
Jaa3 1744.5154 0.0082  573.225 0.003 0.0026 0.0006 0.022 0.064 4.2
Sas3 1786.7102 0.0084  559.688 0.003 0.0025 0.0006 0.208 0.067 4.1
fiss 1834.9865 0.0062  544.963 0.002 0.0034 0.0006 0.480 0.050 5.5
142 3431.5402 0.0053 291.414  0.000 0.0039 0.0006 0.254 0.043 6.5
f198 3431.8299  0.0065 291.390  0.001 0.0032 0.0006 0.129 0.053 53
Soro 3432.1334  0.0037 291.364  0.000 0.0057 0.0006 0.857 0.030 9.3
JSos2 3446.6596  0.0031 290.136  0.000 0.0068 0.0006 0.852 0.025 11.0
fie3 3446.9397 0.0058 290.112  0.000 0.0037 0.0006 0.181 0.023 6.0
Jos2 3446.9958 0.0027 290.108 0.000 0.0077 0.0006 0.925 0.011 12.6
JSoss 3447.2455 0.0039 290.087 0.000 0.0054 0.0006 0.220 0.032 8.8
Sass 3970.4852 0.0084  251.858 0.001 0.0025 0.0006 0.620 0.067 4.1
S246 4512.7282 0.0080  221.595 0.000 0.0026 0.0006 0.832 0.067 4.3
fa17 4512.8417 0.0068 221.590  0.000 0.0031 0.0006 0.702 0.057 5.1
S22 4514.2984 0.0072  221.518 0.000 0.0029 0.0006 0.439 0.030 4.7
fie6 4514.3906  0.0058 221.514  0.000 0.0036 0.0006 0.620 0.025 5.9
238 4514.5094  0.0078 221.508 0.000 0.0027 0.0006 0.910 0.065 4.4
S233 5516.7338 0.0078 181.267 0.000 0.0028 0.0006 0.679 0.061 44
Sasa 5842.3897 0.0084 171.163 0.000 0.0025 0.0006 0.107 0.067 4.1
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Table A.3. continued.

Id. Frequency of Period op  Amplitude oA Phase  opy S/N
(uHz) (uHz) (s) (s) (%) (%)
fas6 8005.6126  0.0086 124912  0.000 0.0025 0.0006 0.621 0.068 4.0

Instrumental artefacts
axs : fic 566.4057 0.0082 1765.519  0.026 0.0026 0.0006 0.944 0.064 4.2
aos : 2fic 1132.8254  0.0065 882.749 0.005 0.0033 0.0006 0.920 0.051 5.3

a7 : 3fic 1699.2179 0.0080  588.506  0.003 0.0027 0.0006 0985 0.062 4.3

a4 3398.3477 0.0077  294.261  0.001 0.0027 0.0006 0.175 0.031 4.5
ayor 1 6fic  3398.3997 0.0063  294.256  0.001 0.0033 0.0006 0.091 0.026 54
axs 3964.7115 0.0080  252.225  0.001 0.0026 0.0006 0398 0.032 4.3
ape7 - 1fic  3964.7790 0.0033  252.221  0.000 0.0064 0.0006 0.058 0.014 104
aiss 3964.8263  0.0052 252218  0.000 0.0040 0.0006 0945 0.022 6.6
aps4 4531.1411  0.0023  220.695  0.000 0.0092 0.0006 0.737 0.009 15.0
ape 4531.2088 0.0013  220.692  0.000 0.0163 0.0006 0.325 0.005 26.6
aos 4531.2615 0.0045  220.689  0.000 0.0047 0.0006 0962 0.018 7.7
ao3?2 4531.3327 0.0015  220.686  0.000 0.0140 0.0006 0.180 0.006 22.8
apsg : 8fic  4531.3917 0.0014  220.683  0.000 0.0153 0.0006 0.381 0.006 24.8
aops1 4531.4483 0.0025  220.680  0.000 0.0086 0.0006 0.579 0.010 14.0
as 4531.5242  0.0068  220.676  0.000 0.0031 0.0006 0476 0.028 5.0
ani 5097.5092 0.0046  196.174  0.000 0.0047 0.0006 0.011 0.019 75
aps7 : 9fic  5097.5893  0.0023 196.171  0.000 0.0091 0.0006 0.567 0.010 14.8
aops4 5097.6370 0.0028  196.169  0.000 0.0075 0.0006 0.496 0.012 12.1
aos 5097.7578 0.0042  196.165  0.000 0.0051 0.0006 0.449 0.035 82
ag 5663.9437 0.0067  176.555  0.000 0.0031 0.0006 0.718 0.028 5.1
aig7 : 10fic  5663.9948  0.0053 176.554  0.000 0.0039 0.0006 0.586 0.022 64
asy 5664.2110 0.0080  176.547  0.000 0.0026 0.0006 0.200 0.066 4.3

a3 11fic  6230.3659 0.0071 160.504  0.000 0.0030 0.0006 0.714 0.057 4.8

aise t 14fic 7929.5560  0.0055 126.110  0.000 0.0038 0.0006 0.786 0.044 6.2
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Supplementary Information, Section B:
Rejecting a false positive detection due to
contamination with pixel level light curve analysis

The risk that a fainter background or foreground star could be
at the origin of the low frequency modulations has to be consid-
ered. The frequency analysis of the light curve based on the raw
and corrected fluxes (we used the corrected fluxes as the refer-
ence in this analysis) do not lead to significant amplitude differ-
ences. This suggests that light contamination from other nearby
stars in the optimal aperture may be negligible and the risk is
low. Nevertheless, this star is located in a relatively densely pop-
ulated region with several sources close by that may possibly
contribute to the light curve gathered by the instrument (see
Fig. B.1). We show below that the origin of the detected signal
is very likely KIC 05807616 (KPD 1943+4058) itself and not a
contaminating star.

DSS2.F.POSSII

[8.947"

il

Figure B.1. The field centered on KIC 05807616 with angular distances
from the closest neighbors (the software Aladin was used to produce
this map).

5t 58.96" x 1.048" E

In order to verify the localization of the detected signal and
rule out an eventual false positive detection due to a contam-
inating nearby star, the pixel level photometry available from
the Kepler data can be very useful. Figure B.1 shows the close
neighborhood of KIC 05807616 as seen from the Digitized Sky
Survey. A fainter star, approximately 6" North of KIC 05807616
can in particular be a significant source of contamination, con-
sidering that the angular resolution at the pixel level on the
Kepler CCDs is 3.98". This star is probably the main object of
concern, as no other known object within a 8" radius around KIC
05807616 is referenced in current catalogs or visible in sky im-
ages. Figure B.2 shows the approximate position of the mask
used during the QS5 run and confirms that light from this nearby
star can likely leak into some pixels that have been used to con-
struct the optimal aperture photometric light curve (i.e., the red
pixels in Fig. B.2).

As a first check, we constructed several 3-month duration
light curves (from QS5) by adding pixels belonging to different
quadrants around KIC 05807616. A "North-East light curve"
was built with pixels P23, P22, P32, P31, and P4y (Py, corre-
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sponds to column x and row y); a "North-West light curve" from
pixels Py 1, Ps 1, Ps 5, Pg 2, and Pg 3; a "South-West light curve"
from pixels Pg 3, Pg 4, P5 4, Ps 5, and P4 5; and a "South-East light
curve" from pixels P45, P35, P34, P4, and P> 3. The optimal
aperture light curve for these Q5 data was obtained with pixels
P42, P33, Ps3, P53, and Py 4.

The Lomb Scargle periodograms associated with these time
series are illustrated in Fig. B.3. The central panel shows the
signal centered on KIC 05807616 (optimal aperture) where the
two low-amplitude low-frequencies that we associate with planet
candidates are visible. Clearly, some of the light coming from
KIC 05807616 leaks into the surrounding pixels used to build
the light curve in the various quadrants, as the pulsations remain
detectable, although more diluted in the background. The im-
portant finding, however, is that there is no trace of the low fre-
quency modulations around KIC 05807616. If these were due
to the highly diluted contribution of a fainter contaminating star,
they would emerge at higher amplitudes in one of the quadrants.

Another more interesting check can be performed by looking
at each pixel separately. The cost is a reduced signal-to-noise ra-
tio and therefore a more difficult detection of the very low ampli-
tude modulations. The Lomb Scargle periodograms associated
with each pixel within the mask are represented in Fig. B.5. In
pixel P43 receiving most of the flux from KIC 05807616, the
strongest among the two low-frequency modulations (F}) is seen
while the other modulation (F,) remains probably hidden in the
noise. In the four adjacent pixels also used to build the optimal
aperture photometry (P42, P44, P33, and Ps3), these modula-
tions are no longer visible, as the noise is higher. Moreover, in
all other pixels we find no indication of modulations at these
low frequencies. Therefore the only region where Fj is seen is
in the 3.98"-size pixel closest to the photometric center of KIC
05807616 on the CCD.

DSS2.F.POSSII

58.96" x 1.081" E

Figure B.2. The field centered on KIC 05807616 with the pixel array
mask used during the Q5 run. The pixel size is 3.98" and those in red
form the optimal aperture used to compute the time series. Note that the
background image is from DSS2 and does not represent the actual PSF
on the Kepler CCDs.
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Figure B.3. Lomb-Scargle periodogram of the Q5 light curve using different masks. The central panel corresponds to the optimal aperture mask
and other panels show adjacent pixels selected in the North East (upper left panel), North West (upper right panel), South West (lower right panel),
and South East (lower left panel) region, respectively. Note that all panels use the same frequency and amplitude scale to ease comparisons. The
positions of F] and F;, are indicated by red vertical segments, but only where they are effectively detected (i.e., in the central panel).

Interesting indirect information can be obtained by looking
at the amplitudes of the pulsation peaks. Although the amount of
light gathered in a given pixel directly affects the noise level in
the Lomb Scargle Periodogram, the amplitude of the pulsations
measured in each pixel should remain the same unless there is
some light dilution (from a contaminating source) affecting the
pixels in a differential way. It is striking from Fig. B.5 that the
amplitude of the pulsations is the same in pixels P43, P32, P33,
P34, Pa4, P54, and Ps 3. In contrast, there is a very noticeable
decrease of the pulsation mode amplitudes in pixels P4 (slight
decrease), P4 1, and Ps . These pixels cover the northern posi-
tion relative to KIC 05807616 where the close by star visible on
Fig. B.1 is indeed located. It is therefore not surprising to ob-
serve here a dilution of the pulsation signal (by up to ~ 50%
in pixel P4 1). The interesting information, however, is that pixel
P4 3, where the low frequency modulation Fj is seen, appears to
be essentially unaffected by this dilution. The pulsation modes
are at their highest amplitudes, similar to those observed in adja-
cent, more southerly, pixels. This suggests that the light leakage
of the nearby contaminating star is negligible and has no prac-
tical impact on this pixel. Therefore, the F| modulation that we
detect here is almost certainly not associated with this contami-
nating star. As there is no other sign of non-negligible contam-
ination that could affect this pixel, these light modulations are
very likely coming from KIC 05807616 itself. Hence, a false
positive due to a contamination of a close by star appears un-
likely in the present case.

As an ultimate verification, we assembled the data obtained
during Q5, Q6, and Q7 (for a total of 9 months of consecutive
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Figure B.4. Lomb-Scargle Periodogram in the pixel closest to the pho-
tometric center of KIC 05807616 for the combined Q5, Q6, and Q7
runs.
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monitoring) for the pixel receiving the highest flux. This pixel
is the closest to the photometric center of KIC 05807616 on the
CCDs which appears essentially unaffected by contamination as
discussed above. Merging Q5, Q6, and Q7 runs significantly im-
proves the S/N ratio in the Lomb Scargle periodogram (com-
pared to using only QS5 as above) and compensates for the loss
of sensitivity associated with the use of only one pixel for the
photometry. The result is shown in Fig. B.4. The two low fre-
quency weak signals that we associate to the presence of planets
are clearly detected and emerge at amplitudes identical to those
measured in other data sets. It is another confirmation that these
peaks must be associated with KIC 05807616 itself.
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Figure B.5. Lomb-Scargle Periodograms of the Q5 lightcurves obtained at the pixel level. The panel’s positions correspond to the pixel array illustrated in Fig. B.2. The same frequency and
amplitude scale is used in each panel to ease comparisons. The positions of the orbital modulation candidates are indicated by red vertical segments, but only if they are formally detected. This
occurs only for Fj in the pixel closest to the photometric center of KIC 05807616 (pixel-4,3).
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Supplementary Information, Section C:
On the origin of the weak signal at low frequencies

In this Section, we discuss various phenomena that could pos-
sibly produce the observed modulations in the low frequency
range and we provide all the arguments that ultimately lead us to
consider an orbital effect due to the presence of small bodies as
the most plausible explanation.

C.1. G-mode pulsations?

Since KIC 05807616 is a rich pulsator, we could naturally think
of these modulations as just being the tail, at low frequencies, of
the g-mode pulsation spectrum. We demonstrate below that this
interpretation does not hold, however. We also verified that Fj
and F; are not linear frequency combinations of the oscillation
peaks having the highest amplitudes.

Figure C.1 shows, in the frequency range of interest, the the-
oretical g-mode pulsation spectrum corresponding to the seismic
model solution found for KIC 05807616 by Van Grootel et al.'>.
In this range, the low frequency end of the observed g-mode
band is visible (blue segments), as well as the two low frequen-
cies of interest, /| and F, (red segments; we ignore F3 in the
following as it is not as firmly established). There is clearly an
important gap (in terms of radial orders) between Fj, F», and
the other frequencies. If F; and F> were stellar oscillations, they
would correspond to very high radial order g-modes, well dis-
connected from the main group of pulsations observed in this
star. As a matter of comparison, the modes of lowest frequen-
cies typically attributed to g-modes in sdB stars have radial or-
ders of k ~ 65 at most!532. Here, F; would be near k ~ 83 af
¢ =1, even more for higher ¢ values) and F> would correspond
to k ~ 120 (if £ = 1). The g-mode spectrum becomes extremely
dense at these low frequencies (high radial orders) and having
two isolated frequencies emerging among a dense forest of po-
tential modes makes the interpretation of these frequencies as
pulsations doubtful.

However, one may argue that a yet unknown pulsation driv-
ing mechanism could be at work in KIC 05807616, producing
these low-frequency variations. There is indeed one hot subd-
warf pulsator, LS IV-14°116, that shows currently unexplained
pulsation characteristics*'#2. This star has periodicities rang-
ing from 1954 to 5084 s corresponding to mid-order g-modes,
whereas its effective temperature and surface gravity suggest
that it should excite p-modes only, at much shorter periods of
100 to 200 s, that are not observed. Although very different from
LS IV-14°116 in its properties, KIC 05807616 may be viewed
as another outlier of this kind. However, we demonstrate below
that this possibility does not hold, as there is another argument,
independent of the driving mechanism involved, against the in-
terpretation of pulsations.

There exists a limit in period (frequency) above (below)
which pulsation g-mode waves leak through the stellar atmo-
sphere and are no longer reflected back to the center. This
physical limit is called the cutoff period (or frequency) beyond
which pulsations modes should not be visible. This cutoff pe-
riod/frequency can be computed for KIC 05807616 based on
the Van Grootel et al. seismic model and solving Eqn. 5 of
Hansen et al.*3 (with 7 = 0) derived in the adiabatic approxima-
tion. This leads to the cutoff periods (frequencies) P, = 16388
s (V. = 61.02 uHz) for { =1, and P. = 9462 s (v, = 105.69
uHz) for £ = 2. Nonadiabatic effects can possibly affect these
values, but the cutoff frequency is primarily a limit depending
on the mechanical properties of the modes. These (e.g. the peri-

KIC05807616
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Figure C.1. Theoretical g-mode pulsation spectrum in the 25-125 uHz
frequency range computed for the optimal model of KIC 05807616 de-
rived from asteroseismologyls. The ¢ = 1 (top) and ¢ = 2 (bottom) se-
ries are compared with the frequencies detected in the Kepler data (mid-
dle) for this star. The blue segments indicate the frequencies listed in
Table A.3 and unambiguously attributed to g-mode pulsations.The red
segments represent the two low frequencies of interest, /| and F,. The
numbers provided along the computed g-mode series indicate the radial
order. Modes shown as dotted segments (instead of plain segments) are
below the cutoft frequency.
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Figure C.2. Lomb-Scargle periodogram in the 0 — 215 uHz range after
subtracting all frequencies above 60 ©tHz and 40 the mean noise level.
The low-amplitude peaks of interest (F; and F3), below 50 uHz, are
the only significant periodic signals left. A sudden drop of the residual
noise at ~ 70 uHz (and below) is clearly visible and likely corresponds
to the real pulsation cutoff frequency in KIC 05807616 (estimated to be
61 uHz from adiabatic calculations). | and F, are far below this limit,
in the 20-70 uHz range, where the residual seems to be dominated by
white photon noise contrary to the range above 70 uHz where many
oscillation modes below the 40 detection threshold likely contribute.

ods and the displacement eigenfunctions) are well known to be
marginally affected by the nonadiabatic effects occurring near
the surface, contrary to other perturbed quantities very sensi-
tive to thermal exchanges (e.g., the perturbed emergent flux).
Therefore, it is unlikely that nonadiabatic effects may affect
strongly the estimated cutoff values given above. In particular,
such an effect would have to massively increase the cutoff pe-
riod by 27% (81%) to reach Fi (F3).
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Figure C.2 also provides an interesting hint of what should
be the real value of the pulsation cutoff frequency in KIC
05807616. After prewhitening all the frequencies above 60 uHz
and 40 the local mean noise level, many extremely low am-
plitude structures (most likely due to pulsation modes) subsist
below the detection threshold. However, near ~ 70 uHz (and
below), a sharp drop-off of this remaining "noise" occurs. This
sudden change is symptomatic of a cutoff below which pulsa-
tion modes are no longer present, and we interpret it as such. We
note in this context that the lowest clearly identified frequency
associated with a g-mode is 75.64 uHz (see Table A.3). This
empirical estimate of the cutoff limit (~ 70 uHz) is quite consis-
tent with the computed value (61 uHz). The difference possibly
comes from several factors such as uncertainties associated with
the parameters of the star (and the stellar model used to represent
it), and/or simplifications in the computation of the cutoft values
(e.g., the use of the adiabatic approximation).

Considering again Fig. C.1 where the modes below the the-
oretical cutoff frequency are represented as dotted segments, we
find that all the frequencies of KIC 05807616 that are interpreted
as g-mode pulsations are above at least one of the cutoff thresh-
olds (which occur at a radial order k ~ 65), as they should. In
this context, we point out that in the star LS IV-14°116 men-
tioned earlier, the periods detected are also below the cutoff limit
(8911 s for £ =1 and 5144 s for ¢ = 2 modes, according to the
properties of this star*?) and are consistent with stellar oscilla-
tions. In contrast, and more importantly, the two low frequencies
F; and F, in KIC 05807616 stand far below these cutoff fre-
quencies. This excludes the possibility that F; and F> could be
pulsations.

C.2. Stellar rotation and spots?

Modulations can be produced by spots on the surface of an active
star. The variations are then caused by the stellar rotation making
the spots periodically appear and disappear on the disk facing the
observer.

Hot B subdwarfs like KIC 05807616 are very hot stars hav-
ing stable radiative envelopes and atmospheres on which the
presence of spots has, thus far, never been observed or be-
trayed through brightness modulations. Accordingly, dedicated
searches for surface stratifications through Doppler tomography
have not yet been attempted with these faint objects. For the He-
weak B stars on the main sequence, which share some similar-
ities with sdB stars (in particular the presence of atomic diffu-
sion processes in their atmosphere), Doppler tomography has re-
vealed large spots, in particular of silicon and iron*’. These spots
can be explained by a mechanism that combines chemically frac-
tionned winds from a diffusive atmosphere in the presence of
a magnetic field*>. However, if chemically fractionned winds
are conceivable in sdB stars*®, none has ever been detected or
confirmed to be magnetic (current upper limits from spectropo-
larimetry are between 10 to 100 Gauss, typically). Furthermore,
for KIC 05807616, there is no evidence of magnetism neither in
our optical spectra, nor in the pulsation spectrum observed with
Kepler. Magnetic splitting differs from rotational splitting and
should be recognized if present®. The lack of magnetism may
indeed not be surprising in a star that have no external convec-
tion zone and rotates very slowly (see Section A.3). Therefore,
it is unlikely that large spots created by this mechanism could
exist on the surface of KIC 05807616.

In any case, whatever the process one could imagine to pro-
duce spots on the surface of this star, we stress that the rota-
tion timescale suggested by asteroseismology (~ 39.23 days; see
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Section A.3) is much longer than the detected brightness modu-
lations of 5.76 and 8.21 hours. Hence, any link with the rotation
of the star is extremely unlikely, and this alone rules out the spot
hypothesis.

C.3. Orbiting objects around KIC 058076167

An alternative interpretation could be the presence of objects or-
biting around KIC 05807616 as the timescales are more typical
of orbital modulations often seen in compact binary systems in-
cluding a sdB star as the primary. From Figure 1 (main paper),
and from various analysis of the light curve, we find no signs of
eclipses at the minimum that could directly betray the presence
of a companion. The orbital interpretation is reinforced for F by
the fact that the amplitude and phase is constant (within the er-
rors) over a time baseline of ~ 20 months, as one would expect
for a stable circular orbit. The case of F; may be more question-
able due to the complex signature observed in the Lomb-Scargle
periodogram. We will nonetheless also interpret F, as a possible
orbital effect in the following, leaving to Section E some discus-
sions on eventual causes for this fine structure.

Orbital modulations observed in sdB stars are typically due
to either a reflection effect when the companion is a low mass
main sequence star, or an ellipsoidal effect when the compan-
ion is a white dwarf star. However, the intriguing feature in the
present case is that the signals are extremely weak, although the
periods are relatively short. Therefore, the system is rather com-
pact but still produces tiny effects on the light curve (we recall
that Fj is a 52 ppm modulation, while F, is ~ 47 ppm). As in-
teresting comparisons, the eclipsing ellipsoidal sdB+WD vari-
able KPD 1946+4340 monitored with Kepler*’ has an orbital
period of 9.67 hours and the ellipsoidal effect produces a domi-
nant peak at half the orbital frequency reaching an amplitude of
0.147% (1470 ppm) of the mean brightness. The sdB+dM sys-
tem KIC 02991403 with a reflection effect*® has an orbital pe-
riod of 10.63 hours and the modulation reaches 1.755% (17550
ppm). Both systems are less compact than KIC 05807616 but
show orbital modulations that are orders of magnitude stronger.
Of course, such low amplitude variations could occur if KIC
05807616 were seen nearly exactly from the pole. There are sev-
eral additional hints that this is probably not the case:

1. The analysis of the pulsations provides indications of
the presence of rotationally split mode multiplets. These
suggest a rather slow rotation rate for the star and, from
the amplitude distribution of the components within the
multiplets, an inclination angle that is likely larger than
~ 20° (see Section A.4 for details). This would exclude that
the system is seen nearly pole on.

2. The 2MASS colors for KIC 05807616 are quite blue. The
J — H color, in particular is —0.237 ££0.142. While sugges-
tive of a single sdB star, the error on J-H, unfortunately, does
not permit to completely rule out the presence of a dM star
at the 20 level. Furthermore, the color J — K is not reliably
determined for this star. However, we point out that, from
3 spectra obtained at the MMT in June 2010 whose timing
turns out to sample quite well the orbital phases (see Section
C.5), there is no significant radial velocity modulations
detected (with an error of ~ 1.2 km.s™! on the measured
radial velocities). This dynamical constraint clearly rules
out the presence of a companion of mass larger than 0.0057
M., (for Fy) if the orbit is seen nearly edge-on. Alternately,
the inclination for a typical dM companion of mass 0.12 M,



would have to be less than 2.9° to remain undetectable with
our current spectroscopic data.

3. If the star has a white dwarf companion producing an ellip-
soidal effect (seen nearly pole on), the dominant modulation
would correspond to half the orbital period (contrary to
a reflection effect where the modulation period would be
equal to the orbital period). Considering the typical mass
of a white dwarf (0.6 M) and the rather short periods,
we would expect a certain level of tidal synchronization
between the stars. Looking closely at the pulsation fre-
quencies extracted from the data, there is, however, no sign
of rotational splittings (for £ = 1 or ¢ = 2 g-modes) that
could be associated with a stellar rotation frequency of
24.11 uHz (synchronization + ellipsoidal effect). Moreover,
the inclination angle of the system would have to be even
lower to make the presence of a white dwarf companion (of
typical mass 0.6 M) undetectable in our radial velocity
measurements.

4. If we admit that F is also associated with an orbital effect,
then KIC 05807616 would have to be a triple system. In this
context, the idea that it could be a compact sdB+WD+WD
system seen by the pole becomes difficult to envision as a
plausible explanation.

5. Finally, it is interesting to note that the period ratio between
F> and F) is ~ 1.43. This ratio is close to the 3:2 resonance
that is sometimes seen in systems with multiple orbiting bod-
ies. This configuration is known to be gravitationally stable
against perturbations. Unless this correspondence is totally
fortuitous, it does plead in favor of orbital modulations in-
volving at least two objects.

The interpretation of orbital modulations is therefore supported
by several arguments and it clearly stands out as the most con-
sistent explanation.

C.4. Doppler beaming effect?

If orbiting objects are involved as the above argumentation
clearly suggests, the observed modulations may be caused by
a Doppler beaming effect. This can be checked by evaluating
the expected magnitude of this effect with the available spectro-
scopic constraint that we currently have.

Doppler beaming has recently been observed in the hot B
subdwarf star KPD 1946+4340 monitored by Kepler*’. This star
is a double eclipse sdB+WD system whose light curve is dom-
inated by an ellipsoidal modulation coupled with a beaming ef-
fect. The detailed analysis of the Q1 short cadence data of this
star is reported in the Bloemen et al. paper*’. The amplitude of
the Doppler beaming modulation is given by the relation

oF vy
C

7 (C.1)

where v, is the radial velocity, ¢ is the speed of light, and
(B) is the photon weighted Kepler bandpass integrated beam-
ing factor*’. (B) depends on the spectral energy distribution of
the star and the instrument spectral response. For the sdB star
KPD 194644340, this factor was calculated using appropriate
sdB model atmospheres, leading to the value (B) = 1.30 +0.03.
It was found in excellent agreement with the value independently
evaluated from fitting the light curve, (B) = 1.33+0.02.

Using the same model atmospheres we obtain for the
somewhat cooler star KIC 05807616'% a slightly larger value
for the beaming factor, (B) = 1.422. Considering our current
upper limit on the measured radial velocity (v, < 2.4 km/s, at
20; Section C.5), we find that a hypothetical Doppler beaming
effect would, at best, have an amplitude of 1.14 x 1075 (or 11.4
ppm). This is significantly lower than the amplitudes measured
for F| and F> (and, in fact, it would be below the detection
threshold even with the combined Q2+Q5-Q8 data). If we adopt
a less conservative position and consider that v, < 1.2 km/s (at
10), we find that the amplitude of the Doppler beaming would
be less than 5.7 ppm. Therefore, this hypothesis is inconsistent
with the observations.

Table C.1. Radial velocity measurements obtained from three MMT
spectra of KIC 05807616. The S/N values are given per pixel and RV
values are heliocentric velocities.

UT date / UT start Exp. Air S/N RV ORV
(s) mass (km/s)  (km/s)

2010-06-11/06:19:42 1200 1.33 84.1 —45.02 1.06

2010-06-11/08:52:16 1200 1.03 79.0 —43.23 1.19

2010-06-11/10:34:29 1200 1.03 87.3 —44.56 1.15

C.5. Dynamical constraints from spectroscopy

As part of a long term project to measure radial velocities in sdB
stars, we obtained three spectra of KIC 05807616 on UT 2010,
June 11 with the MMT blue spectrograph using the 832/mm
grating in second order (see Table C.1). The spectra extend from
4000A to 4950A at a resolution of 1.05A. They were reduced
with standard IRAF tasks, in the same manner as all of our
previous sdB MMT spectra. Radial velocities (RV) were ob-
tained by cross-correlating the KIC 05807616 spectra against
two extremely high S/N supertemplates from our database which
turned out to be excellent matches to the spectrum of KIC
05807616. (18 individual spectra with S/N of about 100 per pixel
were shifted and combined to create each of the two RV su-
pertemplates.) The cross-correlations were done using IRAF’s
FXCOR, after setting the Fourier filter parameters to focus the
cross-correlation on the cores of the Balmer lines and the narrow
helium and metal lines.

The availability of high S/N templates that are nearly iden-
tical to the spectrum of KIC 05807616 significantly improved
the accuracy of our RV measurements. Using a self-template
built from only the three observed spectra resulted in velocity
errors that are larger by a factor of ~ 2. The completely homo-
geneous nature of our MMT subdwarf spectra (same telescope,
instrument, and data reduction procedures), including the spec-
tra used to construct the very high S/N RV templates, is largely
responsible for the 1-3 km/s velocity accuracy that we typically
achieve. In addition, for these particular KIC 05807616 spectra,
2-3" seeing conditions combined with careful centering on the
1” slit essentially eliminated any slit-centering errors.

The RV values given in Table C.1 show no significant mod-
ulations. The first spectrum was taken 2.54 h before the second
spectrum (i.e., an orbital phase variation A¢ = 0.44 for F}), and
1.7 h separates the third spectrum from the second (A¢ = 0.30).
Hence, these three spectra correctly sample the orbit and a large
modulation, if present, should have been detected. Instead, these
data provide an interesting upper limit on potential RV modu-
lations. The achieved accuracy leads to a 10 error on the RV
measurements of ~ 1.2 km/s (Table C.1). A more secure esti-
mate (at 20) is that the projected radial velocity variations in
KIC 05807616 are below ~ 2.4 km/s.
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Supplementary Information, Section D:
A detailed evaluation of the hypothesis of planets
orbiting around KIC 05807616

In this Section, we investigate the plausibility of the hypothesis
of orbiting substellar bodies around KIC 05807616 and we ex-
plore exhaustively the impact of the various parameters on the
properties of these objects.

D.1. Some general considerations

We can estimate the total luminosity of the system in the Kepler
bandpass as

L=L.+ ZLj(reﬂected) + ZLj(radiated) ,
J J

(D.1)

where L, is the luminosity (in the Kepler bandpass) of the star.
The L;’s correspond to the luminosity contributions of the jth
planet, if more than one object is orbiting around the star (here
j=1,2). The flux of energy in the Kepler bandpass available at
a distance a; from the star is F(a;) = L*/(47ra§). If the planet
has an albedo «;, we can write that

()

L(reflected) = a;F ( 4)S<b> =a;j— L. 5 (D.2)
J =Wira ey = aj :
where S§b> corresponds to the illuminated (bright) surface area of

the jth planet projected on the observer’s plane (perpendicular
to the line of sight) that is indeed contributing to the reflected
luminosity. Similarly, the rate of energy absorbed by a planet of
radius R; is given by

Zj(absorbed) = (1 — o) TR} F (a;) = (D.3)

1 R;
We point out, in this case, that .2 and .% denote the absolute
bolometric luminosity and flux, and .% is the total luminosity
of the star (emitted in the full spectral range).

The way this energy and the associated heating is redis-
tributed on the planet’s surface can be particularly complicated.
Let us consider a simple model where the illuminated (hot) side
of the planet is assumed to be heated at a temperature 7; while
the dark (cool) side reaches a temperature 7;(dark). We can de-
fine a parameter 8 such that T;(dark) = B7; with B € [0,1]. B
provides a simple measure of heat redistribution on the surface
of the planet. If B = 1, then the temperature is homogeneous on
the planet’s surface, while 8 = 0 corresponds to the extreme case
where all the heat is trapped in the illuminated hemisphere. With
this formulation, the total energy radiated per second due to the
heat accumulated on the object can be written

£ j(radiated) = 27R5 0 (14 B*) T} (D.4)
In radiative balance, we have . ;(radiated) = .Zj (absorbed) al-
lowing us to estimate the temperature on the hot illuminated side
and the cool dark side
%
-« j < % 1
Tj= ( $10 o 1+ﬁ4> and Tj(dark) = BT;

The total energy radiated by the planet toward the observer in
the Kepler bandpass can then be written

D.5)

L;(radiated) = 4 [S;b)FR(Tj) +S§.d>FR([3Tj)} (D.6)
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where we have defined the total radiated flux Fg(7}) as

= /NBA(Tj)%LKd/I (D.7)
0

The quantity By (7}) is the Planck distribution and .7, repre-
sents the Kepler instrumental transmission curve (see Fig. D.3).

Sﬁd) is the planet’s dark surface area projected on the observer
b) , the projected bright surface

area, by the relation S( ) = R S<b>

The projected 1llum1nated surface area depends on the orbital
phase, y;, and the inclination angle, 7, of the stellar system. We
can show from spherical geometry calculations*® that the pro-
jected bright surface area of the planet illuminated by the star
and visible for the observer is given by

plane. This quantity is linked to S<

2
st _ TR

(1 +sinisiny;) ,
where y; = 2mt/P; is the illumination phase of the planet fol-
lowing the convention : y; = 0, last quarter; y; = /2, “full
planet”; v =7, first quarter; and y; = 37w/2, “new planet”.
Here, P; is the orbital period of the jth planet. The projected
dark port1on is then simply

R2

s _ g2 _g®) _ Tj (1 —sinisiny,)

= R} s, D9)

Gathering all parts together, we can develop Equation (D.1)
as

R
L = L*+Z{ Og;+2nR2[FR(T,-)+FR(ﬁT,)]} (D.10)
j

2
+Z{ ?R—é —i—27rR2 [Fr(T;) — FR(ﬁY})}}SiniSinwj

and, considering that Kepler is doing differential photometry
where only the modulations relative to the mean brightness are
recorded, we can finally write

oL OL;
— =~y - with (D.11)
L ~ L.

. (xR2 .
OL, - Z—FR(T) Fr(BT}) sinisin 2—nt .
L* 8Ll] L* P]'

Each 6L;/L, contains the contribution of the light reflected on
the illuminated surface and the contribution from the tempera-
ture contrast between the bright hemisphere and the dark hemi-
sphere modulated by the orbital period, P;. Recalling further that
L, is the star luminosity in the Kepler bandpass, i.e.,
L, ~ 4nR*Fx(T,) , (D.12)
with R, being the radius of the star and 7 its effective temper-
ature (here we assume that the star radiates as a black body),
the observed semi amplitude, A}, of this modulation is therefore
given by

1 FR(T))

j —FRwT»)
2R? Fr(T.)

o
Aj—Rﬁsini<J2+ (D.13)
8 J



allowing us to estimate the radius of the planet candidates

1
Ai\2 [ o
R = J ]
! (sini) <8a *

The last quantity that needs to be estimated is the separa-
tion, aj, of the orbiting planets with their parent star. Assuming
that the orbiting bodies have masses, m;, much lower than the
mass of the sdB star, M., Kepler’s third law provides the needed
relationship with the measured orbital period,

1
GM,\3 2
a.i:(m) Py

Having the radius, we can further assume a mean density, p;,
for the planet candidates. This allows us to evaluate their masses

47r 4

| R(T) - FR(pT)
2R2FR(T*)J> . (D.14)

(D.15)

R?(i:90°)} pj(sini)~3 (D.16)
and the expected radial velocity, assuming circular orbits

Zﬂajmj .
PiM,

B o {87:244,-1%;0—900)
Vj= 1=

1
=3
3P, ] pj(sini) .(D.17)
Note that the expected radial velocity increases when the incli-
nation angle decreases because the corresponding increase in ra-
dius and mass dominates over the radial velocity geometric pro-
jection factor.
These equations provide all the elements needed to evaluate
some of the properties of the orbiting objects.

D.2. Properties of the objects assuming light reflection only

Let us first assume that only reflection of the star light on the
illuminated surface of the planets is contributing to the modu-
lation. This would be the case if heat on the planet’s surface is
efficiently redistributed, such that the temperature on the dark
side equals the temperature on the bright side (i.e., = 1 in our
simplified model). In that situation, Equation (D.14) reduces to

8 A
Rj=a; (D.18)
aj sini
and equation (D.5) becomes
1
l1-a; Z.
T;= (]67”’ 7 > and Tj(dark) =T} (D.19)

An accurate asteroseismic determination of the parameters of
KIC 05807616 give a mass M, = 0.496 M, aradius, R, =0.203
R, and an absolute luminosity, .%, = 22.9 L. '3. With the pa-
rameters provided in Table A.1, we find the values given in Table
D.1 for the parameters of the two planet candidates. Note that
the amplitude of F; is more uncertain due to a complex behavior
possibly due to a modulation of this frequency (see Section E).
We also assumed two different values for the albedo, one
representative of giant planets like Jupiter (¢; = 0.52) and one
representative of Mercury (a hot telluric planet without atmo-
sphere) and of the currently known hot giant extra solar plan-
ets orbiting close to their central star (a; = 0.10)'7-1°. These
values span a rather large range likely covering all possible sit-
uations. The value of the albedo affects the estimated radii. A

Table D.1. Parameters for the two planet candidates assuming § = 1
(reflection only).

Planet Planet
Parameter candidate #1 candidate #2
P; (h) 5.7625 8.2293
Aj 52x1073 f4.7%x 107
a; 8.9698 x 10" cm  1.13749 x 10'! cm
1.290 R, 1.636 Ro
0.0060 AU 0.0076 AU
Assumed albedo, o; = 0.52
T; (K) 6 553 5819
RjV/sini 2.5370x10°cm  3.0587 x 10° cm
0.355 R 0.428 Ry
3.978 Rg 4.796 Rg

2.29 (0.2 g/em?)
114.5 (10 g/em?)

4.01 (0.2 glem?)

m;(sini)2 (Mg)
200.7 (10 g/em?)

vjV/sini (m/s) 3.8(0.2 g/cm3) 5.8(0.2 g/cm3)
187.4 (10 g/lem®)  291.5 (10 g/em?)
Assumed albedo, o= 0.10
Tj (K) 7 668 6809
RjV/sini 5.7853x10°cm  6.9750 x 10° cm
0.809 Ry 0.976 Ry
9.071 Rg 10.936 Rg
m j(sml) (Mg)  27.16 (0.2 g/lem®)  47.59 (0.2 g/em?)
1357.8 (10 g/em®)  2379.4 (10 g/cm?)
v;V/sini (m/s) 44.4 (0.2 glem?) 69.1 (0.2 g/cm?)

2221.5 (10 glem?)
T This amplitude value is more uncertain.

3457.1 (10 glem?)

small albedo reduces the amount of reflected light and has to
be compensated by a larger radius to produce the observed light
modulation. Note, however, that the radius scales as the square
root of the albedo, thus the impact on the estimated radii is not
very strong unless very different values for the albedo are con-
sidered. Moreover, a small albedo means more energy absorbed
by the planets and possibly a larger modulation due to thermal
reemission (see the next Subsection).

Quite interestingly, in both cases, the estimated radii place
these objects right in the range of small gaseous giant plan-
ets. If the system is seen nearly equator on (but not exactly,
as we do not see transits in the light curve), with an albedo
of 0.52 (0.10) the two objects would be comparable in size to
Uranus and Neptune (Jupiter), with Ry ~ 0.355 Ry (0.809 R;)
and Ry >~ 0.428 Ry (0.976 R;; Ry being the radius of Jupiter, i.e,

=7.1492 x 10° cm).

Of course, there is an indetermination due to the unknown in-
clination of the system. The configuration could be seen nearly
pole on and the sizes of the orbiting bodies would then be signifi-
cantly larger. However, Fig. D.1 shows that the inclination has to
be particularly low to make the above estimates of the radii sig-
nificantly larger than the radius of a planet of Jupiter size. In or-
der to have R > 1.5 Ryyp, i should be < 3.5° for the planet candi-
dates (with OC] =0.52; this values is i < 20° with a; = 0.10). The
chance that the system is seen under such a small inclination is
low. Furthermore, constraints on the inclination come from aster-
oseismology based on the amplitude distribution of rotationally
split mode multiplets, suggesting that i < 20° is very unlikely
and possibly points toward an inclination i ~ 65° (Section A.4).
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Figure D.1. Estimated radii (in Earth radius), masses (in Earth mass) and radial velocities (in m/s) for the planet candidates as functions of the
inclination angle, i, assuming only a reflection effect on the planet illuminated surface. We use two values for the albedo, a; = 0.52 (upper panels)
and @ = 0.10 (lower panels). The red filled regions (and dashed portions of the various curves) shows excluded domains due to the absence
of eclipses (at large inclinations), due to our current upper limit on the radial velocity modulations (2.4 km/s at 20; Section C.5), and due to
asteroseismic considerations suggesting that an inclination angle lower than ~ 20° is highly unlikely (Section A.4). The light-blue vertical lines
show the suspected angle (65°, plain line) with indications of the 16 (dashed lines) and 26 (dotted lines) ranges. The radii and masses of Jupiter,
Saturn, Uranus, Corot-7b%, and Kepler-10b3° are indicated for comparisons (the blue dotted horizontal lines). We also show the 1.5R; limit (the
red dotted horizontal line in radius-vs-inclination subpanels). Four different curves are provided for the mass and radial velocity which sample the
typical range of density, p;, where exoplanets are usually found. The values p; = 5.51 g/em? and p j =133 g/em? correspond to the Earth and

Jupiter mean density, respectively.

Considering that no evidence for eclipses is found in the light
curve, we can at least set an upper limit to the inclination angle.
In order to avoid eclipses, we must have

R.+R;

cosi > — R
aj

(D.20)
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thus excluding the high inclination angles corresponding to the
red shaded regions in Fig. D.1. The first planet candidate, the
one closest to the star, provides the most stringent constraint on
the inclination angle to avoid eclipses, leading to i < 79.5° when
assuming of; = 0.52 (i S 76° if o; = 0.10). This leaves a particu-



Table D.2. Parameters for the two planet candidates assuming 8 = 0
(maximum thermal emission contribution).

Planet Planet
Parameter candidate #1 candidate #2
Pj (h) 5.7625 8.2293
Aj 52x 1073 74.7%107°
a; 8.9698 x 100 cm  1.13749 x 10'! cm
1.290 R 1.636 R
0.0060 AU 0.0076 AU
Assumed albedo, o; = 0.52
T; (K) 7792 6920
Fr(T}) -2 -2
F:(Ti) 5.934 x 10 3.925x 10
Rj+/sini 5.7567 x 108 cm 6.7398 x 108 cm
0.081 Ry 0.094 Ry
0.903 Rg 1.057 Rg

3

mj(sini)2 (Mg) 0.027 (0.2 g/em?)

1.338 (10 g/em?)

0.043 (0.2 g/em?)
2.147 (10 g/em?)

vjV/sini (m/s) 0.04 (0.2 g/lem®)  0.06 (0.2 g/em?)
2.2 (10 g/em3) 3.3 (10 g/lem?)
Assumed albedo, o = 0.10
Tj (K) 9118 8097
e 9.698 x 102 6.727 x 102
R;V/sini 4.6087 x 108 cm 52626 x 108 cm
0.064 Ry 0.074 Ry
0.723 Rg 0.825 R
mj(sini)2 (Mg) 0014 (0.2 g/em?) 0020 (0.2 g/em?)
0.686 (10 g/em®) 1022 (10 g/em?)
vjV/sini (m/s) 0.02 (0.2 g/em?)  0.03 (0.2 g/lem?)

1.1 (10 g/em?)

¥ This amplitude value is more uncertain.

1.5 (10 g/em?)

larly wide and comfortable range of inclination angles where the
estimated radii fall clearly in the planetary range, corresponding
to Jupiter-like objects.

Because the sdB star is very hot and luminous (7e¢ = 27 730
+270K, %, =22.943.1 L)', and the whole system is partic-
ularly compact, the temperatures at the surfaces of these planets
are estimated to be very high (see Table D.1). They would be,
by far, the hottest “hot Jupiters” ever detected. This directly de-
rives from the other characteristics of this system, namely that
these planets would be the ones having the shortest orbital peri-
ods known and, thus, being the closest to their parent star. These
atypical properties compared with those of known hot giant plan-
ets orbiting main sequence stars should not be surprising how-
ever, considering the nature of the parent star in this case: an
evolved, hot, and compact sdB star.

D.3. Properties of the objects with thermal re-emission

In the previous analysis, we ignored the possible contribution
coming from the light radiated by the planets. It is possible (even
likely) that a significant thermal imbalance exists between the
bright heated hemisphere and the dark cooler hemisphere, pro-
ducing important temperature gradients. This contribution may
induce another source of luminosity modulation added to the
pure reflection effect on the planet’s surface. As Eqn. (D.14)
clearly states, this effect will always contribute to reduce the

T T T T T T T T T T 0.8
20 —
sdB star
— 0.8
N
g
Gl
>
2
Iy Planet #1
@ - 0.4
E| Planet #2 :
z L anet # :
a0
2 L
16 -
— 0.2
L

L. L
4000 6000 8000

Wavelength (4)

Figure D.3. Estimated blackbody flux emission (on a logarithmic scale)
in the Kepler wavelength bandpass (the dotted curve shows Kepler’s in-
strument spectral response) for the sdB star and the 2 planet candidates
(solid curves), assuming an albedo a; = 0.52.

estimate of a planet’s radius compared to the case studied pre-
viously. Hence, even if it may be difficult to evaluate precisely
this effect, taking it into account will make it even more likely
that we indeed see planets, possibly smaller than estimated in
Subsection D.2.

We can attempt to estimate quantitatively this contribution
by first considering the most extreme case where we set § =0 in
our simplified model. In this configuration, we consider that only
the hemisphere facing the star is heated, while the dark hemi-
sphere receives no heat at all (i.e., we set Tj(dark) = 0 K for
simplicity). In this context, Equation (D.14) reduces to

1 1l
AN (o 1 F(T))\ °
o %oy IRUG D.21
/ <sini> (8a§+2R§FR(T*) (D-21)
and Equation (D.5) can be written
%
l—a; Z.
Tj = ( SMJ a§> and Tj(dark) =0 (D.22)

Using this relation, the estimated temperatures on the surface
of the illuminated hemispheres of the planets are given in
Table D.2. These values can be used to compute the contribution
from thermal emission in Equation (D.21). Figure D.3 shows the
emitted fluxes in the Kepler bandpass assuming blackbody emis-
sion for the sdB star (of effective temperature 7,) and the planet
candidates (of temperature 7;). We provide the values computed
from Equation (D.7) for the ratio F(7})/Fr(T;) in Table D.2.
With these numbers, Equation (D.21) provides new esti-
mates for the radii of the orbiting bodies. In the present case,
we point out that the contribution from the thermal emission
is not a negligible effect. In fact, it largely dominates the star
light reflection on the planets’ surfaces. This contribution is
~ 18 —20x larger than the reflection when a; = 0.52 is assumed
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Figure D.2. Same as Fig. D.1 but assuming reflection and thermal re-emission (with B = 0; i.e. the highest possible contrast between the day side

and the night side of the planet candidates).

(~ 156 —175x larger, if a; = 0.10). Of course, this corresponds
to the largest possible contribution (8 = 0) which decreases if
B increases (i.e., if a better energy redistribution on the planet’s
surface occurs; but see below). In this limiting case, due to the
important additional contribution to the modulated flux, the de-
rived radii are significantly smaller than in the hypothesis of pure
reflection. Table D.2 summarizes the values obtained in this case,
which now indicate that two planets of size comparable to the
Earth (or smaller, if small albedoes are assumed) may have been
detected. The inferred radii, again, depend on the unknown in-
clination angle which, however, will significantly affect this con-
clusion only for very low values of i (Fig. D.2).
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A better description of the KIC 05807616 system probably
lies in between the two limiting cases discussed previously. The
value of B (in the simple model developed) may depend on vari-
ous factors, such as the nature of the planets (solid, with or with-
out an atmosphere, or gaseous?), whether or not these planets are
tidally synchronized such as to always have the same hemisphere
facing the star, and other causes. Quite remarkably, however, we
find by computing the radii for different values of 8 based on
Equations (D.5) and (D.14) that, very rapidly, the estimated radii
become close to the estimation obtained assuming 8 = 0. This
is illustrated in Table D.3 and Fig. D.4. The reason is that the
contrast of light radiated in the Kepler bandpass between the hot



Table D.3. Parameters of the two planet candidates as a function of 3
and assuming an albedo a; = 0.10.

ﬁ T1 T1 (dark) R1 \/m T2 Tz(dark) Rzm
(K) (K) (Rearn) (X) (X) (Reartn)
0.00 9118 0 0.723 8097 0 0.825
0.25 9110 2271 0.724 8 089 2022 0.827
0.50 8981 4491 0.764 7975 3988 0.867
0.60 8 845 5307 0.820 7854 4713 0.926
0.70 8 641 6 049 0.924 7673 5371 1.039
0.80 8368 6695 1.121 7431 5945 1.257
0.85 8209 6978 1.293 7290 6197 1.450
0.90 8038 7234 1.585 7138 6424 1.777
0.95 7857 7463 2.226 6977 6628 2.500
1.00 7 668 7 668 9.071 6 809 6 809 10.936

and cool hemispheres rapidly becomes large, dominating the ef-
fect of light reflection on the planet’s surface. Below 8 ~ 0.8 (a
difference of only 20% in temperature between the two hemi-
spheres), the estimated radii are already comparable to the size
of the Earth and suggest planets smaller than the smallest plan-
ets discovered around a nondegenerate star so far (Kepler-10b3°
and CoRoT 7b%%). As a comparison, the estimated mean temper-
atures on Mercury (i.e., a hot telluric planet without atmosphere)
are approximately 450 K on the day side and 90 K on the night
side, corresponding to 8 ~ 0.2 in our simplified model. Figure
D.4 shows that there is indeed a wide range for the parameters
where the two extrasolar planet candidates would be the smallest
ever discovered.

D.4. Summary

All in all, we estimate that these arguments strongly suggest
the presence of two planetary objects of size between the Earth
(or slightly smaller) and Jupiter orbiting around KIC 05807616.
Moreover, since the planet candidates are very likely tidally syn-
chronized in this case and are showing always the same face to
their extremely hot parent star, it is probable that a strong tem-
perature contrast exists between the night side and the day side
of the planets (i.e., small values of ). This configuration, ac-
cording to our estimates, clearly favor planets of small size for
all except very small inclination angles (see Fig. D.4). In particu-
lar, in the least favorable case where a = 0.52, if i 2> 20° (i 2 25°
for planet #2; i.e, still a rather extended range including the angle
range suggested by asteroseismology), the planets would be the
smallest ever detected orbiting a nondegenerate star other than
our Sun.
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Figure D.4. Estimated radii (expressed in Earth radius) for planet can-
didates #1 (top) and #2 (bottom) as a function of the inclination angle,
i. We assume a geometric albedo o¢; = 0.10 for the planets and different
values for the B-parameter. From top to bottom, the curves correspond
to = 0.95, 0.90, 0.85, 0.80, 0.70, 0.60, 0.50, 0.25, and 0. The curves
in red and light-blue correspond to < 0.80 and 0.80 < 8 < 0.90, re-
spectively. The radii of Uranus, Neptune, CoRoT-7b (C-7b), Kepler-
10b (K-10b), and the Earth are indicated for comparison purposes (the
dark-blue dotted horizontal lines). The forbidden eclipse region is also
indicated (shaded region at high inclination angles).
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Supplementary Information, Section E:
On possible causes for the F, triplet structure

E.1. Amplitude, frequency, or phase modulations?

The peculiar structure of the F, complex is illustrated in
Table A.1 and Fig. A.2. This structure forms a symmetric triplet
with a frequency separation of Av ~ 0.20 uHz most visible in
the Q5+Q6 subrun. It is is clearly more complex than this, how-
ever (see in particular the Q2+Q5-Q8 periodogram). The relative
amplitudes of the triplet are difficult to evaluate precisely due
to the low S/N of the detection. The observed (and changing)
amplitude asymmetries can easily occur from random construc-
tive or destructive interferences with the noise and other struc-
tures. Within the uncertainties, one may therefore consider each
component to be of comparable amplitude. Interestingly, we also
note from Table A.1 that the phases of the side components are
equal, although uncertainties on the measured frequencies can
significantly change these values. It is noteworthy to mention
that oscillation modes split by rotation (see, e.g., Table A.2) do
not show specific phase correlations of this kind between their
components.

This structure could be indicative of an additional modula-
tion affecting /> on a much longer timescale of ~ 57.269 days
(1/2.0x 10~7). The modulation can occur on the amplitude, fre-
quency, or phase, or any combination of these. In Table E.1 and
Fig. E.1, we show examples for the three different kind of mod-
ulations and their response in Fourier space. The injected signal
is noiseless and we used the parameters given in Table A.1 for Fj
and F, sampled at 58.8 seconds during the equivalent of 186 day
of observation. These synthetic data are therefore comparable to
the combined Q5 and Q6 runs (minus the noise).

Considering the properties of the triplet given in Table A.1,
the closest configuration arises if the signature is caused by a
frequency modulation. An amplitude modulation does not repro-
duce well the characteristics of the sidelobes. Moreover, a large
modulation would be required to produce sidelobes of sufficient
amplitude to be detectable in noisy data. The phase modulation
also requires a large effect to produce sidelobes of significant
size. In contrast, even a small frequency modulation can pro-
duces multiplet structures with significant sidelobes. In our ex-

Table E.1. Fourier parameters of a periodic signal with cyclic ampli-
tude, phase, or frequency modulations of 0.20 uHz

Frequency Amplitude  Phase =~ Comments
(1Hz) (%)

Amplitude modulation - AA/A = 1.0, Ay =7
33.6249 0.0019 0.1509
33.8269 0.0037 0.4001  Fig. E.1 (left)
34.0289 0.0019 0.6509

Phase modulation —- APh = 0.2, Ay =7
33.6244 0.0014 0.1538
33.8269 0.0031 0.4001  Fig. E.1 (middle)
34.0284 0.0014 0.1532

Frequency modulation — Av/v = 7.4 x 1074 Ay =1

33.6191 0.0020 0.1915
33.8230 0.0031 0.4192  Fig. E.1 (right)
34.0200 0.0023 0.2151

Frequency modulation with noise — Av/v =7.4x 1074, Ay =&
33.6343 0.0033 0.0019 S/N=4.7
33.8313 0.0037 0.3631 S/N=5.3;Fig.E2
34.0125 0.0026 0.2859 S/N=3.7
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Figure E.2. Lomb-Scargle Periodogram of a synthetic signal modulated
in frequency with an added realization of the noise comparable to the
Kepler data.
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Figure E.3. Lomb-Scargle Periodograms (LSP) of a synthetic signal
containing F| and F,. A realization of the noise at a level compara-
ble with the Kepler data was added to the synthetic signal. The top
(middle) panel shows the LSP of the first (second) half of the synthetic
light curve. The bottom panel shows the LSP of the complete synthetic
light curve and is comparable to the panel showing the Q5+Q6 data in
Fig. A.2.
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Figure E.1. Lomb-Scargle Periodograms of a noiseless synthetic signal modulated in amplitude (left), phase (middle), and frequency (right).

Table E.2. Frequencies detected above four times the noise level in the complete, 185 day, synthetic data set and in two subsets of 93 day duration.

Id.  Run Frequency oy Period op Amplitude [N\ Phase  opp S/N
(uHz) (uHz) () () (%) (%)
F 186 days 482190  0.0041 20738.693  1.744 0.0060 0.0007 0.562 0.032 85
93 days (part 1)  48.2187 0.0132 20738.841  5.657 0.0054 0.0010 0.567 0.050 5.3
93 days (part2)  48.2230  0.0108 20737.004  4.639 0.0065 0.0010 0.513  0.112 6.5
Fy 33.6343 0.0072  29731.540  6.393 0.0033 0.0007 0.002 0.059 4.7
P 186 days 33.8313 0.0065 29558.468  5.700 0.0037 0.0007 0.363 0.054 53
F;r 34.0125 0.0094  29400.981  8.107 0.0026 0.0007 0.286 0.076 3.7
93 days (part 1) 33.8280  0.0132  29560.493 11.529 0.0053 0.0010 0.395 0.051 53
93 days (part 2) 33.6151 0.0149 29748.532 13.192 0.0047 0.0010 0.266 0.155 4.7

ample shown in Fig. E.1 (right hand side), the amplitude of this
modulation is only 7.4 x 107*F, = 0.025 uHz (or 21.9 seconds
in terms of the period). The resulting pattern in the periodogram
is a complex structure with dominant sidelobes separated by the
modulation frequency (0.20 uHz). Note that, in this case, the
central frequency has an underestimated amplitude compared to
the one of the injected signal.

In a second step, we produced a synthetic light curve includ-
ing F; and F, and we added a white noise at a level compa-
rable with the noise observed in the Kepler data. In these syn-
thetic data, the frequency of F, was modulated with an ampli-
tude of 0.025 uHz and a modulation frequency of 0.20 uHz (see
Table E.1). Note also that F> was injected with an intrinsic ampli-
tude of 51 ppm. The Lomb-Scargle periodograms of this noisy
synthetic light curve are shown in Fig. E.2 and Fig. E.3. We can
see that the complex structures generated by the frequency mod-
ulation (right panel of Fig. E.1) are mostly hidden by the noise
and only the three dominant components, forming a symmetric
triplet, are detectable. Keeping in mind that the noise realization
in these synthetic data naturally differs from the realization ob-
served in the real data, Fig. E.3 shows strong similarities with
Fig.A.2 (in particular the panel showing the Q5+Q6 subrun).

Interestingly, the Q2+Q5-Q8 run shown in Fig.A.2 (bottom
panel) suggests a structure for F> which is more complex than a
simple triplet. This reinforces the interpretation of a frequency
modulation, as the numerous peaks visible in the noiseless data

(right hand side of Fig. E.1) should eventually emerge as the
noise goes down with more data. However, the full Q2+Q5-Q8
data are clearly not sufficient to characterize these structures and
longer time series (probably several years of Kepler data) will be
needed to exploit further these features.

The parameters of the peaks detected in this synthetic light
curve are given in Table E.2 and are similar to the detected sig-
nals given in Table A.1. Note, in particular, the apparent fre-
quency variation of F, between the two halves of the synthetic
light curve and the fact that the true amplitude (51 ppm) is nearly
recovered when taking the average of the amplitudes evaluated
for the two 93 day sections, while the amplitude of the central
component in the fully resolved synthetic data underestimates it.
Finally we note that phase estimates for the F; triplet compo-
nents are significantly altered by the noise (see Table E.1) and
cannot provide very useful diagnostics. These differences are
likely linked to small variations in the fitted frequencies, due to
the noise, and these errors propagate to the phase determination.

E.2. Physical interpretation

A clear physical interpretation for the F, complex remains elu-
sive at this stage. If we admit the orbital origin of this variation
and assume that this structure is caused by a periodic modulation
of the frequency/period (of amplitude ~ 0.025 uHz or ~ 22 s;
see previous Subsection) over a much longer timescale of 57.269
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days, then one may postulate that this structure reflects the pres-
ence of another body perturbing mostly the orbit of the second
planet candidate. If the period of this frequency modulation is
linked to the orbital period of this hypothetical object, then it
would be much more distant from the star. Kepler’s third law
would place it at a distance of ~ 49.6 R, (0.231 AU), i.e., more
than 30 times the distance between the star and the two planet
candidates. However, perturbation calculations would need to be
carried out to test the plausibility of this interpretation.
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