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Outline

N-body simulations and Secular Dynamics

® [Frequency Modified Fourier Transform (FMET).
® Numerical checks and optimizations for computing secular frequencies.

® Applications of EMET to an external body passing the solar system on a
hyperbolic orbit.



Secular Frequencies

Celestial body

® Secular precessions of the periapses
and the ascending nodes

True anomaly

®x Obtained from time series data of the  Argument of pfriapsis
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Variation of Secular Frequencies
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Frequency Modified Fourier Transform (FMFT)
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REBOUND

® Solar System (8 planets)
x NASA Horizons Datalbase
x \WHFast Symplectic Integrator

x GR scalar potential ( REBouUNDX)
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SeCU |ar Freq UenCieS “/yr RB2019 La2010

Sl 9:099 5-99
&2 7-420 7453
® Solar System fundamental frequencies o, 17.9582 17.968
x Obtained with FMFET g, 17.9163 17.916
® 20 Myrs In ~25 minutes 85 4.257523  4.257482

6 28.2461 238.2
x [nner planets within 0.1% : - i

Outer planets within 0.001% g7  3.083024 3.087946
g8 0.673289 0.673019

(Laskar 2011)



Quantifying
Stellar Flybys

* Quantitative laboratory for
the long-term stability of
planetary systems.

* EXxploration of changes to
initial conaitions.




Variation of Secular Frequencies from Perturbation of 107 M at 100 AU
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Conclusion

® [he secular frequencies of the solar system can be computed from N-body
integration in ~25 minutes (with GR corrections).

®x Using FMFET, very subtle changes made to the solar system
can be detected.
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Quantifying
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SeCU |ar Freq UenCieS “/yr RB2019 La2010

51 5:099 5:09
» EXplored the effects of: g, 7.420 7.453
x \Vindow Length g3 17.3582 17.363

g, 17.9163 17.916
g5  4.257523  4.257432
g  28.24617 28.2449

x COOrdiﬂate SyStem g7 3.088024 3.087946
= \Nindowing Function gs  0.673289 0.673019

(Laskar 2011)
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® [ Imestep

x Sampling Frequency (Nyquist)



The Effect of Window Length on Secular Frequencies

Mercury - Jupiter
Venus - Saturn
Earth Uranus
Mars - Neptune
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The Effect of Time Step on Secular Freguencies

| —— Mercury —— Jupiter
Venus —— Saturn
| —— Earth Uranus
{ —— Mars —— Neptune

Relative Error

1% 10%
Mercury's Orbital Period

11me step
N-body Accuracy




\Viotivation

What shapes the long-term stability of planetary systems?

®x Newtonian Gravity ®x Changes in Stellar Mass
® (General Relativity (GR) ® Stellar Wind/Drag
® (Gravitational Moments x Small bodies (asteroids)

®x (Galactic Tides ®x Passing bodies (flybys)
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Recent Work

Spalding, Fischer, and Laughlin (20138)

® A guantitative test of solar mass loss.
® | inear solar mass loss of 5% over 4.5 Gyrs.

® | ow INnclinations and eccentricities.

® [abulated every 450 yrs in Jacobl coordinates; -1 on 450 Myr segments.

THE ASTROPHYSICAL JOURNAL LETTERS, 869:L19 (6pp), 2018 December 10 https://doi.org/10.3847/2041-8213 /aaf219
© 2018. The American Astronomical Society. All rights reserved.
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Recent Work

Spalding, Fischer, and Laughlin (20138)

®x Fregquencies do scale with mass.

®x Matched fundamental secular
modes of L.a2010 to within ~1%.
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= FFT instead of FMFT
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Fraction of Systems Which Experienced an Escape Fraction of Systems Which Experienced an Encounter
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1.0 Mg ---- Malmberg et. al (2011)
0.07 mmm 1.5 M o —— Brown and Rein (2019)

106 108 104 10° 106 107
Lescape (years) tencounter (YeQars)

Stellar Fly-by Results

Reproducing the statistical results of Malmberg et al. (2011).




