Planetary Motion in

Binary Star Systems



Outline

m Types of planetary motion in binary star systems
m Stability of planetary motion
m Examples of planetary motion in tight binaries

m Habitable planets in binaries?



Planetary motion in binaries:
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L, and L (stable for p < 1:26) are at the third vertex of an
equilateral triangle (Sun-Jupiter-Asteroid)
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Studies by : Harrington (1977)
Graziani & Black (1981)
and Black (1982)

planar case:

No serious threat to the long-term stability

if the star is at a distance > 5 x planetary distance

inclined case:

at high isinary => the planetary orbits becomes
unstable =2 Kozai mechanism

Pendleton & Black (1983)



Some General Numerical Studies of
planetary motion in binary systems:

m Dvorak R.(1984 and 19806)
m Rabl & Dvorak R. (1988)
m Dvorak R., Froeschle C. & Froeschle Ch. (1989)

B Holman M. & Wiegert P. (1999)
m Pilat-Iohinger E. & Dvorak R. (2002)
m Szenkovits F. & Mako Z. (2008)



Stability analysis

Initial Conditions:
abinary =1 AU
ebinary=[0, ....0.9]

aplanet=[0.1, ...0.9]
eplanet=[0,... 0.9]

i, Q,w, = 0°

M= 0°,90°,180°,270°



Numerical Methods:

Long-term numerical
integration:

Stability-Criterion:
No close encounters within
the Hill‘ sphere

(1)Escape time
(1) Study of the eccentricity:
maximum eccentricity

Chaos Indicators:

Fast Lyapunov Indicator
(FLI)

C. Froeschle, R.Gonczi, E. Lega
(1996)

MEGNO
RLI
Helicity Angle



General Studies of S-type motion in
binary systems:

m Dvorak R.(1984 and 1986)
m Rabl & Dvorak R. (1988)
m Dvorak R., Froeschle C. & Froeschle Ch. (1989)

(200-500 periods)

B Holman M. & Wiegert P. (1999)

(mass—ratios: 0.1-09, eBinary: 0 — 0.9; 10000 periods)



Pilat-Lohinger & Dvorak (2002):

(see Froeschle et al., CMDA 1997)
distinguish between regular and chaotic motion ;
length of the largest tangent vector:

FLI(t) = sup_i |v_i(t) | i=1,.....,n
(n denotes the dimension of the phase space)

chaotic orbits can be found very quickly because of the
exponential growth of this vector in the chaotic region;
For most chaotic orbits only a few number of primary

revolutions is needed to determine the orbital behavior.



Stability analysis

Initial Conditions:
abinary =1 AU
ebinary=[0, ....0.9]

aplanet=[0.1, ...0.9]
eplanet=[0,... 0.9]

i, Q,w, = 0°

M= 0°,90°,180°,270°



mass-ratio = 0.5
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mass-ratio

S-type motion

e_binary 0.1 0.2 0.3 04 05 ;0.6 0.7 08 0.9
0.0 45 0.38 0.37 0.30 | 0.26 | 0.23 0.20 0.16 0.13
0.1 E.Z’ﬂ 0.32 0.29 0.27 | 0.24 | 0.20 0.18 0.15 0.11
0.2 32 0.27 0.25 0.22|0.19 | 0.18 0.16 0.13 0.10
0.3 0.28 0.24 0.21 0.18 |0.16 (0.15 0.13 0.11 0.09
0.4 0.21 0.20 0.18 0.16 |0.15 (0.12 0.11 0.10 0.07
0.5 0.17 0.16 0.13 0.12 |0.12 (0.09 0.09 0.07 0.06
0.6 0.13 0.12 0.11 0.10 |0.08 |0.08 0.07 0.06 0.045
0.7 0.09 0.08 0.07 0.07 |0.05 [0.05 0.05 0.045 0.035
0.8 0.05 0.05 0.04 0.04|0.03 [0.035 0.03 0.025 0.02

Stable zone (in units of length) of S-type motion for all computed mass-ratios
and eccentricities of the binary. The given size for each (mu,e_binary) pair is
the lower value of the studies by Holman &Wiegert (AJ,1999) and

Pilat-Lohinger &Dvorak (CMDA, 2002)
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S-type motion

a. = [(0.464 + 0.006) + (—0.380 + 0.010)x
+ (—0.631 + 0.034)e + (0.586 + 0.061)ue

+ (0.150 + 0.041)e” + (—0.198 + 0.074)ue"]a ,

Least square fit published by Holman & Wiegert (1999)



Influence of the eccentricity of the planet?



Gamma Cephei: a_bin~ 20 AU; e_bin=0.4

e_plan

0.0
0.1
0.2
0.3
0.4
0.5

RTBP

0.20
0.20
0.18
0.17
0.17
0.15

1Mj

0.20
0.20
0.18
0.16
0.15
0.12

3Mj

0.20
0.20
0.17
0.16
0.14
0.11

5Mij

0.20
0.19
0.16

0.15

0.13
0.09

8Mij

0.20

0.19

0.16
0.15
0.13
0.09



Influence of the planet‘s mass ?

Is the elliptic restricted three body problem
a good model ?



gamma Cephei
a_bin ~ 20 AU, e_bin ~ 0.4

RTBP  1Mj 3M; 5Mj 8Mj
e_plan
0.0 4.0 4.0 4.0 4.0 4.0
01 4.0 4.0 4.0 3.8 3.8
02 3.8 3.6 3.4 3.2 3.2
0.3 34 3.6 3.2 3.0 3.0
04 34 3.0 2.8 2.6 2.6

0.5 3.0 2.4 2.2 1.8 1.8



Stability limits

mass-ratio  border of stable motion

Gamma Cephet: 0.2 3.2 —-3.8 AU

HD41004 AB: 0.36 (=0.39) 4.6 — 2.8 AU
(e=0.5) 4.6 — 2.53AU

Gliese 806: 0.42 close-in planet



Influence of the secondary

on the planetary motion ?
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Influence of the secondary on the HZ?
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AN ANALYTIC METHOD TO DETERMINE HABITABLE ZONES FOR
S-TYPE PLANETARY ORBITS IN BINARY STAR S5YSTEMS

SieGFRIED EGoL!, ELKE PiLaT-Lommcer!, NIKOLAOS GEORGAKARAKDS., MARKUS GYERGYOVITS! . AND BaRBARA FUNK!

! Imstitube for Astronomy. University of Vienna, Tirkenschanzsie. 17, A-1 180 Vienna, Austrin; sieginied egglé@univie_ac sl olke pilat-lchinger@umvie.ac_at

= 128 % (Mgas str, Thessaloniki 546 45, Greece
Beceived 2002 Jamaary 31 ; accepted 2002 April 10; publivhed 2002 May 25

ABSTRACT

With more and more extrasolar plancts discovered 1n and around binary star systems, questions concerming the
determination of the classical habitable zone have ansen. Do the radiatve and gravitational perturbations of
the second star influence the extent of the habitable zone significantly, or 15 it sufficient to consider the host
star only? In this article. we investigate the implications of stellar companions with different spectral tvpes on the
insolation a terrestrial planet recerves orbiting a Sun-hike pnmary. We present ome-independent analytical estimates
and compare them to insolation statistics gained via high precision numencal orbit calculations. Besulis sugoest a
strong dependence of permanent habitability on the binary's eccentricity, as well as a possible extension of habitable
zones toward the secondary in close binary svstems.

Kev words: astrobiology — celestial mechanics — methods: analytical — planei—star interactions

Online-only material: color iigures




Binary Star Configurations:

Star 1

Planet ® .

Star 1




LIMITING RADIATION VALUES FOR THE INNER (A) AND OUTER (B) BORDER OF THE HZ RESPECTIVELY
IN UNITS OF SOLAR CONSTANTS (1360 [W/m<]). THE VALUES WERE TAKEN FROM KASTING ET AL.

l__l‘-J‘-J3__} ASSUMING A RUNAWAY GREENHOUSE SCENARIO FOR THE INNER LIMIT, AND A MAXIMUM
CREENHOUSE EFFECT FOR THE OUTER LIMIT.

Spectral Type A B

FO 1.90
G2 1.41
MO 1.05
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Insolation

G2 Binary S-T%pe - Inner Edge of the HZ
ab\inaryf:2 AU, aplanet: 84 AU

150 200 250 300
Outer Star Orbital Periods
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PHZ (Permanently Habitable Zone) : planet is always within
habitable insolation limits (1 < S.7f < O)

- planet is within

habitable insolation limits (1 < (S¢rf); =0 < 0)

- planet is within
habitable insolation limits (I < (Scff)e < O)
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Averaging Insolation Over Eccentric Orbits

1
_L1 /F 1 Lin [*71 Lin
0

(S1)t = dt e Edf _ 4
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Analytical estimates of AHZ




Georgakarakos (2003, 2005)
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Analytical estimates of EHZ

planet is within habitable insolation limits:

I<(S.p)iz0<O0

2
1

i (143 — (D)% +
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B 211 Lo
X1Xa(rt —r2R2

where X; € {I;,0;}




G2V - FoV G2V - G2V G2V - MoV
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top: analytic estimates, bottom: simulation, a; = 10AL7

Eggl, 5., Pilat-Lohinger, E., Georgakarakos, N., Gyergyovits, M. & Funk, B.: (2012) An Apalytic Method to
determine Habitable Zones for 5-Type Planetary Orbits in Binary 5tar Systems AplJ, in press




G2V - MOV

G2V - Ga2V

G2V - FoV
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top: analytic estimates, bottom: simulation, a; = 50AL

Eggl, 5., Pilat-Lohinger, E., Georgakarakos, N., Gyergyovits, M. & Funk, B.: (2012) An Apalytic Method to
determine Habitable Zones for 5-Type Planetary Orbits in Binary 5tar Systems AplJ, in press
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