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Kepler:		4700	planets	in	3600	systems	
	 	 	(mostly	super-earths	or	sub-neptunes,	<200	days)	
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An	Emerging	Trend:	

Systems	with	smaller	number	of	planets	are	dynamically	hoJer:		
higher	eccentrici:es	and	mutual	inclina:ons			(Xie+16;	Zhu+18)	
	
Related	Trends:	
---	Excess	of	Kepler	Singles	–	Kepler	dichotomy	(?)	
						Models	with	single	mutual	inclina,on	dispersion	fall	short	to	explain	the	observed		
						number	of	Kepler	singles	(Lissauer+11;	Johansen+12;	Ballard	&	Johnson	16)	
--		Kepler	Singles	have	higher	stellar	obliqui:es		(Morton	&	Winn	14)	
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Super-Earths	and	Cold	Jupiter	Connec:on	

30-50%	of	inner	super-Earths	(P<200	d)	have	CJ	companions	(P>400	d);	
These	CJs	are	oZen	eccentric,	having	undergone	scaJerings	
(observa,ons	from	many	groups…	see	Lai	&	Pu	2017;	Zhu	&	Wu	2018	for	refs)	



How Cold Jupiters (and scatterings) affect  
Inner planet system (& stellar obliquity)? 	

With		Bonan	(Michael)	Pu		
											Kassandra	Anderson	
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N	inner	planets	+	one	perturber	(CJ)	

Perturber:		CJ	on	inclined	and	eccentric	orbit		
			!	excites	mutual	inclina,ons	and	eccentrici,es	in	the	inner	system	
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L1	and	L2	precess	around	each	other	at	rate		 !12,!21
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Mutual	inclina,on	induced	by	perturber	depends	on	Coupling	Parameter	

L1	and	L2	precess	around	each	other	at	rate		 !12,!21
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Maximum	Mutual	Inclina:on	Induced	by	external	perturber	
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Nodal	Precession	Resonance	

Resonance	Feature:		
exists when m2 & m1

✏12 ⇠ 1

In the m2 � m1 limit:
Resonance occurs at ⌦2p = ⌦1p + !12 or ✏12 = 1



Resonance	Feature:		✏12 ⇠ 1

	
	

Can produce much larger mutual inclination than ✓p



Eccentricity	Excita:on	by	External	Perturber	

Pu	&	DL	2018	
Apsidal	precession	resonance	



4	planet	system	with	an	external	perturber	

averaged coupling parameter / mp/a3p
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N	inner	planets	+	2	Cold	Jupiters	



N	inner	planets	+	2	Cold	Jupiters	



What	happen	to	inner	planets	during	outer	“violence”?		

•  Previous	works	have	considered	examples	using	N-body	simula,ons	
						(e.g.	Carrera,	Davies+16,	Gra,a	&	Fabrycky	17;	Huang,	Petrovich+16;	Mus,ll,	Davies+17)	
		
•  Issues	of	:me-scales:		Inner	planets	have	P	~	10	days,	outer	planets	have		
						P	>	5	yrs;				giant	planet	ejec,on	,mescale	up	to	tej	~	109	yrs	,	or	Nej	~	108		
						outer	orbits	
	
! Difficult	to	gain	understanding	with	only	a	smaeering	of	N-body	simula,ons	
	



Hybrid	N-Body-Secular	Method	 Pu	&	DL	2018	(in	prep)	



Giant	planet	scaJering	is	a	stochas:c	process…	



Giant	planet	scaJerings:			
Simula,ons	+	Sta,s,cal	Theory	(random	walk	in	energy)		



Giant	planet	scaJerings:			
Simula,ons	+	Sta,s,cal	Theory	(random	walk	in	energy)		
•  Planets	can	wander	inward	!	may	directly	“destroy”	the	inner	system	
	

Pu	&	Lai	2018	
(in	prep)	



Giant	planet	scaJerings:			
Simula,ons	+	Sta,s,cal	Theory	(random	walk	in	energy)		
•  Can	have	a	wide	range	of	ejec,on	,mes...	

Pu	&	Lai	2018	
(in	prep)	



“1	+	2”	Problem	(one	planet	+	two	unstable	giants)		



Expected	Results	for	“N+2”	Planet	Systems	

Pu	&	Lai	2018,	2019	(in	prep)	



Stellar	spin	axis	

Inner	planet	m1		
(A	hot	or	warm	Jupiter)		

Perturber	mp		

How	external	companion	affects	stellar	obliquity?	



Spin-orbit	dynamics	depend	strongly	on	
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Lai,	Anderson	&	Pu	(2018)	
See	Boue	&	Fabrycky	(2014)	for	general	cases	



Resonant	Excita:on	of	stellar	obliquity	as	star	spins	down	

Kassandra	Anderson	&	Lai	2018	



Summary 
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•  Orbital	architecture	of	super-Earths	can	be	strongly	affected	by	Cold	Jupiters.	
				CJs	can	excite	eccentrici,es	and	mutual	inclina,ons,	and	may	destroy	SEs.	

	
•  “Simple”	analy,cal/scaling	rela,ons	for	“N	+	1”	systems	
	
•  “N	+	2”	systems	are	subtle:	Result	depends	on	ejec,on	,mescale…	
					(sta,s,cal	theory	for	2-planet	scaeerings)	
	
•  Stellar	obliqui,es	are	also	affected...	
	



Thanks	


