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Early and false discoveries

@ The Barnard star planetary system.
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Early and false discoveries

@ The Barnard star planetary system.

@ Peter van de Kamp observations 1938—-1982 (about 10000 plates).
@ Final estimate: two planets with masses: M; = 0.7M; and
M, = 0.5M; and periods P; = 12y and P, = 20y, respectively;
(Vistas in Astronomy, 26:141-157, 1982).
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Early and false discoveries

@ Planet Orbiting PSR B1829-10. Bailes, M., Lyne, A. and
Shemar,S. L., 1991, A Planet Orbitin the Neutron Star PSR
1829-10, Nature, 352, 311-313.
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1829-10, Nature, 352, 311-313.

@ “An account is given of observations indicating the existence of a
planet orbiting neutron-star pulsar .. .. The planetis 10 times
more massive than the earth and is in virtually circular 6-month
orbit.”
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The PSR 1257+12 planetary system.

@ Wolszczan A. and Frail D., 1992, A Planetary System around the
Millisecond Pulsar PSR1257+12, Nature, 355, 145.
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The PSR 1257+12 planetary system.

@ Wolszczan A. and Frail D., 1992, A Planetary System around the
Millisecond Pulsar PSR1257+12, Nature, 355, 145.

@ Wolszczan A., 1994, Confirmation of Earth-Mass Planets Orbiting
the Millisecond Pulsar PSR B1257+12, Science , 264 , 538.
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The PSR 1257+12 planetary system.

@ Wolszczan A. and Frail D., 1992, A Planetary System around the
Millisecond Pulsar PSR1257+12, Nature, 355, 145.

@ Wolszczan A., 1994, Confirmation of Earth-Mass Planets Orbiting
the Millisecond Pulsar PSR B1257+12, Science , 264 , 538.

@ Konacki M. and Wolszczan A., 2003, Masses and orbital

inclinations of planets in the PSR B1257+12 system, ApJ. Letters,
591, L147.
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The PSR 1257+12 planetary system.
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51Peg planet

Mayor M. and Queloz D., 1995, A Jupiter-mass companion to a
solar-type star, Nature, 378, 355.
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51Peg planet

51 Pegasi Marey & Butler
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Actually (24 May, 2007)

@ Radial velocities: 224 planets, 23 multiple planetary systems.
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Actually (24 May, 2007)

@ Radial velocities: 224 planets, 23 multiple planetary systems.
@ Transit: 20 planets.

@ Microlensing: 4 planets.

@ Imaging: 4 planets.

@ Timing: 4 planets, 1 multiple planetary system.
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Actually (24 May, 2007)

Radial velocities: 224 planets, 23 multiple planetary systems.
Transit: 20 planets.

Microlensing: 4 planets.

Imaging: 4 planets.

Timing: 4 planets, 1 multiple planetary system.

All: 236 planets, 24 multiple planetary systems.
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Future

Tomorrow—it is today but tomorrow.
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Detection methods

@ Radial velocities.
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Detection methods

Radial velocities.
Pulsars timing.
Transits.

Imaging.
Microlensing.

Optical interferometry.
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Imaging

2MASSWJ1207334-393254

778 mas
55 AU at 70 pc

.

NACO Image of the Brown Dwarf Object 2M1207 and GPCC

Kl
ESO PR Photo 26a/04 (10 September 2004) © European Southern Observatory s
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Microlensing
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Space interferometry
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Geometry
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Geometry

tangent
space
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Basic idea

If V*(t) is the barycentric velocity of the star and e, the unit vector from
observer to the star planetary system then the observed radial velocity
is given by

vi(t) :==er - V*(1).
Thus, if e3 = ey, then v((t) = V3, and v,(t) does not depend how we
choose e; and e».
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One planet.

The mass center
mR +m,R* =0, mvV +m\V*=0

r=R-—-R", V=V -V*

R* m_o . m
S m, m,+m
vi=- My M,
m, m, +m
3
Hr Gm*
R=-LIR =
F23 9 lLb (n1* %_ n1)2
r= %r, wr = G(m, + m),
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Kepler orbit

_a(1-e?) :
R(t) = m [COS(I/)P + S|n(l/)Q] s
V(1) = g [Sin()P + (e +c0s(1)Q).
P =lcos(w) + msin(w), Q = —Isin(w)+ m cos(w),
cos 2 —cosisin{
| =|sinQ|, m= cosicosQ| ,
0 sini
an’ = /21 @nE, E_esinE =n(t—Tp), nZa®=p.

2 Vi-e 2’
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Final formula

vi(t) = —K [cos(v(t) + w) + e cosw] + Vo,

cansini m
K=—, o= —.
\/1—62 m,

Parameters
p = (K7n7e7w7Tp7V0)

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

2437



More than one planet.

@ Keplerian models.
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More than one planet.

@ Keplerian models.
@ Garvitational N-body problem.

A. J. Maciejewski (Poland) Fitting Orbits June 3, 2007 25/37



More than one planet. Keplerian models.

n
ve(i) = S v v,
k=1

®) = _Ky [cos(mc(t) + wi) +eccoswe], k=1,...,n.
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Yet another Keplerian model.

mo
ma
P
P1
Jacobi coordinates Ty
Vi = —Kyfy (t) — Kafa(t),
Ny sini
Ky = w, fi(t) = cos(w(t) + wk) + ek cos wy
\/1—e?
mq my
o=— 0O2=—"—"—"—
m, + My m, + My + My

pr=G(Me+my), p1=G(m,+mg+my)
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Gravitational N-body model.

Barycentric reference frame

Ri =V,
n
r Gmim , 1=0,.
mIVI = _Z RI3 J(Rl RJ)> VI - RI
j=0 ij
n n
Zm|R| :ov Zmlvl =
i=0 i=0
n m:
Ve(t) = — Z m_l i,3
i=1
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Gravitational N-body model. Parametrisation.

@ Osculating elements: (my, a, e, ik, wk, A, Tpk), fork =1,...,n,
and Q, = 0!
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Gravitational N-body model. Parametrisation.

@ Osculating elements: (my, a, e, ik, wk, A, Tpk), fork =1,...,n,
and Q, = 0!

@ Initial condtition: (my, Rk (o), Vk(to)), fork = 1,...,n, and fix e.g.
Ry = O!
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An opinion.

An astrophysicist can fit a sinusoid to two observations and moreover
he claims that this fit is very good.
— Ryszard Szczerba, astrophysicist
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Classical y? method.

One-dimensional observations x(t).
@ Observations: Xi,...,Xn, Xi = X(tj)
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Classical y? method.

One-dimensional observations x(t).
@ Observations: Xi,...,Xn, Xi = X(tj)

@ Errors of individual observations: o4, ..., on.
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Classical x* method.

One-dimensional observations x(t).
@ Observations: Xi,...,Xn, Xi = X(tj)
@ Errors of individual observations: o4, ..., on.
@ Model: X = X(t,p), p = (p1,...,Pk) € RX.
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One-dimensional observations x(t).
@ Observations: Xi,...,Xn, Xi = X(tj)
@ Errors of individual observations: o4, ..., on.
@ Model: X = X(t,p), p = (p1,...,Pk) € RX.
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Classical x* method.

One-dimensional observations x(t).
@ Observations: Xi,...,Xn, Xi = X(tj)
@ Errors of individual observations: o4, ..., on.
@ Model: X = X(t,p), p = (p1,...,Pk) € RX.

-2 Z <x, — t,,p)> ’

@ degrees of freedom: u =N —k — 1,

=1y (r=tn) _f;_(“’p))z

i=1 !
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Classical x* method.

Problem: find p, € R¥ such that

2 _ . 2
X (po)—gg]lgkx (p)
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How to find the global minimum?

Find all local minma and choose the smalest one!
Facile dictu dificile factu!
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Local minimum

Po = minF(p), U e R":
peU

Condition: ||p — pyl| is small. Then

F(p) = F(po) + VF(po)x + 2xTV2F (po)x +

2

[ 0*F

X=p _p07 8p|8pj

o).
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Quadratic approximation

© p, close to py;
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Q p,=p; —Aly;y =VF(py), A= V?F(py).
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Quadratic approximation

© p, close to py;

@ py=p;—Aly;y =VF(py), A=V?F(py).
Q [lpy—poll <e€?

Q p, =p,andgo 1.
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Problems

@ Expensive calculations of VF (p) and/or V2F (p). Solution:
choose the simplex method.

@ Initial approximation. Monte Carlo, periodograms, or
pseudo-global genetic algorithm.

@ Natural constrains.
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