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For 1000 MS 
stars, expect:
760 M dwarfs
120 K
75 G
30 F
10 A
1 B, O
10 NS
1 BH
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Cosmic
Object
Synthesis and
Monte-carlo
Investigation
Code

Chatterjee et al 2010

For T<11, 
P<100d, we 
expect: 
300 BHs
1200 NSs
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• Awarded GI program to look for Self-Lensing 
Binaries in TESS using signatures in the 
photometric lightcurves:

– Microlensing
– Doppler Beaming
– Ellipsoidal Variations
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Ethan Kruse, and Eric Agol
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Self-lensing Binaries from Kepler 3

Figure 1. The observed pulses of the SLBs. The light curves are PDCSAP flux of the Kepler long-cadence data.

Figure 2. Pulses of KIC 8622134 compared to those of the neighbor stars KIC 8557406 and KIC 8622875 (KOI-5551). The
latter two were identified by ephemeris matching.

also inspected the long cadence PDCSAP light curves
of the relatively bright neighbor stars of the candidates
(KIC 3835487 for KIC 3835482, KIC 6233055 for KIC
6233093, and KIC 6522279/6522242/6522288 for KIC
6522276, all located within 10 pixels). Again we found
no suspicious signals at the timings of the pulses.

2.3. Radial Velocity (RV) Observations

We obtained high-resolution spectra to measure RVs
of KIC 3835482, KIC 6233093, KIC 6522276, KIC
8145411, and KIC 12254688 with the Tillinghast Reflec-
tor Echelle Spectrograph (TRES) on the 1.5 m telescope
at the Fred Lawrence Whipple Observatory (FLWO) in
Arizona. The observed RV values are listed in Table
2. As will be shown in Section 3.2, KIC 3835482, KIC
6233093, and KIC 12254688 show clear velocity varia-
tions consistent with the pulse light curves. Thus we

conclude that these three targets are genuine SLBs and
denote them as SLBs 1–3. Their light curves around the
detected pulses are shown in Figure 1.
Unlike SLBs 1–3, KIC 6522276 did not exhibit sig-

nificant RV variation more than ⇠ 0.2 km/s. The null
detection is inconsistent with the presence of a stellar-
mass companion (Figure 3). Thus we conclude that KIC
6522276 is a false positive. The slight di↵erence in the
heights of two observed pulses (Figure 4, top) also sup-
ports this notion.
KIC 8145411, on the other hand, did show an RV vari-

ation (Figure 5), but the observation could be consistent
with either of the models with two di↵erent orbital pe-
riods (P = 911.7 days and P = 455.8 days) allowed from
the light curves (Figure 4, bottom), if the eccentricity
is adjusted accordingly. Given this uncertainty in the

Kawahara et al. 2018
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KPD 1946+4340
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Kepler observations of KPD 1946+4340 1793

Table 2. Properties of KPD 1946+4340. The orbital
period and the effective temperature of the sdB were
derived from spectroscopy. The other parameters are
obtained by modelling the Kepler light curve. The
uncertainties on these values are determined by an
MCMC analysis, using the prior constraint that the
WD mass–radius relation has to match the Eggleton
relation to within 5 per cent rms.

Primary (sdB) Secondary (WD)

Porb (d) 0.403 750 26(16)
q 1.27 ± 0.06
i (◦) 87.14 ± 0.15
R (R⊙) 0.212 ± 0.006 0.0137 ± 0.0004
M (M⊙) 0.47 ± 0.03 0.59 ± 0.02
Teff (K) 34 500 ± 400 15 900 ± 300

perfectly with the one defined by the surface gravity derived from
spectroscopy in Section 4. The correlation coefficients between the
different parameters are given in Table 3. The binary’s inclination,
its mass ratio and the stellar radii are highly correlated.

3.5 Variability in residuals

One of the goals of the Kepler Mission is to allow detailed asteroseis-
mic studies of pulsating stars. The asteroseismology programme is
discussed in Gilliland et al. (2010a). For more information about the
search for pulsations in compact objects with Kepler, see Østensen
et al. (2010a).

The Fourier transform of the original light curve of an eclipsing
close binary like KPD 1946+4340 is highly contaminated by fre-
quencies and their harmonics due to the binary orbit. Subtraction of
a good model of the binary signatures of the light curve allows one
to get rid of this contamination. Since a number of sdBs have been
found to be multiperiodically pulsating (for a review on asteroseis-
mology of EHB stars, see Østensen 2009), we checked the residuals
of the light curve for signs of pulsations. Using the analysis method
and significance criteria outlined in Degroote et al. (2009), eight
significant frequencies were found, which are listed in Table 4.

f 2 is a known artefact frequency caused by an eclipsing binary
that was used as one of the fine-guidance stars during Q1 (see Haas

Table 3. Correlation coefficients of the different pa-
rameters that were varied in the MCMC simulations,
after applying the Eggleton mass–radius relation
constraint.

R2 i T1 T2 q

R1 0.95 −0.95 0.02 0.02 −0.95
R2 −0.98 0.07 0.02 −0.99
i −0.06 −0.02 0.96
T1 0.44 −0.09
T2 −0.02

Table 4. Significant variability frequencies in the residuals of the light curve
of KPD 1946+4340. The value of the S/N was determined by dividing the
amplitude of the peak with the uncertainty on the amplitude.

Frequency (d−1) Amplitude S/N
(µmag)

f 1 0.2758 ± 0.0011 97.5 ± 7.2 13.5 =f 2/2
f 2 0.5936 ± 0.0013 97.5 ± 7.2 13.5 Instrumental
f 3 0.1417 ± 0.0014 86.6 ± 7.2 12.1 =f 2/4
f 4 1.1820 ± 0.0015 81.0 ± 7.2 11.3 =2f 2
f 5 1.7730 ± 0.0018 67.5 ± 7.2 9.4 =3f 2
f 6 440.4386 ± 0.0022 54.2 ± 7.2 7.6 Instrumental
f 7 4.9548 ± 0.0024 49.1 ± 7.2 6.9 =2f orb
f 8 0.3115 ± 0.0027 44.9 ± 7.2 6.3

et al. 2010; Jenkins et al. 2010). Four other frequencies (f 1, f 3, f 4

and f 5) are related to f 2. The highest frequency, f 6, is related to the
processing of the long cadence data (see Gilliland et al. 2010b). f 7

is the first harmonic of the orbital frequency of KPD 1946+4340,
which indicates that there is still a weak orbital component left after
subtracting our light-curve model. f 8 is not related to any of the
other frequencies and corresponds to a period that is too long to
arise from stellar pulsations of the WD or the sdB. If it is real, the
signal might result from the rotation of the WD, or it might be due
to a background star.

The best candidate peak for p-mode pulsations of the sdB is at
5018.2 µHz with an amplitude of 37 µmag, but further data are
needed to confirm that the sdB is pulsating. From ground-based

Figure 5. Figure equivalent to Fig. 4, but for an MCMC run with a prior constraint that the WD mass–radius relation has to match the Eggleton relation to
within 5 per cent rms.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 410, 1787–1796
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For T<11, P<100d, we expect: 
300 BHs and 1200 NSs
20 SLB BHs and 50 SLB NSs

Self-Lensing Binaries 147/30/19
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1) Machine Learning

2) Traditional Approach
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Based on:
- Magnitude cut
- Periodicity cut
- Chi-squared and MCMC fits
- Amplitude cuts
- Consistency across sector or

sectors
- Stellar Type

Self-Lensing Binaries 177/30/19
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F0V classification
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Variable Star of alpha2 CVn type Orbit Fit:

ΧN = 2.44

BH Fit:

ΧN = 4.76

ApEuCr classification
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BH Fit:

ΧN = 0.89ApSrCrEu classification
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BH Fit:

ΧN = 1.31
M 3.7 classification
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Algol Variable
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• Developed a model and two parallel pipelines to 
search for self-lensing binary signatures in TESS data

• Simultaneously aggregating classes of interesting
stellar lightcurves, including eclipsing binaries

• Hope to have new updates soon, with potential for 
exciting implications:
– First truly quiescent black hole
– Closest black hole
– Rates of wide binary formation
– Unbiased probe of BH mass function
– Probe mass gap between NSs and BHs
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