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2009年に打ち上げられたケプラー衛星は 3500個以上の惑星を発見したものの、その中で土星のような惑星リングを
持つ惑星は報告されていなかった。我々は、惑星リングの兆候を探すための手法を開発し、それをケプラーデータへ適
用した結果、初めての惑星リング候補を発見した。その惑星リング候補の食の光度曲線とモデルとの残差を左図に示す。
リングなしの惑星では説明できないずれが、リングを仮定することで (右図 A)非常にうまく説明できる。もっとも、そ
れ以外の可能性として、冥王星とカロンのような 2重惑星 (右図 B)、あるいは星回りの円盤も同様に残される (右図 C)。
惑星リングと 2重惑星のいずれも場合であっても太陽系外で初の発見となり、すばる望遠鏡による追観測を含め、今後
さらに研究を継続する予定である。本研究は米国天文学会のWebサイトでも、注目論文 [1]としてとりあげられた [2]。
While over 3500 exoplanets have been detected by the Kepler satellite launched in 2009, no evidence of a

Saturnian ring around exoplanets has been reported yet. We developed a methodology to identify exoplanetary

rings, applied it to the Kepler data, and consequently, found a ringed-planet candidate for the first time. The left

figure shows the transit light curves and the residuals obtained from models fitted to the data. While a ringless

planet does not explain the data, a ringed planet fits the data consistently. In addition to the planetary ring

hypothesis (A in right panel), there remain two alternative scenarios: a transiting binary planet like the system

of Pluto and Charon (B in right panel) and an eclipsing binary star with a circumstellar disk (C in right panel).

If our candidate is confirmed as a ringed planet or a binary planet, it is the first detection of such objects outside

the Solar System. We will continue to study this candidate in various ways including the spectroscopic follow-up

with the Subaru telescope. This result [1] was also featured by American Astronomical Society on the web [2].

[1] Aizawa, M., et al. 2017, AJ, 153, 193

[2] AAS NOVA Features, ”The Search for Ringed Exoplanets”, http://aasnova.org/2017/04/07/the- search-for-

ringed-exoplanets/)
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“Rings are common in Solar System”
Saturn

Uranus

Neptune

Jupiter

But,	
  no	
  clues	
  to	
  “exoplanetary”	
  rings	
  like	
  “them”

・・

“Exo”planetary	
  rings	
  would	
  also	
  be	
  common!!	
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J1407 b (~16Myr) 

Mamajek+ 2012
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Osborn+ 2017

8 H. P. Osborn et al

Figure 5. A circumsecondary ring model for PDS 110b. Upper panel: The
light curve gradients seen in 2008 and 2011 photometry (yellow and blue) are
shown, along with an upper bound fit to the gradients (black) from which
the orientation of the system is derived. Central panel: The photometry
in 2008 and 2011 together with the one plausible ring transmission model
(green line). Lower panel: A schematic of the model ring system (red nested
ellipses) crossing the stellar disc (green).

curves and adjusting them so that the photometry of the di�erent
epochs gives the most consistent match in both photometry and in
the matching of the light curve gradients. The measurements of light
curve gradient as a function of time from the centre of the respective
WASP and KELT eclipses are shown in Figure 5. The figure shows
that there are seven light curve gradients above 0.1 Lstar/day during
the ingress of PDS 110b, compared to only one during egress. WASP
detects 5 slopes and KELT detects three significant slopes. From this
we conclude that many more steep gradients are seen during ingress
in both eclipse events, and in the context of the ring models, this
implies an eclipsing object with small spatial scale structure similar
to that seen in J1407b. These gradients are used to determine the
orientation of the ring system following the method of Kenworthy
& Mamajek (2015) (Section 3.1). By fitting the measured gradients
g(t) to the model gradients G(t) we achieve the fit shown in Figure
5 as the solid black curve. All gradients must lie on or below this
curve for there to be a consistent ring model. The determined disc
parameters have an Impact parameter of 2.45 d, a ring center o�set
of 4.02 d (both in velocity space), an apparent disk inclination of
74�, and total obliquity of the disk plane to the orbital plane of 26�.

We then model the ring radii and transmissions as the con-
volution of the stellar disc (R=2.23R�) with the ring parameters.
Minimization of ring transmissions produced the ring model as seen
in Figure 5

The incomplete coverage of both eclipse events leads to sev-

eral plausible ring solutions, of which we show just one in Figure 5.
The ring model fits both epochs well in several places, and shows
deviations in others. From the plot of light curve gradients, where
we can see several high gradients on the ingress of the transit in both
epochs, we conclude that a tilted disk containing azimuthal structure
at high spatial frequencies is a reasonable fit to the data. There isn’t
a unique solution using azimuthally symmetric structures, which
may be due to several causes: (i) We are seeing at di�erent clocking
angles in successive transits (eg from a spiral pattern), (ii) the intrin-
sic stochastic variability of the parent star is a�ecting the derived
photometry and light curve gradients, (iii) precession of the disk
between successive transits, (iv) the eclipses are instead aperiodic
dimmings caused by unexplained dust disc processes. A comprehen-
sive photometric monitoring campaign during future eclipses will
help resolve these ambiguities in the interpretation of this object.

6 FUTURE OBSERVATIONS

While we favor the presence of dust structure around a periodic
secondary companion as the cause of the eclipses, additional data
is needed to test it. In particular, the next eclipse will take place on
HJD=2458015.5 ± 10 (Sept 9-30 2017). Unfortunately, it will only
be observable for a few hours each night from the ground, and space
based observations may be needed for better temporal coverage of
the event. The presence or absence of an eclipse will immediately
settle the question of periodicity.

High cadence and low noise light curves during the eclipse will
better constrain the presence of any smaller scale structures in the
eclipsing material, potentially confirming the hypothesis that it is a
disc of material with gaps and other structures orbiting a low mass
secondary. Color information during the eclipse can determine if the
obscuration is due to small dust grains or larger bodies that produce
more achromatic absorption. The continuing out-of-eclipse moni-
toring by photometric surveys may detect other eclipsing structures
and further characterize any other variability.

A secondary should produce radial velocity variations in the
primary of ⇠ 200 m/s (for a 10MJup companion) that may be
measurable. The di�culty is that the fast rotation and variability
of the primary will limit the precision of radial velocity measure-
ments. While the scales corresponding to the orbit of the potential
secondary (⇠ 2 AU) cannot be resolved in sub-millimeter observa-
tions, they can characterize the disc on larger scales (10s of AU) and
search for distortions or gaps in the outer disc that might indicate
the presence of other massive bodies in the system.

7 CONCLUSIONS

We have detected two near-identical eclipses of the bright (V=10.4
mag), young (~10Myr) star PDS-110 in the OB1a association with
WASP, KELT and ASAS photometry. Further ASAS-SN and IOMC
photometry of the star have increased the photometric coverage of
this star to 25 seasons of data across 15 years. We interpret these
eclipses to be caused by the same optically-thin clump of material
on a 808 ± 2 day orbit around the star.

Despite a large circumstellar disc around PDS-110, such a sce-
nario cannot be caused by lose clumps of dust above the disc plane,
as shearing forces would not maintain the eclipse depth and duration
across 2.2 years. Therefore, we interpret the eclipse structure to be
gravitationally bound around a companion body, which must have
mass > 1.8MJup .

MNRAS 000, 000–000 (2017)

“PDS110” (~11Myr) 

0.3	
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OTS	
  44	
  (~2Myr,	
  12	
  MJ)
and OTS44 ( M12 Jup~ ; Joergens et al. 2013), with central object
masses well below what has been studied with ALMA until now.

In this Letter, we present the first millimeter detection of one
of these four extremely low-mass objects, OTS44. In Section 2,
we describe in more detail the target; in Section 3, we describe
our observations; in Section 4, we present our disk estimate and
the comparison with the literature; and in Section 5, we present
our conclusions.

2. OTS44

OTS44 is the object with the latest spectral type in the
Chamaeleon I (Cha I) star-forming region (M9.5) with a mass
below or close to the planetary border (with estimates from 6 to
17MJup; Luhman et al. 2005b; Bonnefoy et al. 2014). First
evidence for a disk around OTS44 came from mid- and far-IR
excess emission detected with Spitzer and Herschel (Luhman
et al. 2005b; Harvey et al. 2012a, 2012b). In addition, we
observed OTS44 with VLT/SINFONI and detected strong,
broad, and variable Pa β emission, which is evidence for active
disk accretion in the planetary regime with a relatively high mass-
accretion rate (8×10−12 M: yr−1; Joergens et al. 2013).

We recently determined the properties of the disk of OTS44
(Joergens et al. 2013; Liu et al. 2015) through radiative transfer
modeling of its spectral energy distribution from the optical
to the far-IR applying the radiative transfer code MC3D
(Wolf 2003) and a Bayesian analysis. The disk model that fitted
the mid- and far-IR data best was that of a highly flared disk
with a dust mass of M0.17 Å. However, our far-IR Herschel
measurements (a detection at 70 μm and an upper limit at
160 μm) are insensitive to millimeter-sized grains, which
prevented us from concluding about the presence of large
grains (a maximum grain size of 100 μm was assumed in Liu
et al. 2015), with this potentially leading to an underestimation
of the disk dust mass. In this Letter, we report the first ALMA
detection of the disk of a planetary-mass object, providing a
more robust estimate of its mass and supporting the idea that
the value obtained in Liu et al. (2015) was indeed an
underestimation.

3. ALMA Data

ALMA Cycle 3 Band 6 continuum data were obtained as
part of the program 2015.1.00243.S. Four spectral windows
(centered at 224, 226, 240, and 242 GHz and each one with
∼1.9 GHz bandwidth) were defined to be collapsed in a single
“broadband” continuum image.

The data processing was performed with CASA (McMullin
et al. 2007), following the standard steps starting from the
measurement sets: visual inspection of the performance of
antennas and scans, flagging corrupted or useless data (using
solutions derived from the water vapor radiometer), correcting
in bandpass, flux and phase, further flagging (shadowing,
spectral window edges anomalies, etc.), deriving the bandpass
solution per spectral window, and creating the cube from the
calibrated data (the derived flux uncertainty is ∼8%, but, based
on the ALMA documentation, we assumed a more conservative
10% value from now on).

In addition to these general steps, we tried to apply self-
calibration to improve the extended flux recovery but the
signal-to-noise ratio (S/N) of the data was not good enough.
Finally, we tried to bin our data in two spectral windows as

separated as possible to obtain a spectral index, but once again,
the S/N of the data was not good enough for this purpose.
The final CLEAN, primary beam corrected image (natural

weighting) has a beam of 1 6×1 6, an rms of 9.8 μJy/beam,
a central reference frequency of 233 GHz, and a frequency
range covered (not continuously) of 20 GHz. We detected
OTS44 as a point-like source with a peak flux value
0.101±0.01 mJy (see Figure 1).

4. Results and Discussion: Dust Disk Mass

The most direct quantity that we can derive from our data is
the dust mass of the disk. In this section, we provide such
estimates and compare them with the available literature.

4.1. Disk Mass via Analytical Prescription

In order to estimate the disk dust mass from millimeter data,
we assume that the emission is optically thin and isothermal at
temperature Tdust, and therefore

M
F d

B T
,dust

2

dustk
=

´
´
n

n n ( )

where Fn is the flux density, d is the distance to Cha I (160 pc is
assumed; Whittet et al. 1997), kn is the mass absorption
coefficient, and Bn is the Planck function of temperature Tdust at
the observed frequency.
We have adopted a kn value of 2.3 cm2 g−1 at 230 GHz with

a frequency dependence of 0.4n , the same as in Andrews et al.
(2013) for Taurus, and more recently by Pascucci et al. (2016)
for Cha I. For consistency, we have adapted all Mdust values
from the literature to be compatible with this assumption.
The remaining strong assumption rests on the choice of Tdust.

A typical value used for Tdust is 20 K, but Andrews et al. (2013)
showed that this temperature scales significantly with the
luminosity of the central object, proposing the relation:
T L L25 Kdust

1 4
*= ´ :( ) . However, this empirical relation

yields a temperature of 5.5 K for OTS44 (assuming a

Figure 1. Frequency collapsed ALMA Band 6 data of OTS44. The 1 6×1 6
beam is displayed in the lower left corner. Solid-line white contours highlight
regions with 3, 5, 7, and 10 times the rms of the data (9.8 μJy/beam). Dashed-
line white contours highlight 3- ´ rms and 5- ´ rms regions, and there are no
data at the −7 and −10 rms levels.
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Direct Imaging of Circumplanetary Disk by ALMA

Bayo+ 2017©NASA



2. Observations

We observed Proxima Centauri with the Atacama Large
Millimeter/submillimeter Array (ALMA) at 1.3 mm, using
both the Atacama Compact Array (ACA) of 7 m antennas and
the main ALMA array of 12 m antennas. In all of the cases we
observed in dual polarization, with four spectral windows
centered at 225, 227, 239, and 241 GHz, each with a
1.875 GHz effective bandwidth split into 120 channels. ACA
observations were made between 2017 January 21 and 2017
March 24, with 8–11 antennas available, in 13 separate
sessions of ∼1.6 hr each, including overheads. Ganymede,
Callisto, Titan, J1427−4206, and J1517−2422 were used for
absolute flux calibration, J1427−4206 and J1924−2914 for
bandpass calibration, and J1424−6807 and J1329−5608
(within 5 .5n and 10 .0n of the target, respectively) for phase
calibration. Observations were sensitive to angular scales

291 ´. At this band, the primary beam FWHM is 39~ ´ and
its first null is at a radius of 46~ ´. The 12 m array, with 41
antennas available, was used in a single session of 2.6 hr on
2017 April 25. J1617−5848 and Titan were used for absolute
flux calibration, J1427−4206 for bandpass calibration, and
J1424−6807 (within 5 .5n of the target) for phase calibration.
Observations were sensitive to angular scales 61 ´. The primary
beam FWHM is 23~ ´ and its first null is at a radius of 27~ ´.

Considering the large proper motions and parallax of Proxima
Centauri, the phase center of the observations was updated from
scan to scan to track the source position with sub-milliarcsec
accuracy. This was done by assuming source coordinates at
epoch and equinox J2000.0 of R.A. = 14 29 42. 9485, decl.h m s =

62 40 46. 163- n ¢ ´ , proper motions of −3775.75 and 765.54 mas
yr−1 (van Leeuwen 2007) in R.A. and decl., respectively, and a
parallax of 768.13 mas (Lurie et al. 2014).

Data were processed using the Common Astronomy Soft-
ware Applications (CASA) package. Calibration was per-
formed with the ALMA pipeline, using CASA versions 4.7.0
and 4.7.2 for ACA and 12 m array data, respectively. Images
were obtained by combining all of the spectral windows in
multifrequency synthesis mode, applying a robust parameter of
0.5, and deconvolving with the CLEAN algorithm.

Self-calibration was attempted, but was unsuccessful due to
insufficient signal-to-noise ratio (S/N). Flux densities and
intensities were measured with task IMSTAT. Source positions
and sizes were determined with task IMFIT. Positional and flux
uncertainties include absolute errors (5% of the resolution in
astrometry and 7% in flux calibration) and relative errors due to
noise in the images. All of the errors quoted in this Letter are at
a 1s level.

Figure 1 shows the 1.3 mm ACA image (synthesized beam
FWHM 6´� ). As the phase center was changed in each session
to track the source position, all of the data were assigned the
formal position of the first epoch of observation, prior to
combination of all epochs. Our image shows an unresolved
source coinciding within the uncertainty (0. 4´ ) with the optical
position of Proxima Centauri. The source has a flux density
of 340 60 Jymo .

Figure 2 shows the 1.3 mm image obtained with the ALMA
12m array (synthesized beam FWHM 0. 7´� ). The image shows
a main central source, the emission peak of which is located at
ICRS coordinates R.A. = 14 29 33. 445 0. 005, decl.h m s so =

62 40 33. 40 0. 03- n ¢ ´ o ´ , coinciding within 0. 1´ with the optical
position of the star at the epoch of observation. The flux density is
106 12 Jymo and the intensity peak is 100 12 Jymo beam−1.

Figure 1. ACA 7 m array image of the 1.3 mm emission toward Proxima
Centauri. Contours are −3, 3, and 6 times 50 Jym beam−1, the rms of the
image. The position of the star on 2017 January 21, measured from an optical
image (error;0 1), is marked with a + sign. The ellipse shows the belt of
radius 30 au suggested by the azimuthally averaged intensity profile (see the
text). The primary beam response correction has not been applied to this image
to better represent the noise distribution. The figure shows the region where the
primary beam response is 20%> of that at the field center. The synthesized
beam (6. 28 4. 96, PA 80 . 4´ ´ ´ = - n ) is shown in the bottom-left corner.

Figure 2. ALMA 12 m array image of the 1.3 mm emission toward Proxima
Centauri. Contours are −3, 3, 6, and 9 times 10 Jym beam−1, the rms of the
image. The position of the star on 2017 April 25, measured from an optical
image (error;0 1), is marked with a + sign. The synthesized beam
(0. 79 0. 69, PA 50 . 3´ ´ ´ = n ) is shown in the bottom-right corner.
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Mysterious radio emissions of Proxima Centauri

▪4σ	
  signal	
  at	
  few	
  au

▪Thermal	
  emission	
  from	
  	
  
planet	
  with	
  “large	
  ring”?

Anglada+ 2017



Previous search for “Saturn”-like rings

▪No	
  signals	
  among	
  	
  
21	
  Kepler	
  planets	
  
	
  (Heising+	
  2015)

Kepler	
  ©NASA

▪Constraint	
  on	
  ring	
  size	
  	
  
	
  	
  for	
  HD	
  209458	
  	
  
	
  	
  (Brown+	
  2001)

No	
  evidence	
  for	
  exo-­‐Saturn!

HST	
  ©NASA



▪Detection of “first” Saturn-like exorings

▪Derivation of frequency & size  
   of exoplanetary ring 

▪Every possible analysis now 

TO DO



Observation strategy
▪Direct imaging (ALMA, Coronagraphs)

-­‐	
  Low	
  detectability	
  of	
  Saturn	
  rings

-­‐	
  Compara8vely	
  small	
  sample	
  of	
  direct	
  imaged	
  planets

▪Indirect method (Transit)
-­‐	
  Kepler	
  	
  is	
  sensi8ve	
  to	
  Saturn	
  rings

-­‐	
  Large	
  sample	
  of	
  Kepler	
  planets

Kepler	
  planets	
  are	
  best	
  targets	
  for	
  search



“Signals of transiting ringed planets”
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How Transiting Ringed Planets look like?

Zuluaga+	
  2015
▪	
  Longer	
  transit	
  dura8on	
  &	
  larger	
  depth	
  

▪	
  Residual	
  obtained	
  from	
  ringless	
  figng

We	
  will	
  seek	
  for	
  such	
  8ny	
  signatures
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“Search around long-period planets”
▪	
  Saturnian	
  rings	
  are	
  composed	
  of	
  ice

▪	
  Rings	
  are	
  stable	
  around	
  cold	
  (long-­‐period)	
  planets	
  

Aizawa, Uehara, Masuda, Kawahara  
& Suto AJ, 153 (2017) 193 (23pp)

Let’s	
  search	
  for	
  rings	
  around	
  cold	
  planets!!
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Targets: Long-period planets

▪　89	
  long-­‐period	
  transi8ng	
  planets	
  chosen	
  from	
  	
  
　-­‐	
  KOIs	
  (T<200K)	
  
	
  	
  	
  	
  -­‐	
  Few	
  transits	
  systems	
  (Wang+	
  2015,	
  Uehara+	
  2016)

▪　LC	
  data	
  (29.4	
  mins)	
  	
  
▪　Small	
  number	
  of	
  transits	
  (long	
  period	
  and	
  cold)	
  

Fitting w/ ringless model and visual inspection



16

Example (1)– 14 –

stellar activities.

Fig. 5.— Candidates in (C) with too large anomaly for a ringed planet. The format of the figure is the
same as Figure 4.

5.2. Elimination of false positives

We examine the reliability of transit signals for the five preliminary candidates. As a result, we

find that four are false positives, and KIC 10403228 still passes all criteria. More specifically, we

regard a target as a false positive if one of the following criteria is satisfied (Coughlin et al. 2016).

Criterion 1: The target object exhibits a significant secondary eclipse, which is expected for an eclipsing

binary.
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Example (2)



6

θ = 50.6 deg 
φ = 43.4 deg 

Rp/R★ =0.29 
Rin/Rp=1.26 
Rout/Rp = 2.46 

+1 day0 day-1 day

Solution 1

θ = 12.4 deg 
φ = 72.0 deg 

Rp/R★ =0.45 
Rin/Rp=1.59 
Rout/Rp =2.55  

+1 day0 day-1 day

Solution 2

KIC&10403228
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– 19 –

where a/R⋆ = 30000 is the fiducial value estimated from equation (10), tobs,dur is a observational

period, and Ntarget is the number of target stars. The adopted values of tobs,dur and Ntarget are the

typical values of Kepler. The estimated ntra is not big, but not so unlikely.

For fitting, we adopt P = 200, 000 days, and q1 and q2 from the official catalog of Kepler.

In summary, there are nine free parameters, t0, Rp/R⋆, b, a/R⋆, and ci(i = 0 ∼ 4) for the model

without the ring, and five additional parameters θ,φ, rin/p, rout/in and T for the model with ring.

We set the initial values of ci(i = 0 ∼ 4) to those obtained from a polynomial curve fitting for the

out-of-transit data.

First, we fit the planet alone model to the data. The blue line in Figure 9 is the best-fit model

without the ring. The best-fit parameters are listed in Table 4. The residuals from the fit clearly

have some systematic features, and the planet alone model fails to fully explain the light curve,

in particular, around 745.8 day (BKJD) in Figure 9. Therefore, we attempt to interpret the data

with the ringed planet model. After trying a lot of initial values for fitting, we finally find two

solutions, which give at least local minimums of χ2 in Equation (B4). Figure 9 shows the fitting

results of both fitting in the red and green lines. The best-fit parameters are shown in Table 4.

The geometrical configurations for both solutions are shown in Figure 10. Clearly, models with the

ring significantly improve the fit without ring.

In Table 4, values of Rp, Rin, and Rout are calculated on the assumption of R⋆ = 0.33± 0.05R⊙
(Wang et al. 2015). It turns out that the resulting ratio of ring and planet radii is similar to that

of Saturn: Rin ≃ 1.5Rp and Rout ≃ 2.0Rp.

Fit with ring model

▪Two	
  possible	
  solu8ons	
  for	
  ring	
  models
▪Stellar	
  model	
  and	
  current	
  data	
  -­‐>	
  dwarf	
  star	
  	
  

– 19 –

where a/R⋆ = 30000 is the fiducial value estimated from equation (10), tobs,dur is a observational

period, and Ntarget is the number of target stars. The adopted values of tobs,dur and Ntarget are the

typical values of Kepler. The estimated ntra is not big, but not so unlikely.

For fitting, we adopt P = 200, 000 days, and q1 and q2 from the official catalog of Kepler.

In summary, there are nine free parameters, t0, Rp/R⋆, b, a/R⋆, and ci(i = 0 ∼ 4) for the model

without the ring, and five additional parameters θ,φ, rin/p, rout/in and T for the model with ring.

We set the initial values of ci(i = 0 ∼ 4) to those obtained from a polynomial curve fitting for the

out-of-transit data.

First, we fit the planet alone model to the data. The blue line in Figure 9 is the best-fit model

without the ring. The best-fit parameters are listed in Table 4. The residuals from the fit clearly

have some systematic features, and the planet alone model fails to fully explain the light curve,

in particular, around 745.8 day (BKJD) in Figure 9. Therefore, we attempt to interpret the data

with the ringed planet model. After trying a lot of initial values for fitting, we finally find two

solutions, which give at least local minimums of χ2 in Equation (B4). Figure 9 shows the fitting

results of both fitting in the red and green lines. The best-fit parameters are shown in Table 4.

The geometrical configurations for both solutions are shown in Figure 10. Clearly, models with the

ring significantly improve the fit without ring.

In Table 4, values of Rp, Rin, and Rout are calculated on the assumption of R⋆ = 0.33± 0.05R⊙
(Wang et al. 2015). It turns out that the resulting ratio of ring and planet radii is similar to that

of Saturn: Rin ≃ 1.5Rp and Rout ≃ 2.0Rp.

“KIC 10403228”
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“Another possibility: Transiting binary planet”

Binary	
  planet

Host	
  star

▪Transi8ng	
  binary	
  planet	
  also	
  explains	
  data



The first ringed-planet candidate from the Kepler data
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2009年に打ち上げられたケプラー衛星は 3500個以上の惑星を発見したものの、その中で土星のような惑星リングを
持つ惑星は報告されていなかった。我々は、惑星リングの兆候を探すための手法を開発し、それをケプラーデータへ適
用した結果、初めての惑星リング候補を発見した。その惑星リング候補の食の光度曲線とモデルとの残差を左図に示す。
リングなしの惑星では説明できないずれが、リングを仮定することで (右図 A)非常にうまく説明できる。もっとも、そ
れ以外の可能性として、冥王星とカロンのような 2重惑星 (右図 B)、あるいは星回りの円盤も同様に残される (右図 C)。
惑星リングと 2重惑星のいずれも場合であっても太陽系外で初の発見となり、すばる望遠鏡による追観測を含め、今後
さらに研究を継続する予定である。本研究は米国天文学会のWebサイトでも、注目論文 [1]としてとりあげられた [2]。
While over 3500 exoplanets have been detected by the Kepler satellite launched in 2009, no evidence of a

Saturnian ring around exoplanets has been reported yet. We developed a methodology to identify exoplanetary

rings, applied it to the Kepler data, and consequently, found a ringed-planet candidate for the first time. The left

figure shows the transit light curves and the residuals obtained from models fitted to the data. While a ringless

planet does not explain the data, a ringed planet fits the data consistently. In addition to the planetary ring

hypothesis (A in right panel), there remain two alternative scenarios: a transiting binary planet like the system

of Pluto and Charon (B in right panel) and an eclipsing binary star with a circumstellar disk (C in right panel).

If our candidate is confirmed as a ringed planet or a binary planet, it is the first detection of such objects outside

the Solar System. We will continue to study this candidate in various ways including the spectroscopic follow-up

with the Subaru telescope. This result [1] was also featured by American Astronomical Society on the web [2].

[1] Aizawa, M., et al. 2017, AJ, 153, 193

[2] AAS NOVA Features, ”The Search for Ringed Exoplanets”, http://aasnova.org/2017/04/07/the- search-for-

ringed-exoplanets/)

“Third Possibility: Circumstellar disk”

▪Need	
  for	
  stellar	
  spectrum	
  	
  
	
  

▪Host	
  star	
  can	
  be	
  giant



・Introduction and previous studies

・Search around long-period planets

・Search around short-period planets

・Summary
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“Search around short-period planets”
▪	
  High	
  S/N	
  	
  &	
  reproducibility	
  (mul8ple	
  transits)
▪	
  SC	
  data	
  (1min)
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SEARCH FOR SATURN-LIKE RINGS AROUND KEPLER PLANETS
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ABSTRACT
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techniques: photometric

1. INTRODUCTION

“Are planetary rings common in the Galaxy?” This
question is now within reach of current instruments such
as the Kepler satellite (e.g. Barnes & Fortney 2004).
However, except for one possible ringed planet candidate,
they have not been got caught (Aizawa et al. 2017).
Several observations and techniques have been pro-

posed for the detection and characterization of exoplan-
etary rings. During the transit, ringed planets give
unique light curves different from those of ringless planets
(Schneider 1999). Anomalous stellar density and plane-
tary radii derived from transit photometry may be used
to infer the presence of rings (Zuluaga et al. 2015). The
spectroscopic Rossiter-McLaughin effect is proposed to
be effective for the follow-up observations of planetary
ring candidates(Ohta et al. 2009). Reflection light from
ringed planets can be discerned from those of ringless
planets (Arnold & Schneider 2004; Dyudina et al. 2005).
In addition to the methodological papers, there have

been several attempts to search for rings from observa-
tions. Brown et al. (2001) observed four transits of HD
209458 with the Hubble Space Telescope (HST), and ex-
cluded the opaque ring larger than 1.8 times larger than
planetary radius. Heising et al. (2015) conducted the
search around 21 hot transiting planets, and they ex-
clude some ring configurations from the detailed analyses
of the light curves. Aizawa et al. (2017) examined 89 cold
planets and planet candidates like Saturn using the Ke-
pler data. They found one possible candidate and gave
constraints on ring parameters for 11 systems. Lecave-
lier des Etangs et al. (2017) searched for rings around
the long-period exoplanet CoRoT-9b (P = 95.3 days)
using Spitzer photometry. They did not find any signa-
tures of rings and instead constrained the ring inclina-
tion, assuming that the ring extends up to the Roche
limit: |i−90◦| < 13◦ for a silicate ring and |i−90◦| < 3◦

for an icy ring. Apart from the transit method, Santos
et al. (2015) pursued the possibility that the anomalously
large reflection light and rotational velocity of Peg 51 b
is due to the ring around the planet. As a result, the
inferred configuration turned out to be inconsistent with

1 Department of Physics, The University of Tokyo, Tokyo, 113-
0033, Japan

2 Department of Astrophysical Sciences, Princeton University,
Princeton, NJ 08544, USA

3 NASA Sagan Fellow
4 Department of Earth and Planetary Science, The University

of Tokyo, Tokyo 113-0033, Japan
5 Research Center for the Early Universe, School of Science,

The University of Tokyo, Tokyo 113-0033, Japan

the strong tidal interactions close to the host star.
In spite of these series of studies, we are still far from

understanding the observational property of exoplane-
tary rings, and a lot of naive questions remain to be
answered: How frequent are exoplanetary rings? Are
there any rocky thick rings around exoplanets? Are there
Saturn-like planets with rings outside the Solar systems?
These questions will be tackled by the knowledge of ob-
servational results of exorings that are investigated in
this paper. The answers to these questions will be also
important for understanding uncertain origins of rings in
our Solar System; even the age of the Saturn rings is not
well constrained.
In this paper, we systematically survey rings around

the 168 Kepler planets with high signal-to-noise ratios.
All of planets show multiple transits unlike some of plan-
ets analyzed in Aizawa et al. (2017), so we can check the
reproducibility of the signals. In addition, our targets are
so close that rocky rings will be our targets in mind. The
large difference of our work from Heising et al. (2015) is
that we consider the full parameter space around all of
prospect Kepler planets including all of their objects. In
addition, we give upper limits on the ring size for all of
targets, some of which have .
This paper is organized as follows. In Sec 2, we explain

our selection of target planets. In Sec 3, we describe the
data reduction and analyses of light curves with tran-
siting ringless or ringed planets. In Sec 4, we show our
results of the search for rings and give upper limits on
ring sizes for systems with no ring-like signals. In Sec 5,
we discuss our results. Finally, in Sec 6, we conclude and
discuss the future prospects of our work.

2. TARGET SELECTION

We select our target objects as ones using the Multiple-
event-statistic (MES) that is given by

MES =

√
Tobs

Porb

Fdepth

σ(Tdur)
, (1)

where Tobs is the observational duration, Porb is the
orbital period, Fdepth is the transit depth, Tdur is the
transit duration, and σ(Tdur) is the robust root-mean-
squared Combined Differential Photometric Precision
for the timescale of the corresponding transit duration.
Transiting planets with large MES tend to be easily de-
tected, and this also holds for the planetary rings around
the planets. Signals of rings are typically 0.01 times
smaller than the transit depth if we consider Saturn-like
rings. Thus, a 1-σ detection of rings roughly correspond
to MES > 100, which we adopt a criterion in this paper.

▪168	
  targets	
  with	
  MES>100	
  (1σ	
  for	
  Saturn)	
  

▪	
  MES	
  is	
  S/N	
  of	
  Transit

(Tobs:	
  length	
  of	
  sc	
  data)

Our	
  targets

Aizawa et al. in prep



“Method: Search for signatures & constrains”

▪ Search for ring signatures 
“Ringed planet” “Ringless planet”

▪ Upper limits on ring size
“Inconsistent”“Consistent”

▪	
  Consider	
  full	
  	
  
	
  	
  	
  parameter	
  space

▪Tidally	
  aligned	
  	
  
disk	
  (Brown+2001)(

▪	
  Compare	
  models	
  	
  
	
  	
  	
  w/	
  and	
  w/o	
  rings



“False positive: Disintegrating planet”

▪	
  Quasi-­‐periodic	
  signals	
  throughout	
  light	
  curves

▪	
  Dust	
  tails	
  are	
  origins	
  (Rappaport+	
  2012)



“33 planets w/ 2σ signals out of 168 planets”

▪But, other phenomena mimic ring-like signals

-­‐	
  Gravity	
  darkening	
  (e.g.	
  Masuda	
  2015)	
  

-­‐	
  Spot	
  Crossing	
  (e.g.	
  Rabus+	
  2009)

-­‐	
  Evapora8ng	
  planets	
  (e.g.	
  Rappaport+	
  2012)

-­‐	
  2σ>	
  but	
  very	
  marginal	
  signals
-­‐	
  Stellar	
  ac8vi8es

No evident signatures among Kepler SC data



“Upper limits on ring size”

▪	
  24	
  systems	
  exlude	
  	
  
	
  rings	
  larger	
  than	
  2Rp

▪	
  First	
  sample	
  of	
  ring	
  size

-­‐	
  Assuming	
  rings	
  to	
  be	
  8dally	
  aligned	
  with	
  orbital	
  axes	
  
	
  	
  (Brown+	
  2001)



Summary & Future prospects

	
  	
  ▪	
  There	
  are	
  no	
  evident	
  signals	
  of	
  rings	
  in	
  the	
  Kepler	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  short-­‐cadence	
  data	
  

TESS CHEOPS

▪	
  Only	
  KIC	
  10403228	
  is	
  possible	
  (though	
  dubious)	
  candidate

▪	
  First	
  sta8s8cal	
  samples	
  of	
  ring	
  size

▪	
  Long-­‐span	
  data	
  are	
  needed	
  to	
  find	
  Saturn-­‐like	
  rings


