M*(,67 o)

Potencial de maré

oM (r,0,¢)

y_ _Gm _kGME

- = 53,03 (3cos? ¥ —1);




Desenvolvendo até segunda ordem em excentricidade e inclinacao:

. Bk, GMR*| 2, 3 2 1o\ oo
U, — _ =z (1 ~ =S )P
2 a3 pr=3 3 e+ T3 2 2
L 2\ p2 T .p? *
+(1 _ EE - 55 )P cos(2" — 2 — 2w) + ZeP? cos(2p" — 3 — 2w)

_%E‘FE cos(2¢" —  — 2w) + 12'[ e? P? cos(2p* — 40 — 2w)

9
(E — EFE)ECD&.{— (3 — EP )E cos 2f

—I—Q.S'(bmn,u — sin(g* — 20 — L.,}) + %PESE(CDSEF* + cos(2f + ij)]
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6 Tidal forces acting on the tide generating body

The perturbing force acting on a point of mass M* placed in r* = (r*, 8%, "), due to the disturbing
potential Us is given by

Wy . MU, - M U, .
F— Mgrad, Us = M+ 202 o MO0 5 25 (20)

. ar* ot 08 r* sin @ deo*
F Fy F3 (21)

Usando as equacdes de Gauss e possivel calcular as variagcbes medias dos elementos
orbitais, conhecendo as componentes das forcas de maré (F1, F2, F3)

1 2
<a> = _ eRsin f+T(1+ em:rsf}] r2df
Viall —e?)m / [
) 0

1 1 r )
<ED> = —e Rsin —I—T(cos +-1(1— - )} r2d
2w/ pa® [ﬂ [ ! / € ( ﬂ) /




SISTEMAS DE 1 PLANETA

Evolucao orbital média

As variacOes médias de semi-eixo maior e excentricidade séo:

.
e
|

E,

1/Q - dissipacao

2
_E””_J‘HQ + 46€%)5 + Tep]

(183 + 7p).

L S

Ferraz-Mello + (2008)
Rodriguez & Ferraz-Mello (2010)



3.1 Semi-major axis

The decreasing timescale of the semi-major axis can be defined as 7, = a/|a|.
Using equation (Z4),
3

Ta = ET!-_I{I-F}[{Q—FiLEEE}g-l—TEEﬁ]_l- (3.1)

If we need to know the timescale only due to planetary tides, it is enough to put
=0 (or @;' =0) in the above equation to obtain
3n~la®

TE:E.IT.. {3-2'}

TP =
Note that lim 77 = o0 as e — (), indicating that, when the only tide is the planetary,
the semi-major axis stops decreasing after circularization. The contribution of the
stellar tide follows a similar analysis putting p = 0 (or Q;l = ()). The result is

3n"tad
T = . 3.3
“ 0 2(2+ 46e2)s (3.3)
Note that lim7, = % < oo as e —+ (). This shows that after circularization

the semi-major axis continues to decrease due to the stellar tide.

Rodriguez & Ferraz-Mello (2010)



3.2 Eccentricity

The timescale of orbital circularization can be defined as 7. = e/|é|.

-

3.”,_—1{1-”

Te = To-  ==-
18s 4+ Tp

-

9. —1_5 9,,—1.5
p_ dn_a’ . dna
TP = —: T = —.
' p 18s

T _ 185

TP
P 5052 Qx (p = Jupiter)
- kae Qp  — 7 (*=Sol)

2x 107 < Q./kae < 1.5 x 107 2.5 x 10* < Q,/kap < 2.5 x 10°

(Valores
tipicos)

Evolucao governada pela

H

kdp (Q+
' B > 1 and

i 2l i !
- maré no planeta



4 Orbital decay for different type of planets

4.1 Critical eccentricity for orbital decay

As we have done in the case of timescales for orbital circularization, we may
compare the timescales for orbital decay due to planetary and stellar tides. For
that sake, using equations (3=2) and (B3]) we obtain

P
Ta

2+ 4662] =
T - Te2

. (4.1)

=

Note that the above timescales ratio depends on the eccentricity, which is a time-
dependent quantity. We can compute a critical value of e for which equation (1]
is equal to unity. It is

° (4.2)
e, = — ) .
Tp/& — 46

If e > e. then 77 < 7, and the planetary tide dominates. On the contray, if e < e,
then 77 > 77 and the stellar tide becomes more effective to produce orbital decay.
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Figure [l is a plot of e. as a function of p/s. The minimum value of p/s for
which equation (42) has a possible solution (e, < 1) is 48/7. Note that, for
high values of p/3, it is sufficient a small value of eccentricity for that the orbital
decay is dominated by the planetary tide (77 < 7). On the other hand, for very
small values of p/s, an eccentricity close to unity is necessary to have comparable
evolutions due to planetary and stellar tides (remember that the model is valid up
to second order in e).



4.2 Hot Jupiters and hot Neptunes

In this section we analyze the tidal evolution considering two different types of
close-in planets, depending on the planetary mass. In a general way we call hot
Jupiter any close-in planet for which my, ~ m ;. and hot Neptune planets for which
my ~ mpy, being m; and my the mass of Jupiter and Neptune, respectively. From
equations (I)) and (B.4]) we know that

Ta 1 185 + 7p (43
7. 2[(2 + 46€2) + Te2p|’ '

It is clear from the above equation that, for small values of e, 7, > 7.. This indi-
cates that the effect of tides circularize the orbit before producing any appreciable
decrease in semi-major axis. Note that this fact minimizes the contribution due to
the planetary tide because after circularization, only the stellar tide contributes to
produce the orbital decay (see equation (ZGl)). Equation (ZZ]) shows that the stel-
lar tide contribution is proportional to the planet mass m,, where the coefficient
of proportionality depends on stellar paramaters only. Hence, massive planets are
more effective to have orbital decay due to the stellar tide, indicating that hot
Jupiters must decay faster than hot Neptunes.
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SISTEMAS DE 2 PLANETAS

Evolucao orbital média

As variacOes medias (conservativas!) de excentricidades e pericentros sao:

4 o1 .
% = E np € (m“ ) (H_P) SNy — ) Legendre expansion in the ratio ay/a.
dt 16 m, d, (1 —e2)/2
df:',: _ E . (m_P) (“_P)q' Sin[m-p — ) /
d 16 ° " \m,/ \a, (1—e2)? °
do, 3 (mc) (EIP>1’ 5 (“F) e. \ cos(w, — w.)
e _ - 1 — N ' -<
dr 4" n, a [ € )" 4 \a, €p 1 —e?
and
do. 3 - 2 5 1+ 4e;
() () 00 [ 2) () D
dr 4 ", il 4\ ag € (1 _ EE)

Mardling (2007)



A solucao secular do sistema é bem conhecida:

- oscilacdes das excentricidades ao redor de solucdes de equilibrio (pontos fixos)

- circulacéo ou oscilacao de w2 — w1 ao redor de 0° ou 180°.

(Rp) = Co + C1(* + €?) + Cps* + Czee’ cos(w’ — w),

dﬂ dﬂ / ' !
(E)m =0, (a)m = na(m'/mc)Cie sin(wo — w'),

(E’E) = na(m'/me) [2C1 + Cs(€'fe) cos(@ — w")].
O S

SaturQ '

0.08}

(Ae)sec = |(na/tr)(m'/mo)Cael|,
0.04|

Jui;iter

Murray & oy T TR
Dermott (1999) -100000 0 100000

Time (years)
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Incluindo as variacoes devidas a maré:

Wi = (ﬂ_p)4 (ﬁ) e
e, =—Wye, ging — Wre, 16 dc My
EI";::WCEP sinr;, . W_:EHM (m_F') (&)JE——i
SN d, ..
ot €.
n=Wy;—W, (—) COSs 1,
“p N=wp, — W, E. = I—E'E

5
21 k . R

W= 2w () () (Be)
2 O, mp ap

(51’4]{'3[3,-']'”:} €c E.;_z
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. Excentricidade de
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Longterm evolution

W. W, Wy

e Wi €c o = /apfa(mp/m)
) i s " 5;.1w -
- (%) (2)(2) ™75

A €c
. (r) F(e,) =

where
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EQUACOES EXATAS
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‘2 (my + my)
& + L )+ 2
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Rodriguez + (2011)
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