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A planet around 16 Cygni B.

Cochran W. D., Hatzes A. P, Butler R. P., Marcy G. W., 1997, ApJ, 483, 457.
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A planet around 16 Cygni B.
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A planet around 16 Cygni B.
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A planet around 70 Virginis.
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A planet around 70 Virginis.
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Serious problems

@ By the way, what is the number of planets. (Ockham’s razor)
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Serious problems

@ By the way, what is the number of planets. (Ockham’s razor)
@ Do all good fits are equally good?

@ Can we predict parameters of an additional planet from a linear
trend.

@ Mass determinations from rv observations.
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The stability razor

The most important observable: the fact that the planetary system
exists!

The true problem is: find p, such that

X*(Po) = minx?(p)
pesS

S C RX,

S is a subset of the parameters space corresponding to stable systems
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Two approches

© First fit then check and correct.
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Two approches

© First fit then check and correct.
© Check while fitting.
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How to measure stability?

Lyapunov exponent

d n

ax:v(x), —d = —(X)4, x,0 € RY,
X (to) = Xo, d(tg) = 6o # 0,
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How to measure stability?

Lyapunov exponent

%x—v(x) —6 = —(x)é, X,0 € R",

Definition

_ o)
A = A(Xp,0p) = I|m In 160l
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MEGNO

Mean Exponential Growth of Nearby Orbits
Cincotta, P. and C. Simo, 2000, ApJ Sup. Ser., 147, 205

(5
A= tILoot/(SS) N 5>

3-8
§=|lo 5:—5——
191, ai’ = o|2

—%/O %sds, (Y)(t) ::%/o Y(s)d
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MEGNO properties

©Q If x(t,xp) is regular then

lim (Y)(t) = 2.

t—oo
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MEGNO properties

©Q If x(t,xp) is regular then

lim (Y)(t) = 2.

t—oo

© If x(t,xp) ic chaotic then (Y )(t) ~ (A\/2)t ast — oc.
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MEGNO calculations

_ = _ = — n
e v (X), . 8X(x)é, X,0 € RY,
d 4.6 d .y
&’ "s5e0 AV %

Then Y (t) = 2y(t)/t and (Y )(t) = w(t)/t.
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Other even better methods

Spectral Number

Michtchenko, T. and Ferraz-Mello, S. 2001, ApJ, 122, 474.
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GAMP

Genetic Algorithm with MEGNO Penalty

© Genetic algorithm, Charbonneau, P. 1995, ApJS, 101, 3009.

http://ww. hao. ucar. edu/ publ i c/research/si/ pi kai a/ pi kai a. ht m
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GAMP

Genetic Algorithm with MEGNO Penalty
© Genetic algorithm, Charbonneau, P. 1995, ApJS, 101, 3009.

http://ww. hao. ucar. edu/ publ i c/research/si/ pi kai a/ pi kai a. ht m

@ MEGNO (or SN, or any other) penalty.
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GAMP

Genetic Algorithm with MEGNO Penalty

© Genetic algorithm, Charbonneau, P. 1995, ApJS, 101, 3009.

http://ww. hao. ucar. edu/ publ i c/research/si/ pi kai a/ pi kai a. ht m

@ MEGNO (or SN, or any other) penalty.
@ Gadient or simplex method.
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Observations

86 points; o ~ 3 — 6m/sfor Keck; o ~ 7 — 17m/sfor Lick.
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Stability
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RV curve
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Estimated parameters

@ My = 17.5M3, M¢ = 2.4M.
@ P, = 256d, P, = 1297, 1383d.
@ e, =0.43, e. = 0.27.

@ 5:1MMR?

@ Keplerian and Newtonian fits give rise desintegrating system
(= 10%y)
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GAMP

results
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GAMP results

left y, = 1.53, rms = 9.97 m/s; right x, = 1.62, rms = 10.32 m/s;
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Coplanar or not?

. 05 r!fﬂ'h'i‘lﬂ'l"“!!wrmmunurnfmmn.,,n
.ﬁnmmwwmmullwi.nmnmﬂmm

i ':"\1 \I'k* W"ﬂ 'd“f"fﬁ i

ag
a
.I'[J.I:Iyr]
130
= = Myt gt ol
£l )
%m %m
% s S LT i
u N A A T L
a a5 1 15 2 25 a as 1 15 2 .
11 ] 117 y1]

A. J. Maciejewski (Poland) Fitting Orbits June 3, 2007 28/52



9 Warning example
9 The stability razor
© HD 12661

@ HD 202206

© 14Her

© HD 160691

0 Masses determination from RV observations

«0>» «Fr» «E>» «E» = Q>



RV curve
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Problem

@ Mp =4.64M,, ep = 0.34, P, = 1773d and linear trend 3.6m/s per
year.

@ best Keplerian+drift fits: rms= 11m/s but mean error of
observations o, = 7.2m/s.
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GAMP results
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New updated analysis

K. Gozdziewski, C. Migaszewski, M. Konacki, arXiv:0705.1858
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Problem

@ 2001 Butler et al., P, ~ 630d.

A. J. Maciejewski (Poland) Fitting Orbits June 3, 2007 35/52



Problem

@ 2001 Butler et al., P, ~ 630d.
@ 2002 Jones et al., a linear trend.

A. J. Maciejewski (Poland) Fitting Orbits June 3, 2007 35/52



Problem

@ 2001 Butler et al., P, ~ 630d.
@ 2002 Jones et al., a linear trend.
@ 2004 McCarthy et al. , P, ~ 3000d, e = 0.57.

A. J. Maciejewski (Poland) Fitting Orbits June 3, 2007 35/52



Problem

@ 2001 Butler et al., P, ~ 630d.

@ 2002 Jones et al., a linear trend.

@ 2004 McCarthy et al. , P, ~ 3000d, e = 0.57.
@ 2004 Santos et al., Py ~ 9d, Mg = 0.044M,.
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Problem

@ 2001 Butler et al., P, ~ 630d.

@ 2002 Jones et al., a linear trend.

@ 2004 McCarthy et al. , P, ~ 3000d, e = 0.57.
@ 2004 Santos et al., Py ~ 9d, Mg = 0.044M,.

@ What about panet HD 160691e?
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RV curve
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3 Keplerian planets+ GA

ec = 0.47 strong unstable solutions.
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2(3) planets+ GAMP

2004 McCarthy et al. observations: for stable solutions a; > 4AU.
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4 Keplerian planets+ GA

- WU —
ELL ]
@
x 10 —
8
295 315
5 T
s il
T 3
T 5L i
> 2k [ i
N4
1 i
0 I I I
9.4 9.5 96 9.7 9.8
Py [days]
45
40
@ 35
£3%
X 25
20
15 =
2000
T
£
2
X

640 642 644 646 648 650

stable solutions Py 03 Py ldays

A. J. Maciejewski (Poland) Fitting Orbits June 3, 2007 39/52



Much more in

@ Gozdziwski, K. et. al. 2007, ApJ, 657, pp. 546-558.
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Much more in

@ Gozdziwski, K. et. al. 2007, ApJ, 657, pp. 546-558.

@ Pepe, F et. al. 2007, A& A, 426, pp. 769-776; different
observations and similar conclusions.
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Outline

ﬂ Masses determination from RV observations
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Assumptions of simulations

O 2 planets.
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Assumptions of simulations

O 2 planets.

© 3D Newtonian model.

© Parametrisation: Keplerian elements, initial conditions;
© t random.
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Assumptions of simulations

O 2 planets.

© 3D Newtonian model.

© Parametrisation: Keplerian elements, initial conditions;
© t random.

Q@ o, =0=3mls.
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Assumptions of simulations

O 2 planets.

© 3D Newtonian model.

© Parametrisation: Keplerian elements, initial conditions;
© t random.

Q@ o, =0=3mls.

Q@ GA+ML
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2:1 MMR, 5P,
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2:1 MMR, 30P,
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3:1 MMR, 2P,
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3:1 MMR, 15P,
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3:1 MMR, 30P,
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