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Matthew Doty

(Marcy Best, Cristobal Petrovich, Antranik Sefilian, Carolina Charalambous)



osP @ oG

Outer Jupiters & Uneven Spacing O e wr, @ |

. . Sl s 2
e Systems with Outer Giants — uneven <= =d8e® i

-, f\ B
KOI-316——o—0——@- — 0.660

system spacing (KGPS) e o

oo ‘s i
WASP-47 PERY  JESERRRRY . e 5 0.390
KOI-14 oo — 0.378
KOI-701 o—o0 *—o 0.370
KOI-1781 o—o o 0.369
KOI-26/ @ 0.363
KOI351———eo-o——000-@ - 0.324
KOI-275 (0.299)
KOI-27 0.266)
55 Cnd 0.255
KOI-157, 0.213
KOI-71 = = 0.179
KOI-41 G - 0.134
Sol ® 9. 000126
KOI-308 —10.087
KOI-216 021M, 0.084
HD 219134} ceveveennnn @@ @ @ @eoreeereersnneninnd @ ................. 0.070
KOI-24 o 0.068
KOI-193! oo 0.058
KOI-8 e 0.054
KOI-62 ® 0.047
KOI-190! e 0.040
KOI-273 -8 0.026
KOI-94——o—o—@—o 0.025
KOI-7 o0 —© 0.024
KOI-315 0.60M, |0.023
KOI-11 o—o—0— 0.021
Kor-137t——m—o—o———— 0.020
KOI-28 oo 0.005
KOI-111 e 0.004
KOI-282] 5 0.000
T T T
0.0 0.1 1.0 10.0

Semi-major axis (AU) e et-al2023



. . ~ esP @ OG @sc
Outer Jupiters & Uneven Spacing O e e @ |

KOI-72—e- — @ 0.986

KOI-14 ®---- 0.982)

. . KOI-1241 & - 0.966)

° stems with Outer Giants — uneven == s "
KOI-377, 0.780

KOI-8 oo - 0.676

- KOI-31ff———————@- @ 0.660

system spacing (KGPS e
KOI-24 o - 0.600)

WASP-47} - @-veereens .' ..................................................................... 0.390

. . . KOI-14 oo — 0.378

e Formed in-situ or due to post-formation =r—rr—r—
KOI-1781 o TS 0.369

KOI-26 FY 0.363

. KOI-351] 0.324
dvnamics? . W y— oo
= KOI-27 L 3 ---- - - 0.266)

55 Cnd L 0.255

KOI-157, 0.213

KOI-71 0.179

KOI-41 0.134

Sol 0.126

KOI-308 0.087

KOI-216 0.084

HD 219134} cccccoceccc@eec@eeveesei@eoor @@ ereencerannnnrnnnanns eeras ... 0.070

KOI-24 v 0.068

KOI-193 0000 0.058

KOI-8 oo 0.054

KOI-62 TS 0.047

KOI-190 o—a 0.040

KOI-273 o—o—o—0 0.026

KOLOG— oo @—o 0.025

KOI-7 @ L 0.024

KOI-315 0.60Ms |0.023

KOI-11 00— 0.021

KO3 7}—-eo—o o ———————————— 0.020

KOI-28 oo 0.005

KOI-111 e 0.004

KOI-282 - 0.000

Semi-major axis (AU) e et-al2023



Outer Jupiters & Uneven Spacing

e Systems with Outer Giants — uneven
system spacing (KGPS)

e Formed in-situ or due to post-formation
dynamics?

Q: Can a dynamical mechanism (SSR)
cause a material distribution that
could lead to in-situ formation of
unevenly spaced systems?
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Kepler-139/KOI-85: In-situ formation test case
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Sweeping Secular Resonance (SSR):

Physical Assumptions
Best et. al (2024)

1.
2.

o ©
secular—»"
resonance

Giant Planet (early)

Large planetesimals [< 100
km] (early)

Post-Migration Formation
1,2,3 + migration — Long
Disk Lifetimes t-10myr

Best et. al 2024



Sweeping Secular Resonance (SSR):
Mechanism Winpiter (t) = @(Tres.,t)
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Sweeping Secular Resonance (SSR):
Mechanism Winpiter (t) = @(Tres.,t)
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Sweeping Secular Resonance (SSR):
MeChanism wjupiter(t) — w('rres.,t)

Alpha-viscosity driven O ® O
dissipation—
Resonance “sweeps”
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Sweeping Secular Resonance (SSR):
Mechanism Winpiter (t) = W(Tres., 1)
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Sweeping Secular Resonance (SSR):
Mechanism Winpiter (t) = W(Tres., 1)
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Sweeping Secular Resonance (SSR):
Mechanism Winpiter (t) = W(Tres., 1)
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Sweeping Secular Resonance (SSR):
Mechanism

-

Sweeping Secular Resonances can concentrate
material in the interior of a disk

() oo O




Sweeping Secular Resonance:

Kepler-139 Constraints
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Sweeping Secular Resonance:

Kepler-139 Constraints ~0.1au ~1.0au

1. Innerring — 0.1au
2. inner gap — 0.1-1au
3. Outer ring— 1au

Model must reproduce
these features
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Sweeping Secular Resonance: Disk

Dissipation

e “Alpha Disk”
o alpha — viscosity
parameter
v =csaH
e Disk dissipation — alpha
aMdisk/at ~

Surface Density (g/cm2)
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Sweeping Secular Resonance: Disk

Dissipation

e “Alpha Disk”
o alpha — viscosity
parameter
v =csaH
e Disk dissipation — alpha
6Mdisk/6t ~

Surface Density (g/cm2)

Alpha controls dissipation
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Applying the Model: Alpha Parameterization

Final resonance location (AU) for different alpha parameters
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Applying the Model: Alpha Parameterization

Final resonance location (AU) for different alpha parameters

e Resonance location —
disk dissipation (a)

e \Wide range of a
parameters match
outer planets’ location.

Wide range of a values yield

required resonance location
~ 0.6-1AU
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normalized surface density (olr, £)/a(r, 0))

Applying the Model: Outer Ring
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normalized surface density (olr, £)/a(r, 0))

Applying the Model: Outer Ring
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normalized surface density (olr, £)/a(r, 0))

Applying the Model: Outer Ring
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Applying the Model: Alpha (a) Dispersion

e Q: Does final distribution NN
depend on a? (for same - ¢
outer resonance ~ 0.8 au) M
o Different a — similar T mgron 7 e
distribution of all sizes Sl 5
o Similar a — size T T N
segregated distribution :



Applying the Model: Alpha (a) Dispersion

0.00 Myr 10.00 Myr

e Q: Does final distribution i o .
depend on a? (for same 2 — s | 1
outer resonance ~0.8au) /. 1 | . M
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distribution of all sizes Sl :
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Applying the Model: Effect of Size Distribution

“Knob” re:planetesimal sizes

Effect of Small-planetesimal
dominated -vs-
Large-planetesimal
dominated scenarios?

normalized surface density (ol(r, t)/o(r, 0})

e Similar general structure

e Small planetesimals —
Denser inner ring

e Large planetesimals —

Denser outer ring —

lized surface density (o(r, t)/a(r, 0})
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Applying the Model: Sweeping & Inner Ring
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e Wide range alpha values + large planetesimals — dense
outerring at~0.6 -1 AU

e Similar alpha values + weighting small planetesimals —
inner ring created by migration at ~ 0.1AU



Conclusions

We have modeled the evolution Kepler-139 using SSR mechanism
(Petrovich) in the spirit of Best et. al 2024

In the limit of an early giant planet & purely dynamical evolution, we find that:
1. Wide range of a give planetesimal distributions ~ obs. planet locations
a. Resonance sweeping to the inner system (<1 AU)

b. Creation of a massive outer ring near 1AU

c. Density minima between 0.1 and 1AU

Similar a — size segregated distribution

Similar a + significant small planetesimals — inner ring driven by small
planetesimals ~ 0.1AU

SEN

Within the applicable parameter regime, SSRs may provide material
distributions that could be consistent with the possibility of in-situ
formation






SSR: Resonance Location

wjupiter(t) — d)('rres. ) t)
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SSR - Disk Dissipation

Egas(r) = Zgas,O(
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Applying the Model - Oversweeping

e Applying large values of alpha, the resonance can migrate faster than the
planetesimals

e This “oversweeping” can leave rings of material behind at the locations the
resonance was last “behind” that group of planetesimals
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Kepler-139: Working to Constrain the Architecture

e Stability (SPOCK) and
Observational (RV) Constraints
— mostly unhelpful

e |[njection Recovery — <100
Earth Mass planets possible
from 0.1-3au

e SPOCK — <100 Earth Mass
Planets are stable for most of
the regions in the gaps
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Kepler-139: Working to Constrain the Architecture

Stability (SPOCK) and
Observational (RV) Constraints
— mostly unhelpful

Injection Recovery — <100
Earth Mass planets possible
from 0.1-3au

SPOCK — <100 Earth Mass
Planets are stable for most of
the regions in the gaps
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Disk Surface Density Evolution - Plots

Similar Alpha (o, =3e-4, a_ =1e-4) Different Alpha (o, =1e-2, a_ =2e-5)
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