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ABSTRACT

We revise the model for the origin of the HD 45364 exoplanesystem proposed by Rein et al. (2010), which is currentiynkmto
host two planets close to th¢g2Z3mean-motion resonance (MMR). We show that due to the highsdensity of the protoplanetary
disk needed for type Ill migration, this model can only leagkanets in a quasi-resonant regime of motion and thus isoretistent
with the resonant configuration obtained by Correia et 80€3. Although both resonant and quasi-resonant solutiomstatistically
indistinguishable with respect to radial velocity measuweats, their distinct dynamical behavior is intriguing. WWeed the semi-
analytical model to confirm the quantitativefférence between two configurations. To form a system thatesdhside the 2
resonance, we developed dfdient model. Our scenario includes an interaction betwé@erent (but slower) planetary migration
types, planet growth, and gap formation in the protoplaged&sk. The evolutionary path was chosen due to a detailatysis of the
phase space structure in the vicinity of thi2 BIMR that employed dynamical mapping techniques. The enésof our simulations
are able to very closely reproduce th@ Besonant dynamics obtained from the best fit presented bgi@et al. (2009). In addition,
by varying the strength of the eccentricity damping, we dao simulate the quasi-resonant configuration similar & ith Rein et al.
(2010). We furthermore show that our scenario is reliablé weéspect to the physical parameters involved in the resm&rapping
process. However, our scenario can only be confirmed withiaddl radial velocities measurements.

Key words. Celestial Mechanics — Planetary Systems — Planets anditgastédbrmation — Planets and Satellites: dynamical etiotu
and stability — Methods: numerical

1. Introduction. However, one fact, already noted by Rein et al. (2010), at-

. ) . . tracted our attention: the discrepancy in the dynamicahbiein
HD 45364 is the first discovered system with two planets th@?the simulated solution and that obtained from the bestffit o

evolve inside or near the/3 mean-motion resonance (MMR) orreia et al. (2009). The fierence lies mainly i ;
. . . y in the magni-

(Correia %t al. 2009).deecen]EIy, tE? HD 204313 S3|'?Stgm Was dﬁs of the planet eccentricities (it was explained by tlie@'s

suggested as a candidate for this resonance (Robertson efal., sed by possible errors in the radial velocity datayeMo

2012), but_the stability of the proposed configuration sideds ver, other discrepancies appear when the dynamics of tine Re
to be confirmed. There are also several Kepler systems tibc '

, but exhibits a quasi-resonant behavior. In
ddition, some characteristic dynamical quantities, aagihe
requencies and oscillation amplitudes of orbital eleragdif-

er by orders in magnitude compared with those of the best fit

in the 32 MMR that corresponds to the best fit of Correia et
(2009) was tested and confirmed through numerical intemati ¢
of the exact equations of motion (Correia et al. 2009). solution.
to OTQSSESI?%O(;%gessgaplglf::qsce?; l_,&Ds‘:Sigt?rtﬁee%ur%in It should be noted that, notwithstanding the distinct dynam

. : . S , : ical behavior of the two solutions, both solutions lead tagar
of this compact planetary configuration was first carriediut tically the same radial velocity measurements; thus frombfn
Rein et al. (2010). To form this resonant pair, the authdtilty '

tested the standard scenario of a convergent migration of tﬁﬁrvatlonal point of view, the two selutions are statishcadis-

planets embedded in a protoplanetary disk. They noted e guishable. Only additional radial .velocity measuretsenill
that a type Il migration most likely leads to a capture ingiue allow us to unambiguously determine the resonant stateeof th

strong 71 MMR, which formed a dynamical barrier that bIOcke&ystem. HDA45364 is therefore an ideal test case for plamet fo

the road to the/2 MMR. To overcome this problem, the author§natlon scenarios.

suggested an alternative scenario, introducing a nonctiovel Toform a pair of planets that evolve inside tye &sonance,
we consider a dierent scenario in this paper. Although we also

t [l migration. Due to th d high density of th&di i . Y
ype [ll migration. Due fo the assumed high censity o ISsuggest resonance-trapping following planetary migrefiom

this type of migration produces a very rapid orbital decathef *: ' ! . ; o
planets, allowing them to by-pass thé 2esonance and C‘,leturedlsk-planetmteractlons, there are some importaffiecdnces: (i)

in the 32 MMR. we assume a slower migration rate than predicted by eitiper ty
| or type 1l migration modes; (i) we adoptftierent disk param-
* e-mail: jorge9895@usp.br eters, especially a lower surface density; (iii) we introelmass
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growth during both the migration and the resonance-trapp 969
processes, and (iv) we assume that the migration processsbe - 0.685-
when the planets are in the embryonic stag@.(l Mg) and thus — ( gag
much smaller than the present-day Saturn-size planets.
We show that depending on just one parameter, our scen. 0 20 40 60 80 100
is able to reproduce the averaged magnitudes of the orlbital 0.90
ements and the resonant behavior of the best fits of Correiad\, 0.898~
al. (2009), also for the solution given in Rein et al. (201). ~ 0.896-
addition, we study the phase space of tf@Bean-motion res-  0.89
onance using a semi-analytical model originally developgd
Michtchenko et al. (2008a). This analysis allows us to camp:
the dynamical behavior of the best-fit solution of Correialet ¢
(2010) and the solution obtained by Rein et al. (2010), aed-id <
tify the most significant dferences between them. 14
This paper is organized as follows. In Section 2, we brief “% 20 6
describe the scenario proposed in Rein et al. (2010) and ct t(years)
pare the dynamics of the simulated orbit with the best-fitisolrig 1. Time evolution of the semimajor axes of the inner planet (top
tion from Correia et al. (2009). In this section we also présepanel), of the outer planet (middle panel), and the meariemattio
the phase-space portraits of th 3MMR configuration of the (bottom panel). The black curves correspond to the best fitaZCor-
system and the quasi-resonant configuration. In Sectione3, wia et al. (2009), while the red curves correspond to thetisol R10
present dynamical maps for the region betwegh @nd 32 of Reinetal. (2010)
MMRs. In Section 4, we describe the two stages of formation
of HD 45364 proposed by our scenario. The capture process in
the 32 MMR is described in Section 5. The conclusions are pre-
sented in the last section.

0.25
- - 20.200
2. Scenario 1 (Rein et al. 2010). SR
Gravitational interactions between the protoplanetask dind % 0:10
fully formed planets drive the bodies towards the centrat st8 o5
(Lin & Papaloizou 1979; Goldreich & Tremaine 1979, 1980)./© oloow

the planet migration is convergent (i.e., the mutual distais
decreasing), two planets can be captured into a mean-mol
commensurability and continue to migrate in the resonaodde | 270 L e

[ YA(IJ‘ T IAw‘ T T T T T ]
(e.g., Lee & Peale 2002; Ferraz-Mello et al. 2003; Beaugé
al. 2003; Beaugé et al. 2006). This mechanism is generally i ¢, 1o W AMAATVUVUVIRANUVUNATTUVUTY V]

. . . [
0 100 200 300 400 500 600 700 @ 80(

cepted to explain the existence of several extrasolar sygsie- % 90, 0, O
side mean-motion resonances. The most populated one iglthe S of ‘
MMR, which is a very strong first-order resonance with an e ‘
tensive domain of stable motion. Because of this, it acts as  -90
natural dynamical barrier that prevents most planets, éorfar
apart, to migrate to other commensurabilities, such as the s
MMR. Fig. 2. Same as in Figure 1, except for the planet eccentricitigs (to
To understand the existence of the HD 45364 system, Reirpanel) and the characteristic anglesandAw (bottom panel).
al. (2010) proposed a scenario based on type Il planet tingra
(Masset & Papaloizou 2003). This mode of inward migration is
characterized by the very fast decay that allows the plaioets
overshoot the 4 MMR and to be captured in thg 3MMR.
N-body and hydrodynamic simulations showed that this is in-
deed possible, although it seems to require a surface gdasit mean-motion ratian; /n, of R10 oscillates around.32, while
the protoplanetary disk at least five times higher than the mifor C09, this occurs arounds0. The periods of the resonant os-
imum mass solar nebula (MMSN, Hayashi 1981). The authamflations estimated from the semimajor axes Bgg ~ 19 years
concluded that this might be the first direct evidence foetylp for C09 andT,es ~ 17 years for R10. A higher discrepancy is
planet migration. noted in the secular period, as estimated from the eccéntric
However, comparing the dynamics of the solution simulate@riations, givingTsec ~ 400 years for C09 and onlysec ~ 50
in Rein et al. (2010) (hereafter, R10) with that given by tlestb years for R10. The bottom panel of Figure 2 shows the evolu-
fit solution in Correia et al.(2009) (hereafter, C09), weensib- tion of the characteristic angles of the system, the redaragie
stantial diterences. Figures 1 and 2 show the time evolution of, = 21; — 31, +w; and the secular anglew = w1 —w,, where
both orbits, averaged over high-frequency terms on therafe A; are the mean longitudes aad are the longitudes of pericen-
the orbital periods. The initial orbital parameters usethmin- ter; hereafter, the subscript 1 is used for the inner plavigte 2
tegrations are listed in columns 3 and 4 of Table 1. is reserved for the outer body. We can see that for R1@scil-
The two figures show that the orbital elements of the simlates with a very small amplitude compared with its behairior
lated R10 system (red curves) oscillate with very small &mpC09 and the amplitude of the secular componert®ftends to
tudes, in contrast with the fitted C09 system (black curvEsg. 0.
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Object parameter | CO09 R10 K3 K100

HD 45364 | Mass (M) 0.82 0.82 0.82 0.82

HD 453640 | msini (Mj) | 0.1872| 0.1872 | 0.1872| 0.1872
a(AU) | 0.6813| 0.6804 | 0.6830| 0.6830

e 0.17 0.036 0.18 | 0.03
A(deg) | 105.8| 3525 | 141.9 | 330.5
@ (deg) | 162.6 87.9 40.1 | 239.49

HD 45364c | msini (My) | 0.6579| 0.6579 | 0.6579| 0.6579
a (AU) 0.8972| 0.8994 | 0.8970| 0.9050

e 0.097 | 0.017 | 0.068 | 0.01
A(deg) | 269.5| 153.9 | 2282 | 62.8
@ (deg) 7.4 202.2 | 219.9 | 58.2

I 2.79 | 3.51(2.76)] 3.9 4.2

Table 1. Orbital parameters of the HD 45364 system from the best fitwf&la et al. (2009)C09, the F5 simulation of Rein et al. (2010310
and our simulationsk3 andK 100. The last row shows the correspondirfgvalues; the number in brackets for R10 corresponds tgthalue
obtained in the case for free planet masses.

2.1. Topology of the phase space of the C09 and R10 In the case of R10 (bottom panel), the oscillations are rgerel
systems. kinematic since all levels, even that passing through tligiror
. . . . dashed green curve), belong to a same structurally stabie f
A simple comparison of the evolution of the orbital elemenﬁ_ In other words, there is no topologicalfiirence between

is insuficient to understand why the two solutions are so di scillations and circulations. In this case, we say thaststem
ferent. For this task, we need to visualize the phase spaceq a quasi-resonant regim.e of motion '

the 32 MMR by plotting energy levels of the system on the” " coirast for the CO9 solution (top panel), the transi-
(e1. &)-plane of the initial eccentricities. The enerfis t0-  tion from oscillation of the resonant angle to circulatiarcors
gether with two integrals of motion, the total angular motuem tyrough true bifurcations of the solutions, along the sair
AM, and the spacing paramet&tare given by the expressiongnat contains a saddle-like point (dashed green curve)taro

(Michtchenko et al. 2008 a-b) words, the two regimes of motions, oscillations and cirtates,
z _ _y2 Gmm _ 1 (g . e.0.0)dO, are topologically distinct. In this case, we say that thenesit
res i1 78 ~ o Jo R(@.8,01.QdQ angle librates and the system is in a true resonance state.

AM = mma? [1-+mmna2 |/1-€ (1)
1% 1t M2 eg 2.2. Radial velocity curves.
K = (p+qymng ai +pmpny a% Itis worth noting that notwithstanding the distinct dynaalibe-

havior of the two solutions C09 and R10, both lead to praltyica
ghe same radial velocity curve. This is illustrated in Figur,
where the observational data are shown as dots and theoswuti
C09 and R10 are shown as green and yellow lines, respectively
@\s has been noted in Rein et al. (2010), it is verffidilt to

See any dierence in the quality of the two fits; moreover, the
similar y?-values (see Table 1) suggest that the two solutions are
statistically indistinguishable.

where the orbital elements, including the semimajor axesd
eccentricitiesg (i = 1,2), are canonical astrocentric variable
(Ferraz-Mello et al. 2006). We averaged the disturbing fionc
R with respect to the synodic ang@ = 1, — 11, whereJ; are
the mean longitudes of the planets. We fixed the initial v&lu
of the resonant angles; ando at 0 or 188 and calculated the
values of the semimajor axes of the planets (required tatzk
energy levels) using the expressions for the constants tbmo
AM and¥ (Equations 1).

Two (e, &)-planes are shown in Figure 3: the top grapB, pynamical maps of the region between the 2/1
was constructed with the parameter set of the best fit C09 CON-4nd 3/2 resonances
figuration, while the bottom graph corresponds to the sitedla '
R10 system. In both graphs, the positive (negative) valngh® To investigate the possible migration routes of the HD 45364
g-axis correspond to; fixed at 0 (180). The stable stationary system toward the/2 MMR, we analyzed the dynamics in the
solutions corresponding to the highest energy of the syétem region between the/2 and 32 MMRs. This was made using
guently referred to a#\CR-solutionsare shown as red dots indynamical maps drawn in thew{/n;, &) representative plane.
the two planes. Here we only briefly describe their construction; details ba

The comparison of dynamical structures of two planes alloisund in (Michtchenko et al. 2002; Ferraz-Mello et al. 2Q05)
us to understand the féiirent behavior of the simulated systenThe (,/ns, &)—plane was covered with a rectangular grid of ini-
R10 (Rein et al. 2010) and the best fit solution C09 (Correiial conditions with spacinga(n,/n;) = 0.002 andAe, = 0.002.
et al. 2009). Indeed, although the resonant angles ardatscilThe semimajor axis and the eccentricity of the inner plaresew
ing in both cases, these oscillations are topologicalffedént. fixed ata; = 1 AU ande; = 0.001, respectively. The initial val-
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40 53200 53600 54000 54400
JD-2400000 (days)
B0 0450 090 010 UM 010 020 030 04D Fig. 4. Comparison of dferent orbital solutions: radial velocity mea-
surements (blue dots), the best fit solution C09 (green, lithe) R10
S| simulation (yellow line), and our two solutions wikB (black line) and

K100 (red line). See text for details.

/
0.04—/ \
(see Michtchenko et al. 2002): low values Mf(light shades)
0.031 - correspond to regular motion, while the high values (darker
a | tones) indicate the onset of chaos.
’ The map obtained famn, = m, = 1.0 M; is shown in the top
0.01- L panel in Figure 5. The regions of regular motion are presente
in light-gray tones and the hatched red regions correspond t
o 0.00] - strongly chaotic motion that leads to collisions betweerpian-
ets. The domain of the/2 MMR is located around,/n; = 0.5;
AL i it is bounded by the chaotic layers, which correspond to ¢ipe s
0.02] [ aratrix of the resonance. The robust structure of the resma
indicates that the smooth passage of the system during pnve
0.03 L ing type Il migration must be interrupted either by captmsde
the resonance domain (at low eccentricities) or by ejecifdhe
0.0 - planets (at high eccentricities). There are also other Aneaiion
oo \ ] / resonances betweerizand 32 MMR: they are 74, 53, and 5
015 010 -005 0,00 ] ' commensurabilities located ni/n; ~ 0.57, 06, and 0625, re-
spectively. Of these, the second-ord¢3 MMR is also strong
& enough to capture or disrupt the system during slow mignatio
Fig. 3. Energy levels of the /2 resonant Hamiltonian (1) on the;( We tested the possibility of trapping inside each of these re

e,)—plane for the C09 (top) and the R10 solution (bottom). Theheéd onances, by performing three N-body simulations. Results a
green lines show the true separatrix (top) and the kinenatisition shown in Figure 6. In all cases we considered a system of two
from oscillations to circulations (bottom). The ACR of eatiiution is  equal-mass planetsn{ = m, = 1.0 M) orbiting a solar-mass
presented with a red symbol, while the corresponding entengsl is  star. The inner planet was placed at 1 AU, while the position
plotted as a continuous green curve. of the outer planet was defined by thre@etient values of the
mean-motion ratio. The initial values of the eccentrisitand
the angular variables of both planets were fixed at zero. Tihe m
gration was simulated using a fictitious non-conservatived,
ues of the mean longitudes were fixediat= 1, = 0, while the |eading to a orbital decay of the outer planet with a charitie
secular angle was fixed Atz = O (positive values on the-axis  timescale ofr,, = 10° years (Beaugé et al. 2006).
in Figure 5) or 180 (negative values on they-axis in Figure The first simulation was made with the outer planet starting
5). The maps were constructed for two values for the plapetafn,/n, = 2.5, beyond the 4 MMR. The time evolution of the
masses; the top graph shows resultsfige= m, = 1.0 M;, while  mean-motion ratio of this system (top panel in Figure 6) shaw
in the bottom graph we useth = my = 0.1 M,. These values capture in the 2 MMR at~ 1.3x 10P years. The system starting
were chosen to understand qualitatively the dependendeeof getween 721 and 33 MMR, atn;/n, = 1.8, was captured in the
dynamical features on the individual planetary masses. 5/3 MMR at~ 3 x 10* years (middle panel). The capture in the
Each point of the grid was numerically integrated oved2 MMR was only possible for the systems starting betweg8n 5
1.3 x 10° years, and the output was Fourier-analyzed to obtand 32 MMRs, for instance, at;/n, = 1.61 (bottom panel).
the spectral numbeX. This quantity is defined as the number It is worth noting that the captures shown in Figure 6 are
of peaks in the power spectrum of the eccentricity of the innfairly robust when considering a slow (type Il) migratiorhélre-
planet and is used to qualify the chaoticity of planetaryiorot fore, to explain the existence of the HD 45364 system in thme co
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=

>
AT,

-0.30+
0.45 :

Fig. 5. Dynamical maps of the domain between tlie @nd 32 MMRs,

for two fictitious systems composed of a solar-mass stanangtanets
with massesy, = mp = 1.0M; (top panel) andmy, = mp = 0.1 M;

(bottom panel). The initial conditions aeg = 0 ando; = 0; Aw is fixed
at 0 (positive values on thes-axis) or 180 (negative values on the-

axis). The location of several MMRs are shown as verticahdddines.
The light-gray tones correspond to regions of regular nmoti¢hile the
hatched red regions correspond to strongly chaotic motion.

text of the type Il migration, the two planets are expectedim
very close to each other, in a small region located pradyical

2.6

| | | | |
"0 2e+04 5e+04 8e+04 le+0t
t (years)

Fig. 6. Resonance capture of a Jupiter-mass planet evolving asgumi
type Il migration. Starting an, /n, > 2, the planet is ultimately trapped
in the 21 MMR (top panel). Starting at&7 < ny/n, < 2, the planet is
trapped in the B MMR (middle panel), and starting at/n, < 1.67, in
the 32 MMR (bottom panel).

this possibility has been mentioned previously (but hasheot
studied) in Rein et al. (2010).

Our main idea is well illustrated in the bottom panel of Fig-
ure 5, where we present a dynamical map analogous to that in
the top panel, except that the individual planetary massre w
chosen to be ten times smaller. Since the mutual perturiztio
are weaker in this case, the size of the resonant domains and
their chaotic layers decreases (Michtchenko et al. 2008 &His
is clearly seen in the case of thé8and 21 MMRs located at
ny/ny = 0.6 and 05, respectively. As a consequence, two small
planets undergoing the type | migration process are ablgto b
pass the A and 33 MMRs toward the 2 MMR.

According to current theories, tidal interactions between
planets and a gas disk cause a migration process that is cate-
gorized agype Ifor planetary embryos and small core-planets (
< 10.0Mg), and agype llfor massive giant planets. The precise
delimitation between the two types is defined by many fagtors
such as the viscosity of the disk and its scale height (Ameita
2010; Crida & Morbidelli 2007). The migration types are gual
itatively different: the type | timescale is inversely proportional
to the planetary masses, while the type Il timescale is maiet
termined by the physical properties of the disk. The mosidrap
migration is predicted to occur for masses betwe@®3 M; and
1.0 M; (Armitage 2010).

The giant-planet formation scenario provides a formation
timescale on the order of 8 10° years (Armitage 2010). The
mass growth is separated into three stages (for more deéails
Pollack et al. 1996; Rice & Armitage 2003): core formatioys, h
drostatic growth, and runaway growth. The formation tinadsc
of a giant planet is almost entirely determined by the second

top of the 32 MMR. This hypothesis seems very unlikely, howstage, which ends when the mass of the planet envelope become

ever.

4. Scenario 2 for the origin of the 3/2 resonance for
the HD 45364 system.

We introduce an alternative scenario that describes tippitrg

equal to the mass of the planet core. However, the duratitreof
hydrostatic growth is revealed to be much longer than the typ
cal timescales of planet migration. To overcome this pnoble
Alibert et al. (2005) suggested including the migratidgfeets

in the formation model. This scenario shortens the fornmatio
timescale to a few 0years. It also considers only two stages
of mass growth: The first stage is core formation that ceases

in the 32 MMR of the embryo-size planets that are still in thavhen the planets reach the critical mass (mass of the ererelop

initial stage of the planetary formation. It is worth notititat

equal to mass of the core). The second stage is runaway growth

Article number, page 5 of 11
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that starts when the planet masses exceed the critical rakgs v
The duration of the first stage of core formation is abomt10°
years (Alibert et al. 2005), and the second stage of runavesgm
growth last for about % 10° years (Armitage 2010); in thisway,  0-100
the process of planet formation is completed aftet.1 x 10°
years. =

We adopted the Alibert et al. (2005) scenario to explain ttg
existence of the HD 45364 system. We propose that the apgpro$ 0.010
of the planet pair to the/2 MMR occurred during the first phaseg
of the planet growth, when the planet migration toward tt#& 3
MMR was favored by the small masses and the fast type | n
gration. After the planets had been trapped in this resanan 0.001
they continued to grow in the stage 1, until their masseshec
~ 10 Mg (a typical critical mass value), when they evolved t R
the stage 2 (runaway growth) and a slower type Il migration. 2e+05  4e+05  6e+05  8e+05  1e+06
our experiments, this process is separated schematiotiljwo t (years)
phases that are described below.

L

T T T
Lol

T T T T
Lol

T T
Ll

!

o

Fig. 7. Two stages of the mass growth of the HD 45364 planets (in log-
arithmic scale). During the first stage (blue line) whicttsak® yr, the

4.1. Stage I: core formation, type | migration and capture into €9ual-mass planets grow with the same rate, fraiM to ~ 10.0 M.
the %/2 MMR P g P During the second stage, the runaway growth occurs witbreint rates

in such a way that the inner planet (black line) reach&8M; and the

In the first stage of the evolution, the system is composed igHter planet (red line).858 M, after~ 1.5 x 10° years.
tially of the two planetary embryos of equal masses () that
orbit a central star of mass&8 M, (HD 45364). The planetary
embryos are embedded in the protoplanetary disk (we consid-
ered a vertically isothermal and laminar disk); the intécas heighth = H/r = 0.05 and a constant surface density profile
of the planets with the disk produce their type | convergirig mz(r) = Zo(r/1AU)~9 with g = 0 andZ, = 150g/cn¥, which cor-
gration toward the central star. This stage lasts owet@® years responds to the minimum mass solar nebula at 5 AU (MMSN,
and the planets grow up to I0Mg. Hayashi 1981). Rein et al. (2010) assumed a more massive pro-

We modeled the evolution of the system at this stage as fadplanetary disk, with a surface density five times highanttihe
lows: the mass growth was approximated with an exponentdMSN. From Equation (2), we estimate that for the chosen disk
law m(t) = m, expd/", with equal initial masses, = 0.1 Mg and parameters, the-damping is~ 100 times faster that treedecay.

a timescaler = 2 x 10 years for both planets. This e-folding  The inner planet was placed initially on an orbit similar to
time provides the planet growth up t010M, after 10x 10° that of Jupiter, a#; = 5.2 AU, while the outer planet was located
years. Although there is no widely accepted expressiontfer ton the Saturn orbit s, = 9.5 AU, yielding the initial configu-
mass growth at this stage of pla_anet_forma_non, the expoakentigtion beyond the/2 MMR, atn;/n, ~ 2.46 (orny/n; ~ 0.4).

law seems to be a good approximation (Alibert et al. 2005, SeRe initial eccentricities of the planets wese= e, = 0.02, and
Figures 5 and 8 in that paper); on the other hand, other aith@fe values of their angular elements were chosen to be egual t
considered dferent expressions, for instance, siifLega et al. zero. The set of disk parameters and the initial configunatio
2013). The chosen parameters correspond ficgently small  are referred to hereafter as tstandard configuratiorit is sum-
planets to experiment initially experiment type | migratidut marized in Table 2 (first row). The results of the planet growt

also to stficiently large planets to yield migration timescales o§imulation based on the standard configuration are showigin F
the order of some f/ears (see Armitage 2010). It is worth notyres 7—9.

ing that in our case, the type | migration is still much slotvem
that of type 11l considered in Rein et al. (2010).

To simulate the migration during the first stage, we appli
the semi-analytical models of Tanaka et al. (2002) and Tan
& Ward (2004), which provide the decay and damping rates oél
planet, with massn, semimajor axis, and eccentricitg, orbit-
ing a star of masm. and embedded in a laminar disk,

The blue line in Figure 7 shows the mass evolution (identical
et r both planets) during the first phase of formation. Fig8re
ows the decay both of the semimajor axes (top graph) and of
e mean-motion ratio (bottom graph). The smooth evolution
e system, even during the passages through ther2d 33
MMRs, is noticeable. The system approaches t#12eN8MR in
about 8x 10° years.

a ~ -20llam /B aldsa, The time evolution of the planet eccentricities is shown at
e ) the top of Figure 9. Due to the strong damping provoked by in-
& ~ £_018 a teractions with the disk, both eccentricities drop raptdl9. The
W @27+11q) a’ passage through th¢12MMR, at~ 5.7 x 10° years, provokes

whereg is the gravitational constant, arl g and X, are the SOme visible excitations of both eccentricities, whichdamped
scale height, the shape of the surface density profile ansuthe 29ain as soon as the system leaves tlieNMR. When the
face density of the disk at 1 AU, respectively. Itis worth fien-  Planets cross the strongl2MMR, their masses are still small,
ing that the model is valid only for low eccentricities € 0.05) ~ 12 Me?, the eccentricity excitation is weak, and no resonant
and small planetary masses 13 Ms). In the case of a smoothcapture is observed.

density profile, explicit expressions for the forces actimgthe Approaching the very strong3MMR after~ 8 x 10° years
planetary masses can be found in Ogihara & Ida (2009) and Ogfi-evolution, the two planets have masses-d Mg. The exci-
hara et al. (2010), while model applications can be found iation of the planet eccentricities (Figure 9top) and tharab-
Giuppone et al. (2012). In our simulation, we assumed a scéeistic behavior of the resonant angte and the secular angle
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Z 10 ‘ evolution. We detected three possible final configuraticime:
Z 8l N ] trapping in the 2 MMR, the capture in the/2 MMR, and the
] ol B non-resonant configuration caused by the diverging evariugf
5 F 1 the planet orbits.
T A 3 7 From Table 2, we observe that thg23rapping of the stan-
E 2 . dard configuration of the HD 45364 system is not sensitivaeo t
S 05 w Ze‘+05 w 4é+05 w 6\e+05 w 8‘e+05‘ e variations of the initial cond|t|on§ (runs #1—#4): Thisuksnay _
be easily understood by analyzing the evolution of the afbit
2 4F ‘ ‘ ‘ ‘ 7 elements in Figures 8 and 9. Indeed, due to the continuous de-
L 1 cay of the planets, the flierent initial positions from the central
N 7 starwill only acceleratelecelerate the trapping in thg2aVIMR.
<,20¢ 7 The non-zero initial eccentricities are rapidly damped é¢coz
<18 ] values by the disk-planet interactions, and consequeatig ho
1.6 : effect on the capture into a mean-motion resonance. Finally, fo
1.45 26‘+05 4é+05 ‘ 6‘e+05 ‘ ée+05‘ le- nearly circul_ar orbi_ts, the angular variabbﬁandAw are high-
t (years) frequency circulating angles that can acquire any valuédn t

range of 0 and 360

Fig. 8. Orbital decay of the HD 45364 planets during the first stage of This changes when we considerfdient disk properties
the mass growth. The top panel shows the evolution of the emu-s (runs #5—#9 in Table 2), specially theflérent values of the
major axes, while the bottom panel shows the mean-motidn &ata shape of the surface density profieIndeed, from Equations
function of time. The system approaches tti2 BIMR at ~ 8 x 1C° (2), we have thaa '« a®59. For low g-values (in our runs,

years. < 0.25), the decay of the outer planet is much faster than that of
the inner planetd, > &;), which causes a rapid convergence of
0.02 the planetary orbits and the non-capture passage throedith
0 ‘ ! MMR.
@ 2/1 5/3 . . .
=0.015 For higherg—values (run # 6, witly = 0.5), the orbits con-

verge more slowlyd; > &) and the capture inside thel2MMR
becomes possible, which reduces the probability of trappin
the 32 MMR. This result agree with the investigations of the
capture probability inside the first-order resonances ama-f
le- tion of the rate of the orbital convergence present in Mu&til
Wyatt (2011). Finally, forg = 1.5 (run # 7),a, = & and the
two orbits diverge, that is, the planet distance increasemg
the orbital decay.

We can conclude that for fliciently low g-values ¢ <
0.25), that is in a disk with a smooth surface density profile, th
trapping inside the /2 MMR s robust during the first stage of
the planet formatiofmigration.

2"t R . | ‘
4e+05 6e+05 8e+05 le-
t (years)

. s
23 eete 1

4.3. Stage IlI: runaway mass growth and type Il migration.
Fig. 9. Evolution of the eccentricities (top panel) and the angteand g Y g yp g

Aw (bottom panel) during the first stage of the mass growth. ®ba-l The second stage of the evolution begins when the envelope
tions of the 21 and 33 MMRs are shown are vertical lines. mass of the planet becomes equal to or larger than the cose mas
of the planet; as a consequence, the accretion rate is accele
ated dramatically and the runaway growth is initiated (@Kl
Aw (Figure 9 bottom) confirm that the system evolves close g(it)]a;'vé?:;é Zgg:gxeirtlgfe?goé ‘1\52“ Szgresz(%ig)ér'trgl[saﬁ).hgﬁg?s
the 32 M,MR' ) Armitage 2010; Hasegawa & Pudritz 2012). During this stage,
The first stage ceases afte}@ars, with two planets lockedhe mass growth of the planets is approximated by an exponen-
near the 2 MMR. The masses of the inner and outer planegs |5, m(t) = mexp/", wherem are the initial masses of
have grown up to to 10Mg (~ 0.03M,). This value corre- e planets and; are the e-folding times of the planet growth
sponds to the critical value for which the envelope mass ef th) _ 1,2). The values ofry come from stage | and are DM,
planets is nearly equal to their core mass (Alibert et al.520Gq poth planets. The values of were chosen to be.&x 10°
Armitage 2010) and runaway growth begins (Pollack etal6199,64r5 and % x 10¢ years for the inner and outer planets, respec-

Rice & Armitage 2003; lkoma et al. 2000). tively, such that the planets reach their current mass&8 @M,
and 06579M) after 1x 10° years.
4.2. Probability of the trapping in the 3/2 MMR during stage |. Figure 7 shows the exponential accretion of the planet

masses during the second phase: the rapid growth of the outer
We tested dierent parameter sets of the disk and the initiplanet is plotted as a red line and the slower growth of the in-
planet configurations. Some of these sets are present i Tat#r planet as a black line. The growth process is stopped afte
2, where the first row shows the parameters of the standard cenl.1 x 10° years, and the final values of the planetary masses
figuration and the other rows show one-by-one (systematic) @mre compatible with those of the C09 and R10 solutions.
rameter changes of this configuration. The last column shows As the planets become more massive, the structure of the disk
the final configurations of the system at the end of stage lef tim their neighborhood is modified and gaps begin to form. From
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Simulation Disk parameters Initial planet conditions Results
q h 2o a Q@ | a=6 | =1 | Aw ny/ny
MMSN | AU | AU deg deg
Standard | 0 | 0.05 1 52| 95 0.02 0 0 3/2
1 0 | 0.05 1 52| 9.0 0.02 0 0 3/2
2 0 | 0.05 1 52 | 95 0.04 0 0 3/2
3 0 | 0.05 1 52| 95 002 | 1#12| O 3/2
4 0 | 0.05 1 52| 95 0.04 0 60 3/2
5 0.25| 0.05 1 52| 95 0.04 0 0 3/2
6 0.5 | 0.05 1 52| 95 0.04 0 0 | 2/1or32
7 1.5 | 0.05 1 52 | 95 0.04 0 0 >29
8 0 | 0.07 1 52| 95 0.04 0 0 3/2
9 0 | 0.05 2 52 | 95 0.04 0 0 3/2

Table 2. Simulations performed with fiierent orbital and disk parameters (see Section 4.2 for meiegls).

-)
2 ‘ ‘ — 80.20
% I K3 i =
290k i £0.15
8 1 &
510 . i £0.10
£ o.sfw\; 80.05
.g 0 L ‘ ! ‘ ! ‘ ! ‘ | q_%%r ‘ : ‘ : ! =
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Fig. 10. Orbital decay of the HD 45364 planets during the second stagig- 11. Evolution of the eccentricities (top panel) and the angleand
of the planet formation. The top panel shows the evolutiotheftwo A (bottom panel) during the second stage of planet formatidren
semimajor axes, while the bottom panel shows the mean-magito  the planets increase their masses fronDM, to the current values.
as a function of time. The black dots correspond tokBesolution and The black dots correspond to th&3 solution and the red dots to the
the red dots to th& 100 solution. K100 solution.

this stage onward we assume a type Il of migration of the twgions, which, in the case of the HD 45364 system, are rqughl
planets that already locked near tfi2 BIMR resonance. To sim- g, ~ 0.68 AU anda, ~ 0.90 AU (Table 1). If we assume that the
ulate this migration, we applied a Stokes-like non-corsre second stage lastedsix 10° years, we obtaim,, = 6x 10° and
force (Beaugé et al. 2006). Th&ects of the Stokes force on theTaz = 3x 10° years.
semimajor axis and eccentricity evolution are decay andodam — choosing the e-folding times of the eccentricity damping is
ing, respectively, given as more complicated. This is because the exchange of the angula
- a - 2 momentum between the planets and the disk is very sengitive t
a0 = @oexptt/ra),  &l) = @ exp(-t/re), 3) the disk properties and the processes involved. In the Hietpl
whereag andey are the initial values of the semimajor axis andimulations based on the Stokes-like forces, it is commadn-to
the eccentricity, respectively, and and 7, are the e-folding troduce the factoK = 7,/7e, which is the ratio of the e-folding
times of the corresponding orbital elements (Beaugé & Eerrdimes of the orbital decay and the eccentricity damping,usel
Mello 1993; Gomes 1995). The planet configurations at the eitcs a free parameter (Lee & Peale 2002; Beaugé et al. 2006;
of stage | of the evolution were used as input of the secomstaKley et al. 2005). The typical values of the factigrlie in the
The loss of the orbital energy during the migration of theange of 1 and 100 (Lee & Peale 2002). We tested several values
planets toward the central star defines the choice of thesalfi of K from this interval and chose two specific values; they are
the e-folding timesr,. They are typically obtained through adsame for both planets and are 3 and 100. Hereafter, we refer to
justment between the migration duration and the final plpoet these solutions al&3 andK100. The values of the masses and
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the orbital configurations are given in the two last columms ~ 0-12
Table 1. r 1

The stability of the two solutions was tested and confirme
using the stochasticity indicator MEGNO (Cincotta & Sim¢
2000). We found that both systems achiev¥ >=2in~ 3000 008~ 7
years. The two simulations also agree well with the obsemat r —— e ” 1
data. The corresponding radial velocity fits are shown imfég o 0.06- TS -
as black and red lines fé&¢3 andK100. They?~values shown in L |

Table 1 confirm the statistical equivalence of our solutiaith

the solutions C09 (green line) and R10 (yellow line). We sstre 0.04

that no éfort was made to minimize thg—value by fine-tuning I |

the parameters of the problem. 0.02- & 2 g
The dynamics of the<3 solution is similar to the best fit /211 MMRs grossing | | |

CO09 solution, while thé&<100 solution reproduces solution R1( ~0.00 0.05 0.10 0.15 0.20 0.2t

well. The time evolution of solutionK3 andK100 is shown in €

Figures 10 and 11 as black and red lines. The migration psocggy 12 projections of the C09 and R10 oscillations (green dots) and
characterized by decay of the planetary semimajor axe®Wrsh the K3 and K100 evolutionary paths during the two stages of planet
at the top of Figure 10: the time-span of the decay, definetéy formationmigration on the ¢, e;)-plane. The first stage of accretion
value ofr,, andr,,, is extended te- 1.15x 10° years. We can includes the passage through thi& RIMR and the capture into thg¢3
see that the averaged magnitudes of the semimajor ax€3 af MMR (blue points). The evolution during the second stagenefrun-

the end of migration are compatible with those of the besfffit @wvay mass growth and the type Il migration is shown as blatk o
Correia et al. (2009) and €100 with theF5 simulation of Rein theK3 solution anq asred QOts fortKgOO solutlon..The ACR-families

et al. (2010) (see Table 1). Although the top graph in Fig@re £7€ Shown by confinuous lines; one is parameterizeatgym = 1, the
seems to show no filerence between the values of the semimaj er bymp/my = 3.51. The black cross shows the initial configuration
axes of the two solutions, in the enlarged scale we can oese?vthe planet pair.
a small but important dierence (see Table 1), which implies

that for K = 100, the mean-motion ratio;/n, ~ 1.52 (close

to the R10 solution); foK = 3, m/n; ~ 1.5 (close to the CO9 5. Evolutionary paths during capture in the 3/2

solution). MMR.

The behavior of the eccentricities and the characteristic Figure 12 shows the projections of the high-eccentricitp €6-
glesoy andAw during the second stage of migration is showfytion and the low-eccentricity R10 solution (green dots)ioe
in Figure 11, again with a red line fé¢ = 100 and a black line (g, g,) — plane. We plot two ACR-families parameterized by the
for K = 3. Because the migration is enough slow the evolutiggtios of the initially equal masses/m, = 1.0 and of the actual
of the eccentricities (top panel) closely follows the fanmif sta-  pjanet masses,/m; = 3.51 (continued curves). The motion of
tionary solutions of the conservativg23resonant problem, the so|ytions C09 and R10 on this plane is an oscillation around a
ACR-family (Beauge et al. 2003, Michtchenko et al. 2006)e TIACR defined by the total angular momentufiM and the scal-
different rates of the mass accretion, when the outer pla_nesgr% parametek (see Equations (1)). Since the planet masses and
more rapidly, are responsible for the excitation and theinan  the semimajor axes are similar, t&-parameter is the same for
ous increase of the eccentricity of the less massive inra@epl photh solutions, and the fierence in the positions of the corre-
(the evolutionary paths are discussed in Sect. 5). We cathaee sponding ACR is due to distinct values of the angular montentu
the results obtained fd€ = 3 reproduce the high eccentricitiesz\ (or eccentricities). It must be kept in mind that théfeli-
of C09, while the results obtained with = 100 reproduce the ence petween the two solution is qualitative: the solutios &
low-eccentricity solution R10. resonant, while the solution R10 is quasi-resonant (Set}). 2

; ot The sameé;, e;)—plane can also visualize the capture pro-
The evolution of the characteristic angtesandAw (bottom e ;
g ( cess of the system inside th&23VIMR. We show the projec-

panel in Figure 11) shows low-amplitude oscillations akOn ' _
and 180, respectively, for both solutions. Despite the apparen gcns of the two evolutionary path&3 andK100, during the
o stages described in Sect. 4.

similar behavior of the characteristic angles in both cates t ; ; Lo -
dynamical analysis shows that soluti&3 is involved deeply The first stage is the fast type | migration (.)f the initially
inside the  MMR during this stage, while solutidd100 is in equal-mass planetary embryosl(M,) that grow with the same

a quasi-resonant state, similar to the system R10 (seeSgxrt. rate unt!l~ 100M, du_ring 16 years; the (_evoluti_on of th_e_ Sys-
tem during this stage is similar for both simulations. Thiéah

During the last 5¢< 10* years of the process, the gas disk iplanet configuration is shown as a black cross at e, = 0.02.
dissipated, while the pair of previously formed planetappred Blue dots show first the rapid eccentricity-damping to the ci
in the 32 MMR (see Figure 10), continues to decay slowlgular orbits, then the passages through MR, with a slight
(since the characteristic frequencies of the system evolare, excitation of the planet eccentricities, and finally theraggh to
at least, one order higher, this process can still be corside the 32 MMR. Since the planet masses are still equal during this
be adiabatic). The disk is dissipated completely aftébk 10°  stage, the evolution occurs along the ACR—family paraner
years and the planets begin to evolve solely due to their ahutby m,/m; = 1.
gravitational perturbations (the last*gears in our simulation). In the second stage of the slow type Il migration and the fast
The time-span of 115x 10° years is compatible with the lifetime runaway mass accretion, the evolution of two solutions ke
of protoplanetary disks, which is estimated to lie betweel01 distinct due to the dierent rates of the mass growth. Both solu-
Myr (Armitage 2010; Haisch et al. 2001). tions difuse in the direction of the ACR—family parameterized
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by the actual rationp,/m; = 3.51, but the path on thee{,e,) for the disk in the first stage of the planet formafimigration
taken by theK 100 solution (red dots) is much shorter than thaind a duration of the planet formation on the order &fyars,
taken by theK3 solution (black dots). This is because the valusompatible with the lifetimes observed for the protoplamet
K = 100 implies a strong damping of the eccentricities durirgjsks.
the second stage of the evolution and the consequent faimati We also explored the fierent features of the disk during
of the system in the quasi-resonant state, similar to tfogigsed the second stage of the runaway planet formation and the slow
by Rein et al. (2010). Thus, our scenario is able to reprothee type |l migration. This was made by introducing a free par@me
R10 solution well, without invoking type Il migration andgh K = 7,/7e, defined as the ratio between the e-folding times of the
disk density. orbital decay and the eccentricity damping (Lee & Peale 2002
The solution obtained witiK = 3 exhibits a resonant dy- Beaugé et al. 2006; Kley et al. 2005). We found that for high va
namical behavior similar to that of the C09 configurationtwd t ues ofK, the intense eccentricity damping prevents the resonant
HD 45364 system (Correia et al. 2009). Moreover, the magmiapture of the planets; in this way, the pair remains clogshdo
tudes of the orbital elements agree with the averaged values/2 MMR, in a quasi-resonant state. It is interesting to no&t th
solution C09, also as the resonant and secular frequefidies. this feature might explain the abundance of the low-ecastytr
discrepancy with C09 we have noted lies in the amplitudes Kiépler objects close to the strong first-order MMRs. Our simu
the orbital elements oscillation around the correspond@& lation run withK = 100 produced a quasi-resonant pair of the
solution of the maximal energy. This may be explained by siniD 45364 planets, similar to the F5 simulation of Rein et al.
plifications introduced in our model, which, for instance d(2010).
not account for stochastic processes during the planetaorm For low values oK, the interactions with the protoplanetary
tion/migration. The stochastic forces can be responsible fokwegisk allow an éective locking of the planetary motions in the
energy fluctuations and a consequent deviation of the systg/? MMR, insidethe resonant domain. Our simulation run with
from the highest energy equilibrium configuration. This Wbu K = 3 produced a resonant pair of the HD 45364 planets, sim-
imply increasing oscillation amplitudes of the orbitalrelents jlar to the best fit simulation of Correia et al. (2009). Thihs
of the planets observable in the best fit solution of Correl.e quasi-resonant or resonant configurations of the HD 45364 sy
(2009). tem have been shown to be a direct consequence of the pesperti
of the assumed gas disk. The additional radial velocity nmmeas
ments can confirm the real configuration of the HD 45364 sys-
tem, allowing to assess the physical properties of the pdiab
We have presented a new scenario for the origin of HD 4536x#ptoplanetary disk of this system.
which, depending on the free parameétemeproduces both the  Finally, we emphasize that the formation and capture model
resonant and quasi-resonant configurations of the systbm. ©f the HD45364 system in the/3 MMR presented here suf-
former is associated to the best fit solution by Correia et &rs from several simplifications and limitations; for iaste,
(2009), the other is the simulation of Rein et al. (2010). \&e-c the exponential law for the mass growth was assumed arbitrar
sidered that the migration process of the planets beganglurily, and the complex processes produced by interactionesdmat
the first stages of mass growth. The initial planetary masses the gagdust disk and the growing planets were schematized as-
chosen to be on the order of planetary embryos and, at the sndhing simple analytical expressions for the orbital demagt
of the formation process, they achieved giant planet ma$ées eccentricity damping. On the other hand, it should be ndtatl t
system formation involved both type | and type |l migratietss i) these expressions are provided by solid theories on ttmego
The total time-span of simultaneous accretion and mignatias tion and early evolution of the planets; ii) the values of gihy
assumed to have lastedlL(P years, which is compatible with thecal and orbital parameters used in the simulations are si@msi
lifetimes observed for protoplanetary disks. with observed and widely accepted values; and iii) the fiokl-s
Our scenario presents severdteliences with respect to thattions are robust in the range of the typical input parametiise
proposed by Rein et al. (2010). The first one concerns the typedel. Therefore, we consider our model as a plausible mecha
of migration assumed to have dominated the resonance igpphism to explain the possible neg3esonance configuration of
instead of the non-conventional type Ill migration, we ddns the HD 45364 system.
ered the combinedfiects of type | and the type Il migration
processes, depending on the planetary masses. We found that
the passage across thd 2nd 33 MMRs, without capture in- Acknowledgments
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6. Conclusions.

The other diference between two scenarios concernsthe d
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