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1. Confirmation of hot Jupiter Kepler-41b via
phase curve analysis

- A new method to confirm giant planets by

- modeling the whole phase curve
- eliminating all the possible
false positives w/o the need for
follow-up observations

common false positive
(background eclipsing binary)

http://www.nasa.gov/mission_pages/kepler/
multimedia/images/aas_conference.html

- Demonstration in Kepler-41system
- Kepler-41(KOI-196): GEV star, K, = 14.465
- Kepler-41b: recently confirmed by RV

P =1.86d, M,=0.55 + 0.09 M,



Phase curve modeling

* Transit - P, T4, R,/R., b, 0.
* Occultation — ED (secondary eclipse depth)
+
- Ellipsoidal variation F — A
F. M, (R.\" .
Ft:[ — Aell COS(271'¢ X 2) Aell = U] Mi (7) Slnzi
* Doppler beaming  Fy,, — K (RV semi-amp.)
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- Reflected/emitted light F., — Ag
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Phase curve modeling

— Centered on occultation
(vertical scale magnified)
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Figure 2. The detrended duta for Kepler-41 phased 10 the orbital period and binned 1o 0.005 in phase. The red-fisod dats are centered on the tansit and show the full
phase and the green-lmed data are contered om the occultation and magnificd (sec top and right axes). The greea curve fits foe ellipsoidal variations, Doppler boosting,

and reflected /emined ght.
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Figure 3. The best-fit mode] for Kepler-41b phased 10 the arbital period and magnified 1o sbow the occuluation, Owr full phase photometsic model includes fNux
variations induced by the companion that can be decomposed. These include Doppler beaming (blee dotied curve), ellipsoidal vanations (grees dashed curve) and
refloctod /ensimed light (ceange dot-dashed curve). The sum of these three effects i shows i red. Note that we &d sot detect Doppler beaming in the Iight carve of
Kepler-41, but we include a description of this effoct in this article bocasse it may be applicable 10 othor planet candidatos



Confirmation method

- Diluted models w/ dilution factor D = 1-100 %
— Fit for the same parameters
— Set limits on system parameters based on A x?2

| Ao | <Ax?
= | =55 D =0.5(10),0.6(20), 0.67(30)

Figure 4, Resules from cur dilution model fits. The goodaess-of -t estimator 1: is shown i the 10p left paned as & function of dlution valees that were isjocted imo
the light curve. We solve for the maximum allowed dilution (i.c., the maximum amount of thisd light from a poteatial blend) by measuring where Ax* changes by 1,
4, or 9 (comresponding w0 lo, 2o, of 3o), 4 shown ia (he wp right pansl by the red, Biue and green borizontal lines, respectively, The kower six pancls show six of the
it parameters as a feaction of dilution, and the red, blee, and green verucal lines determsine their mage of valid values as coastrained by the diluticn fits. Comparison
of each valid dilution model 10 stellar evolution models rules out massive, stellar objects, confirming the planctary nature ol f Kepler-41b,



Confirmation method

- Stellar models (Yonsei-Yale)

— (T R+, 0+ log g) for full range of input (M., Z)

— extract models w/ p. within 30 constraint + age < 14Gyr
— (0, Tesp) fOr each model compared to the stellar models

J stellar models ’ / compapion
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Figure & The mean stellar density g, is shown bore as a function of 7T, for all available Yonsel- Yale stellar evoletion tracks (shown by the red cerves in cach panel)
The compasion &, ead Tey, from the dilution model fits are overplomed for a rasge of metallicaties Z (colosed possts in cach panel). The diluson models in e kel
pancl were computod using estimates of T, thal were compuied by istograting the planet and star Planck fusctions over the Kepler baadpass and compering the ratio
of ¢ rowlting luminosities 1o the secondary eclipse depth ED. All &lution models in this case are inconsistent with aay stellar blend (there is no overlap with the
stedlar evolution tracks), and we can conclade et the companson 10 Keplerd] is a planet. In the nght panel, the dilution models were compuied using Toa valses
that were cakculated from he ratio of the plasct and star Bolometric Jaminonites (over all wanvelesgths ). This was doae 0 determme o ths simpler micthod (Jh:il not
s procise) to compute ‘l.q’ is sufficiont 1o rule out potontial blonds. [n this case, a subset of &dution models overlap with stellar evoletion tracks and Sorefore need 1o
be examined funher (see Figures & and 7) in order 10 rule out siellar blends.



Confirmation method
- Fig. 6: T

eap ~ leffp —> COMpanion still consistent with planet

+ Fig. 7: M, < 0.005Mg in all the cases — cannot be a star |
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Figure 6. For the remaining valid dilution models (those that have parameters
that overlap with stellar evolution tracks as shown in Figure 5), the equilibrium
temperatures can be compared to the effective temperatures. To be of stellar
nature, the values of T for each model would need to be much greater than
the corresponding values of Teq, (indicating that the companion is burning
hydrogen). In this case, the temperatures are comparable and cannot be used to
definitively rule out stellar blends, but this comparison may be useful to confirm
other planet candidates.

Figure 7. For the remaining valid dilution models (as shown in Figure 6),
the relation between each companion mass M), and the corresponding stellar
mass M, is shown here. All dilution models have a companion mass less than
that needed for hydrogen burning (~0.08 My,), indicating that the companion
cannot be a star. With this comparison, we can eliminate these remaining dilution
models and conclude that the companion to Kepler-41b is a planet.



2. Giant planets orbiting around metal-rich stars show
signatures of planet-planet interactions

10°

exoplanet.eu, 2013-6-29

- “Valley” planets
-a=0.1-1 AU
- also have migrated
- outside the reach of
tidal damping force
— trends interpreted
more easily Seem JEERL

Hot Jupiters

10}

10°

Planetary Mass, Mjup

Semi-Major Axis, AU

- Valley houses giants with a wide range of eccentricities
— Intermixing between two migration mechanisms
— disk metallicity may determine which is triggered



Eccentricities of giant Valley planets
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Figure 1. Lefi: Valicy (gray region) glant plances crbiting metal-rich stars ([Fe/H] 2 0; blue circles) have & nmge of eccentricaties; those orhiting metal-pooe stars
({Fe/H] < O red squares) are contfinad 1o low ecoemtricitios. Small symbods reprosent stan with log g < 4, R‘udm above the dashed line (s tidal circelanzation
track eading at 0.1 AU) planets are unlikely 10 experience significant tidal ciecularization. We plot the quantity | ~ ¢* 10 emphasize Mgh-eccentricity planets. Right:
cocentricity distritations of Valley plancts orbiting metal-rich (blue solid) sad metal-poor (red dashed) stars, The bold distributions omit stars with log g < 4,

-+ Only metal-rich stars host eccentric
Valley planets (e > 0.43)

— Closely packed multiple giants can
only be formed around metal-rich stars ?
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Eccentricities of giants under tidal circularization
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Figure 2. Left: giant planets discovered by noa-Kepler transit surveys, orbiting metal-rich (blue circles) and metal-poor (rod squares ) ssars. Tho striped region eackoses
plancts undergoing Sdal circularizatsos 10 3 < Py < 10days. Plascts below e dotied line have ¢ > 0.2, most of which orbet metal-oich stars. Right: distibution of
host star metallicitios for planets in the striped region (Jeft) with € > 0.2 (dotsed line) and ¢ < 0.2 (solid line).

- Most observed eccentric planets
orbit metal-rich stars

— Only giant planets in metal-rich
systems can be scattered onto eccentric orbits




Giant planet period distribution

11

* Thikepler (HOT Jupiter occurrence

rate in the Kepler sample)

is smaller than f,;ry (in RV samples)

< due to systematically lower
metallicities of Kepler host stars ?

Period distribution of transiting giant planet

candidates (R, = 8 - 20 Rg) detected by Kepler

That expected from the RV sample
(taking account of different f,, transit prob.)

- Kepler period distribution lacks
a short period pile-up
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Figure 3. Red striped: number of transiting giant planets detected by Kepler.
Black dashed: expected number based on the RV-discovered (i.e. excluding
planets discovered by transit surveys) sample.* The gray error bars are from
uncertainties in Cronmy, 0ot the Poisson uncertainties of each individual bin. The
two distributions are consistent at long periods, but the Kepler sample lacks a
short-period pile-up.

(A color version of this figure is available in the online journal.)



Giant planet period distribution
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Figure 4. Number of transiting giant planel§ observed by Kepler without a
stellar metallically cut (top), with [Fe/H] = O\middle), and with [Fe/H] < 0
(bottom). In the metal-rich sample (middle),
short-period pile-up seen in the RV sample (bladk-dashed line, Figure 3). In
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contrast, the metal-poor sample (bottom) is deplete in short-period giants.
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Kepler vs. RV for
metal-rich / metal-poor samples
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Figere 5. Same as Figure 3 but for metal-rich (eft) and metal-poce (right) subsamples. Left: mctal-rich Kepler sample (rod striped) cabibits a shoet-pericd pile-up,
bt falls below RV expectations in the 3-5 day bin. Right: metal-poor Kepler sample is not inconsistent with the metal-poor RV sample, but the latter is difficult 10
characterize due %o small nembers.

- Short-period pile-up is recovered in metal-rich samples

- Smaller discrepancy in metal-rich comparison (Fig. b, left)
— detailed follow-up motivated (precise estimated of f))



Possible challenge for their interpretation

- Lack of the correlation between spin-orbit alignment
and metallicity

- not necessarily caused by dynamical perturbations ?
- close-in planets are subject to tidal realignment

— spin-orbit measurements of the Valley planets

- Further tests

- Assessments with a careful
treatment of detection
threshold

‘: - -
-

|‘ Y

- Theoretical assessments ' R

whether P-P scattering can also reproduce the
Valley planets

13



3. A simple, quantitative method to infer the minimum
atmospheric height of small exoplanets

- Mass-radius relation 4i 100%H20 #
— two boundary conditions: |
1. maximum R, - M, contour 5
2. minimum R, - M, contour &
for a pure-water planet 432j
(a7

- Condition 2 can be violated 1
It (and only if) a planet

maintain an atmosphere BT BT BTG
Mass [M,,]

Figure 1. Mass-radius diagram showing the range of plausi-
ble phases for an atmosphere-less Super-Earth (i.e. the bound-
ary conditions), as derived from the model of Zeng € Sasselov
(2013). Points taken from the model are showre-us-circles,
along with our interpolation line shown overlaid. Blue is that
of a 100%-H2 0 planet, blue-dashed is 75%-H20-25%-MgSiOs,
brown is 100%-Fe and brown-dashed is 75%-Fe-25%-MgSiOs.
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Method

- Minimum atmospheric height:

Rvau(Rp, Mp) = Rp — Rpu2o(Mp)

Observed radius / mass of the planet 75%H,0-25%MQgSiO4

- Confidence of the planet in question maintaining an
atmosphere (i.e. Ryay > 0):

# realizations where Ryag > 0
# realizations total

P(Rman > 0) =

where R,, M, are drawn from the posterior joint probability
distribution



Example

- GJ1214b

- 2.8 Rg planet orbiting a nearby M4.5 dwarf

- most well characterized
small planet

- Ryay for 10° realizations

- Other examples

o3f

Rp/

2F

Probability density
KT S

i

=N

1

10

Mp/Mg

16

204 02 00 02 04 06
(Rman/Rp)

Table 3. Erample calculations of the minimum atmospheric height (MAH) for several planetls. For Solar System planets
gquote the equatorial radius and assume sphericity, as is done for exoplanets,

Planet

MpMg| RplRa|  pplgem™]  RyanlRal  (Ruan/Rp)  P(Ryan >0) (%]

GJ-1214b s.ngfgﬁ 2.75f§-§ l.66‘_§j§g 054700 +o.1mt§<§; 97.2
KOI-142b  66°57Y 4.24318- w  0aslg +2m:o-_8,‘, +0.47131',3 > 99,9
Kepler-22b  6.9772°° 239670 1t 24" g:i +0.11 é 4 +0.05* gi’}? 54.5
Kepler-36b -t.-ss‘-ﬁjﬁ l.-cs7’8;§-g§ 7'47‘.8:55 o.&'s?‘-g;m";' —o.mz*sjégé < 0.01
Kepler-36c ~ 8.00%0-90  3.682° 0028 080170000 413271007 +0.361° 0000 > 90.99
Neptune 17.147 3.883 1.64 +1.08 +0.27

Uranus 14.536 4.007 1.27 +2.71 +0.325

Earth 1.000 1.000 5.52 -0.35 -0.350




