Searching for exoplanetory rings
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No signature of exoplanetary rings
until now!

Noteworthy physica¥property for observation

v/ Photometric efféct of rings is very large.
v/ Mass of Rings is small Mring/M, = 108

(Saturn) )

< Orbital eneed of rinac ic verv fact (2020




Possible probes to detect rmgs

v Reflectlon of nght (e.g. Dyudlnaetal 2005)
i ¥ Line broadening due to rings (e.g. Santos et al
2015)

v Transit S|gnature of rmgs

| - Kepler has detected over
8000 KOls(Kepler Of

ot | Interests)!!
~ s’ < Great precision light-curve
| T U IR T L data 3




Previous attempt to find rings
via transit photometry

Heising et al. (2015) searched rings around 21 short-period

KO I S Ring A: Obliquity = 10°, Season =
=088, N=6100 12=0389,N=6100

ER g
] S o 5 ous
E E
i < ]
o i o
os o
M
; H
orotalprase orotalPrase
41b 43b 44b
102 1,015
Ring C: Obliquity = 45°, Season Ring D: Obliquity = 45°, Season = 45, Saturn
o) —1081,N= |
o 101 % =1.031, N.=24000 ‘ 0.969, N =7000
5 % 1.00s| 3 1o} ¢ =0974,N = 6100 ¢ =1.041,N = 6100
2 1008 g | 2 el  1oce « 109
e 3 3. ¢, g
& g | 2 H H
g 0o g omes g ooms| e 3 o0
p £ \ | H H
2 2 0w 2 °® § o § om
oses ases| H H
ooes ose -
098 0.8
ose asm| o o
10" . o
2 22 2 g g
] ] E] ] ] .
3 3 H H 3
g g H L L ¢
é é ., é S I T o i
005 -004 003 -002 001 0 001 002 003 004 0! 004 Orbital Phase Orbital Phase
Orbital Phase
Ring E: Obluity = 107, Season = 0, Half-Saturn Ring F: Oblquiy = 107, Season = 45", Haf-Satum
o R o R
2 =0975,N=s100 2 =0876,N=s100
94p i) ]
K H
101 1.008| g 0% §°
E E
« 18  rooef 2 o g
H 5 o oo
é H
Fl 3 -
B oo g
£ £
§ o £ ] g
z z 3 3
oo g i
0.98) Y 002 o n 002 o8 Ty T EY) o oo 002 oos
orotalphase orotalprase
x10” 10
o 2 2 @
P v N ——— . 2
2, : e L s | Ring G: Oblquty = 45°, Season = 0", Halr-Saturn Ring H: Obliquy = 45", Season = 45", Halt-Satum
2] ancome gz wnoomn | L
2| i . 2 =0975,N=6100 1,033, N =6100
oo 0% Gher o5 o0 wher 0 Wb G by T I N B T T T R o o
Orbital Phase Orbital Phase Orbital Phase 3 iy 5
H H
¥ ¥
5 5

o om om

om oor

5 o
Orbtal Phase

Instead, we searched for rings around long-period planet:
where ring particles are stable (Schlichting & Chang 201


https://scholar.google.co.jp/citations?user=Sz4wVoIAAAAJ&hl=ja&oi=sra

Systematic search for rings
START

(B)No anomaly, and values

——Fitting ringles@imodel to data— of parameters are

constrained : 8 candidates

(A)insufficient S/N: 66
candidates

in light curves:
idates

(D) Reasonable anomaly for
a ringed planet

(C) Too large anomaly
for a ringed planet

8 candidate 7 candidates
No ring-like signatures and No ring-like signatures, and
no constraint on Ro.t/Re . . . . values of R.t/Rrare
7 candidates — Visual Inspection @Visual Inspection— constrained
3 candidates

Ringed planet candidates i tified by visual inspection
5 canfibates

False positives Elimination of

Ise positives
4 candidates by checki

pixel data

Transit was likely to @licur at the target star
KIC 1(m03228

Discussion for and again§@ ringed planet hypothesis




Selection of target objects

89 Target Objects (37 KOIs + 41 Wang + 28 Uehara)_

(A)insufficient S/N: 66
candidates

——Fitting ringless model to data—

(B)No anomaly, and values
of parameters are
constrained : 8 candidates

Large anomalies in light curves:
15 candidates

(C) Too large anomaly
for a ringed planet
8 candidate

a ringed planet
7 candidates

No ring-like signatures and
no constraint on Rou.t/Re
7 candidates

(D) Reasonable anomaly for

— Visual Inspection Visual Inspection—

No ring-like signatures, and
values of Rot/Repare
constrained
3 candidates

Ringed planet candidates identified by visual inspection
5 candidates

False positives
4 candidates

Elimination of false positives

by checkin? pixel data

Transit was likely to occur at the target star
KIC 10403228

Discussion for and againslt ringed planet hypothesis

Possible ringed planet candidates
KIC 10403228




Selection of long-period planets

Transit photometry has little sensitivity to long-period

lanets _ _ _ o
ong-period planet candidates listed in the official

catalog +
- Long-period planet candidates independently found

thunters.or .

W‘ Planet Hunters (Wang et al. 2015)%¢
4 Uehara et aI 2016

a

/

N\ i

In total, we have 89 target objects
for searching for rings. 7
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Selection of target objects
89 Target Objects (37 KOIs + 41 Wang + 28 Uehara)

(A)insufficient S/N: 66
candidates

——Fitting ringless model to data—

(B)No anomaly, and values
of parameters are
constrained : 8 candidates

Large anomalies in light curves:
15 candidates

(C) Too large anomaly
for a ringed planet
8 candidate

a ringed planet
7 candidates

No ring-like signatures and
no constraint on Rou.t/Re
7 candidates

(D) Reasonable anomaly for

— Visual Inspection Visual Inspection—

No ring-like signatures, and
values of Rot/Repare
constrained
3 candidates

Ringed planet candidates identified by visual inspection
5 candidates

False positives
4 candidates

Elimination of false positives

by checkin? pixel data

Transit was likely to occur at the target star
KIC 10403228

Discussion for and againslt ringed planet hypothesis
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Fitting ringless model to data
(simulgli@Bde that Saturn transits Sun

Sun

PLANET W/

Relative
Flux

- 4 | :
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s Vo N -0.5 days 0 day +0.5 days
o e | - Ho Ingress egress

ignature of rings are possibly left in
residuals obtained from fitting single planet

madal



Evaluation of Observed
Anomali@oﬁnparison between

[heoretically expected signals
(We assume some
ring configurations)

Dbserved anomalies

enables us to evaluate the magnitude of observec
___anomalies

‘Four categories|,

Fitting ringless model to data

(B)No anomaly, and values
of parameters are

constrained : 8 candidates
— -l

(A)insufficient S/N: 66
candidates

Large anomalies in light curves:
15 candidates

(C) Too large anomaly
for a ringed planet
8 candidate

(D) Reasonable anomaly for
a ringed planet

7 candidates




(A)Expected S/N is insufficient

66 candidates

1.0006
1.0004f |
1.0002k__ o0 s on oo
1.0000} -

0.9998|
0.9996F .  Excluded
0.9994F —— Model
0.9992 . Data
0.9990

KOI-5833 (KIC 10850327)

relative flux

1.0 -0.5 0.0 0.5 1.0

0.0005
0.0004}
0.0003|
0.0002} , °
0.0001} =, .
0.0000} )

-0.0001}*

-0.0002} °

—0.0003 : ‘ ‘
-1.0 -0.5 0.0 0.5 1.0

BJD - 2,454,833.0 - 470.358 (days)

residual

Noise is large, and we cannot discern rings if they e



(B) Sufficient S/N, but no anomaly
found 8 candidates

KOI-6378 (KIC 4042088)
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(C) Too large anomaly for ringed
planets 8 candidates
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(D) Reasonable anomaly for ringed
planets 7 candidates
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Selection of target objects
89 Target Objects (37 KOIs + 41 Wang + 28 Uehara)

(A)insufficient S/N: 66
candidates

——Fitting ringless model to data—

(B)No anomaly, and values
of parameters are
constrained : 8 candidates

Large anomalies in light curves:
15 candidates

(C) Too large anomaly
for a ringed planet
8 candidate

a ringed planet
7 candidates

No ring-like signatures and
no constraint on Rou.t/Re
7 candidates

(D) Reasonable anomaly for

— Visual Inspection Visual Inspection—

No ring-like signatures, and
values of Rot/Repare
constrained
3 candidates

Ringed planet candidates identified by visual inspection
5 candidates

False positives
4 candidates

Elimination of false positives

by checkin? pixel data

Transit was likely to occur at the target star
KIC 10403228

Discussion for and againslt ringed planet hypothesis

Possible ringed planet candidates
KIC 10403228




Visual searching for ring-like anomali

15 anomalous transits
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Selection of target objects
89 Target Objects (37 KOIs + 41 Wang + 28 Uehara)

(A)insufficient S/N: 66
candidates

——Fitting ringless model to data—

(B)No anomaly, and values
of parameters are
constrained : 8 candidates

Large anomalies in light curves:
15 candidates

(C) Too large anomaly
for a ringed planet
8 candidate

a ringed planet
7 candidates

No ring-like signatures and
no constraint on Rou.t/Re
7 candidates

(D) Reasonable anomaly for

— Visual Inspection Visual Inspection—

No ring-like signatures, and
values of Rot/Repare
constrained
3 candidates

Ringed planet candidates identified by visual inspection
5 candidates

False positives
4 candidates

Elimination of false positives

by checkin? pixel data

Transit was likely to occur at the target star
KIC 10403228

Discussion for and againslt ringed planet hypothesis

Possible ringed planet candidates
KIC 10403228




Elimination of false positives through pixel-based ana
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Four objects are excluded, and one remains
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Selection of target objects
89 Target Objects (37 KOIs + 41 Wang + 28 Uehara)

(A)insufficient S/N: 66
candidates

——Fitting ringless model to data—

(B)No anomaly, and values
of parameters are
constrained : 8 candidates

Large anomalies in light curves:
15 candidates

(C) Too large anomaly
for a ringed planet
8 candidate

a ringed planet
7 candidates

No ring-like signatures and
no constraint on Rou.t/Re
7 candidates

(D) Reasonable anomaly for

— Visual Inspection Visual Inspection—

No ring-like signatures, and
values of Rot/Repare
constrained
3 candidates

Ringed planet candidates identified by visual inspection
5 candidates

False positives
4 candidates

Elimination of false positives

by checkin? pixel data

Transit was likely to occur at the target star
KIC 10403228

Discussion for and againslt ringed planet hypothesis

Possible ringed planet candidates
KIC 10403228




Possible ringed planet “KIC 1040322
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Ringed planet model explains the data well



Implication of the fitted model for KIC
l%géglggﬁlmber of transits (if all Kepler stars have KIC 1040322

N — 0.037 Niarget tobs,dur/P R./a
fra 150,000 ) \ 4 x 365 days,/200,000 days ) \ 1/300,00

Not big, but not unlikely

- Estimated equilibrium temperature
0.5 0.25
T, 1-A
Toq =~ 16.4K 50000
a/R, 3386 K ) \ 1 —0.5

Sufficiently cold for ice particles to survive

- Tidal damping time of planetary spin

P 5723 %x 1074 p
Ttidal = 1.25 x 10" > -
tidal yr (2.0 X 107 day) ( k2 /O ) (0.70 o cm 3

Sufficiently long for obliquity not to damp
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Other possible models without ringed plai

Possible Models Comment

Bad fitting + best-fit

Oblate planet unlikely oblateness is unphysical

Planet + noise out of transiilikel} Statistically _detailef:i gnalysi
excluded this possibility

_ Rotational period is too long
Gravity darkening | unlikelytor GD to make signals

Anomaly is inconsistent witl

Spot crossing unlikely‘ expected signals

Every possible models other than
ringed planet model are unlikely



Conclusion

- We searched long-period planetary candidates for rings

* We found a possible candidate of a ringed planet
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