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Abstract

Within the general framework of the core-nucleated accretion theory of giant planet formation, the conglomeration
of massive gaseous envelopes is facilitated by a transient period of rapid accumulation of nebular material. While
the concurrent build-up of angular momentum is expected to leave newly formed planets spinning at near-breakup
velocities, Jupiter and Saturn, as well as super-Jovian long-period extrasolar planets, are observed to rotate well
below criticality. In this work, we demonstrate that the large luminosity of a young giant planet simultaneously
leads to the generation of a strong planetary magnetic field, as well as thermal ionization of the circumplanetary
disk. The ensuing magnetic coupling between the planetary interior and the quasi-Keplerian motion of the disk
results in efficient braking of planetary rotation, with hydrodynamic circulation of gas within the Hill sphere
playing the key role of expelling spin angular momentum to the circumstellar nebula. Our results place early-stage
giant planet and stellar rotation within the same evolutionary framework, and motivate further exploration of
magnetohydrodynamic phenomena in the context of the final stages of giant planet formation.
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1. Introduction

A defining characteristic of the solar system’s planetary
album is the presence of gas giants—Jupiter and Saturn.
Possessing the dominant share of the solar system’s angular
momentum budget, it is firmly established that the formation
and early evolution of this pair of objects is deeply implicated
in shaping the solar system’s remarkable present-day archi-
tecture (Tsiganis et al. 2005; Walsh et al. 2011; Batygin &
Laughlin 2015). Placing Jupiter and Saturn into their greater
Galactic context, the aggregate of confirmed extrasolar planets
has revealed that Jovian-class planets span a staggering extent
of stellocentric radii, with orbital periods ranging from fractions
of a day to hundreds of years. However, in face of their
pronounced presence within the current planetary census (as
well as the critical roles they play in sculpting their orbital
neighborhoods), the physical processes that regulate the final
stages of giant planet conglomeration remain imperfectly
understood.

Within the broadly accepted framework of core-nucleated
accretion theory (Bodenheimer & Pollack 1986; Pollack
et al. 1996), the process of giant planet formation is envisioned
to unfold as a sequence of three phases. The first phase
corresponds to the formation of a high-metallicity core
comprising Mcore ~ 10-20 M, of icy/rocky material. During
the second phase, this core acquires a gaseous hydrostatic
envelope, whose slow growth is facilitated by cooling and the
associated Kelvin—-Helmholtz contraction. Upon reaching a
mass comparable to that of the core, the envelope enters the
third phase of conglomeration, characterized by runaway
accretion of the nebular gas. In this narrative, two issues
remain elusive: what sets (1) the final mass and (2) the terminal
rotation rate of the newly formed giant planet? In this work, we
focus primarily on the latter problem.

Naively speaking, one may expect that during the final stage
of core-nucleated conglomeration, a planet is bound to accrete
the angular momentum of the nebular gas along with its mass,
resulting in a terminal rotation rate close to breakup velocity
(wherein the surface layers rotate at essentially the orbital

speed). Subsequent gravitational contraction of the planet
would only exacerbate this problem. In contrast with this view,
the 9.93- and 10.7-hr spin periods of Jupiter and Saturn lie
significantly below the corresponding breakup values (28% and
37%, respectively). While the surprisingly slow rotation of
Jupiter and Saturn was appreciated as a theoretical puzzle even
before the wide-spread detection of extrasolar planets (Takata
& Stevenson 1996), the first constraints on the rotation rates of
long-period planetary mass companions presented by Bryan
et al. (2017) have shown that strongly sub-breakup rotation
rates are in fact the rule, rather than the exception. In particular,
normalized by corresponding breakup velocities, the rotation
rates of the five objects considered by Bryan et al. (2017)
confidently lie below ~0.5, with the 0.05-0.3 range appearing
characteristic. Moreover, the same study has demonstrated that
the measured rotation rates do not exhibit a statistically
significant dependence on age, suggesting that the mechanism
responsible for setting terminal spin rates of giant planets
operates during their infancy.

Recent theoretical analyses of the final stages of giant planet
formation have shown that contrary to traditional one-
dimensional models (Stevenson 1982; Pollack et al. 1996;
Batygin et al. 2016), the infall of nebular gas becomes
spherically asymmetric once the planet acquires a sufficient
amount of mass to open a gap in its natal protoplanetary disk
(Crida et al. 2006; Fung et al. 2014). That is, high-resolution
nested grid hydrodynamic simulations of Tanigawa et al.
(2012), Gressel et al. (2013), and Szulagyi et al. (2016) have
shown that a strong meridional circulation of gas develops
within the planet’s Hill sphere, wherein disk material
precipitates down toward the planet from high altitudes,
generating a quasi-Keplerian circumplanetary disk (which in
turn feeds the gas back to the mid-plane of the circumstellar
nebula). As pointed out by Szulagyi et al. (2016), this picture
further aggravates the terminal spin problem, as angular
momentum exchange between the circumplanetary disk and
the planet is generally expected to increase the rotation rate of
the planet.
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Qualitatively, the terminal spin problem of giant planet
formation is reminiscent of the low angular momentum
problem of T-Tauri stars, which are also observed to rotate
substantially slower than initially expected (see Bouvier 2013
for a review). To this end, it has been shown that magnetic
coupling between the star and the inner regions of the
circumstellar disk can broadly explain the diminished rotation
rates of newborn stars (Koenigl 1991; Matt & Pudritz 2005). A
similar process has been suggested within the context of Jovian
formation (Takata & Stevenson 1996; Turner et al. 2014), and
here we will revisit magnetohydrodynamic interactions
between a young giant planet and its circumplanetary disk in
light of recent theoretical developments. In particular, the
calculations presented below demonstrate that the process of
hydromagnetic planet—disk coupling naturally leads to slow
planetary rotation rates, with rapid recycling of gas within the
Hill sphere playing a crucial role in the envisioned mechanism.
The remainder of the paper is organized as follows. In
Section (2), we present our semi-analytical model. In
Section (3), we compute the secular spin evolution of a long-
period, Jupiter-mass planet subject to magnetohydrodynamic
effects. We summarize and discuss our results in Section (4).

2. Model

As a starting point, let us outline the key ingredients of our
semi-analytical model. Given that direct observational con-
straints on the giant planet formation process remain stubbornly
elusive, here we will focus primarily on characterizing the
physical processes at play, rather than any specific scenario.
Thus, simplicity will be emphasized wherever possible, and in
contrast with numerous state-of-the-art numerical experiments
available in the literature, the input parameters we employ
should essentially be viewed as order-of-magnitude estimates
(most relevant to a Jupiter-mass planet residing beyond the ice-
line of its natal protoplanetary nebula). We begin with a
description of the circumplanetary disk.

2.1. Circumplanetary Disk

A standard approach to modeling astrophysical disks is to
assume that their temperature, 7, and mid-plane density," p,
profiles take the form of power laws in orbital radius
(Armitage 2010). Here, we follow this convention and adopt
the following functional forms:

3/5
T = min [Tmax, 72)(&) ]
p

5/2
p= Po(&) , 0
r
where Ry =a (M/3M,)"? =0.36au is the Hill radius,
Tmax = 1500K, Ty = 250K, and py= 1.5 x 10" °kgm >
(Figure 1). These simple relations provide a good match to
the simulated disk of Szuldgyi et al. (2016) and Szuldgyi
(2017), where a Jupiter-mass planet is held at a constant surface
temperature of 1500 K. We note, however, that unlike the
quoted hydrodynamical simulations, our broken power-law

temperature profile does not rise above Ty, yielding an

' We remind the reader that in a vertically isothermal disk, the more

commonly used surface density, X, is related to the mid-plane density via
p = X/N27 h, where h is the disk scale-height.
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Figure 1. Structure of the circumplanetary disk. The top panel shows the
assumed temperature (orange) and mid-plane density (pink) profiles. Owing to
a temperature profile shallower than T o 1/r, the disk is strongly flared, with
an aspect ratio ranging from ~0.1 at its inner boundary to ~0.6 at a third of the
Hill radius. The bottom panel depicts the computed electrical conductivity
profile within the disk (red), as well as the corresponding magnetic Reynolds
number (blue). Note that interior of < 0.15 Ry, the system lies in the regime
of strong magnetic coupling.

isothermal disk interior to r < 0.05 Ry (as we will see below,
our analysis is insensitive to the exact functional form of T at
sufficiently high temperatures).

Although conditions attained within a disk parameterized by
Equations (1) are insufficient to generate Hydrogen or Helium
ions in any appreciable fraction, temperatures in excess of
T Z 1000 K are high enough to thermally ionize alkali metals,
which are expected to be present in trace amounts within the
nebula (Armitage 2010). Accordingly, assuming that the disk
material is an ideal gas of solar composition, we have
computed the ionization levels of Na, K, Li, Rb, Fe, Cs, and
Ca, employing the Saha equation:

n*n, (me ky T

3/2
s ) exp(—/ky T), @)

n — n;t

where n;t and n; are positive ion and total number densities of
constituent i, n, is the total electron number density, m, is the
electron mass, ki, and /& are Boltzmann’s and Plank’s constants,
and I; is the ionization potential of constituent i. The
appropriate elemental abundances and ionization potentials
were adopted from Lodders (1999) and Cox (2000), respec-
tively. The electrical conductivity within the circumplanetary
disk was then computed using the standard expression

n, e? 7 i,

) 3)
nyme A\ 8ky T

g =

where e is the electron charge, n, is the number density of
neutral particles, and A, is the number density weighted
scattering cross-section of Hydrogen and Helium.

The electrical conductivity profile of the disk is shown in
Figure 1. Within the inner ~5% of the Hill radius, o ranges
from ~0.005-0.3 S/m—a value 1-2 orders of magnitude
smaller than the conductivity of salty water. Crucially,
however, the conductivity itself is not the primary quantity of
interest. Instead, magnetic induction within the disk is
characterized by the magnetic Reynold’s number
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(Moffatt 1978):
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where 7 = 1/pgo is the magnetic diffusivity, po is the
permeability of free space and p = 2.4my is the mean
molecular weight of the gas. As shown in Figure 1, the
magnetic Reynold’s number exceeds unity by orders of
magnitude out to orbital distances comprising a substantial
fraction of the Hill radius. More specifically, R,, > 1 for
r < 0.15 Ry. Therefore, even if the disk is substantially sub-
Keplerian (as is the case, for example, in the simulations of
Szuldgyi et al. 2016, where v/vi, ~ 0.8) the system is
guaranteed to reside in a regime where magnetic diffusion
plays an essentially negligible role on orbital timescales.

2.2. Planetary Dynamo

With a rudimentary description of the circumplanetary disk
in place, let us now consider the planetary (i.e., central body)
parameters. As already mentioned above, we are interested in
quantifying the final stages of conglomeration of a Jupiter-mass
object. Correspondingly, following Lissauer et al. (2009) and
Berardo & Cumming (2017), here we adopt a mass-accretion
rate of M = 103 M, yr ', a radius of R =2R;, and an
effective temperature of T.;r = 1500 K, in agreement with the
energy boundary condition of the simulated disk in Szuldgyi
et al. (2016). Cumulatively, these parameters yield a proto-
Jovian luminosity of L, ~ 2 x 107* L., and roughly corre-
spond to the so-called “hot start” initial conditions of giant
planet evolution.

A direct consequence of convective energy transport within
the planetary interior is the generation of a large-scale magnetic
field. Correspondingly, Christensen et al. (2009) have proposed
the following equipartition-like relationship that connects the
interior heat flux with the magnitude of the generated field:

(B2 2115 = ¢ fypm (PP (F @)% ~ (p) viny- )

In the above expression, ¢ is a constant of proportionality of
order unity, fonm ~ 1 is the ratio of Ohmic to total energy
dissipation, (p) is the average density of the field generating
region, g = oy, Yﬁff is the bolometric flux, and F is a quantity
related to the ratio of the largest convective length-scale to the
temperature scale-height. Furthermore, the surface field is
related to the volume-averaged dynamo field through a simple
numerical factor (B) /B; & 3.5.

Intriguingly, the relationship (5) successfully connects the
Geodynamo, Jupiter’s dynamo, as well as fully convective
stars, rendering our estimate of the proto-Jovian field an
interpolation. For the present-day Jupiter, Christensen et al.
(2009) advocate for F = 0.35, which yields ¢ = 1.18. Retain-
ing these numbers, we obtain Bg ~ 500 Gauss as an estimate
for our model planetary surface field strength—a quantity
approximately two orders of magnitude in excess of Jupiter’s
present-day field. Although direct measurements of newly
formed giant planets’ magnetic fields do not yet exist, it is
worth noting that our inferred value is almost an order-of-
magnitude smaller than the recently derived magnetic fields of
10-30 My brown dwarfs characterized by T ~ 1000 K (Kao
et al. 2016), suggesting that a slightly sub-kiloGauss field is
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probably not an unreasonable estimate for a highly luminous
giant planet (see also Stevenson 1974).

3. Results

With the primary components of the model delineated in the
previous section, we may now consider the consequences of
interactions between the strongly magnetized planet and the
electrically conductive circumplanetary disk. We begin by
examining the effects of the planetary magnetic field upon the
accretionary flow in its vicinity, and subsequently evaluate the
planetary spin evolution subject to magnetohydrodynamic
disk—planet coupling.

3.1. Magnetic Truncation

Provided an accretionary flow of magnitude M, a character-
istic radial scale interior to which magnetic effects dominate the
dynamics of the system is given by

2 M)
Ri~v|lo———] (6)
2uGM M

where M = B, R, and the field configuration is assumed to be
a pole-aligned dipole.” This well-known expression has been
derived by various means in the literature, including balance of
the magnetic and ram pressure (Ghosh & Lamb 1979) as well
as considerations of angular momentum transport (Ostriker &
Shu 1995). However, as pointed out by Mohanty & Shu
(2008), apart from a numerical coefficient of order unity, any
physical system determined by the quantities inside the
parenthesis must have a characteristic length-scale given by
Equation (6) by dimensional analysis. Given our fiducial
parameters quoted in the previous section, we obtain
R, ~ 4—5 Ry =~ 0.006 Ry.

For radii interior to R,, the accretionary flow is envisioned to
take on a force-free configuration, wherein v x B — 0 (Matt
& Pudritz 2005; Mohanty & Shu 2008). That is, instead of free-
falling, the weakly ionized gas becomes confined to the
magnetic field lines, forming an “accretion curtain” around the
newly formed planet. While this picture appears qualitatively
identical to the one typically invoked for disk-bearing T-Tauri
stars (see, e.g., Adams & Gregory 2012), it is crucial to note
that the flow direction is reversed.

In the case of young stars, the disk has an overall inward
radial velocity, and upon reaching the truncation radius, the gas
climbs up the critical field line, eventually arriving to the
vicinity of the stellar pole (Batygin & Adams 2013). In the case
of the circumplanetary disk, the accretion flow is precipitating
upon the planet from a high altitude, implying nearly vertical
motion (Tanigawa et al. 2012; Szuldgyi et al. 2016). Thus,
upon impacting the critical field line, the gas either accretes
upon the planet (if it lands interior to the apex of the critical
field line) or slides down the magnetic curtain to join the
circumplanetary disk. In the latter case, the gas is eventually
expelled from the Hill sphere as circumplanetary disk material
is recycled back into the nebula (Morbidelli et al. 2014).

The picture described above implies that upon becoming
luminous enough to develop a field that is sufficiently strong to
partially isolate the vertically precipitating flow (i.e., R; 2 2Ry),

2 While here we opt for a simple field configuration for definitiveness, we

note that the model does not require any particular geometry to operate.
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Figure 2. A newly formed giant planet embedded within the circumstellar disk. Meridional flow of gas within the Hill sphere feeds a circumplanetary de-cretion disk
that connects back onto the protoplanetary nebula. Thermal ionization of alkali metals ensues in the inner regions of the disk, coupling the planetary magnetic field to
the quasi-Keplerian motion of the gas. Consequently, spin angular momentum is expelled into the circumplanetary disk, resulting in a secular decay of the planetary

rotation rate.

a young planet begins to magnetically limit the geometric
cross-section through which it can accrete nebular material
(Figure 2). Crudely speaking, for a dipole field, this entails a
vertical accretion cross-section of A,..c ~ 7TR,2 /3374 There-
fore, it is plausible that this effect may play an important role in
quenching the conglomeration rate of the planet and potentially
contribute to a resolution to the terminal mass problem of giant
planet formation (Morbidelli et al. 2014). A thorough
exploration of this possibility is beyond the scope of the
semi-analytic calculations presented in this work, and deserves
a more detailed treatment, employing three-dimensional
magnetohydrodynamic simulations (Gressel et al. 2013).

3.2. Magnetic Torques

While the region interior to the truncation radius is
envisioned to be devoid of gas, the circumplanetary disk that
resides exterior to R, can be thought of as being largely
unperturbed by magnetic stresses, on orbital timescales. In
other words, the general picture outlined by the hydrodynami-
cal simulations of Szuldgyi et al. (2016) remains valid beyond
the planetary magnetosphere. Accordingly, let us now calculate
the secular angular momentum exchange between the quasi-
Keplerian disk and the planet, facilitated by magnetic
induction.

In the R, > 1 regime appropriate to the problem at hand,
field lines that originate within the planet and vertically
puncture the circumplanetary disk, B, become rapidly” wound
up by Keplerian shear (e.g., Armitage & Clarke 1996). In other
words, the orbital motion of the gas induces an azimuthal
magnetic field within the disk, B, though flux-freezing.
Obviously, growth of B, cannot persist indefinitely, and
indeed, this process is reset by magnetic reconnection, such that
when the pitch angle v = B,/B, reaches a value in excess of
unity, it is impulsively restored back to zero and the cycle
repeats (Uzdensky et al. 2002).

In light of the short timescale over which the induction-
reconnection cycle unfolds, it is sensible to average over it, and
adopt a secular value of ~ that is representative of the mean
pitch angle of the field lines within the disk (Figure 2).
Following Armitage & Clarke (1996), Lai et al. (2011),
Spalding & Batygin (2015) and the references therein, we
adopt |y] = 1 everywhere* in the magnetically connected
region of the disk (r < 0.15 Ry). Importantly, the sign of B,

3 The associated timescale is of the order of ~27/|w — n|, where w is the

planetary spin frequency and # is the mean motion.

We note that there is a radially thin zone on either side of the corotation
radius where Keplerian shear is weak enough for Ohmic diffusion to
maintain v < 1. However, this region is negligibly small, and can be readily
ignored (Matt & Pudritz 2005).
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is determined by the direction of the differential flow, as
measured in a frame co-rotating with the planet. Therefore, disk
material residing interior to the corotation radius, R. = (G
M /wz)l/ 3 acts to increase the planetary rotation, while gas
exterior to R. diminishes the planetary spin.

The magnetic torque exerted upon the planet by the disk is
given by the sum of the off-diagonal components of the
Maxwell stress tensor (Livio & Pringle 1992):

2
( ) = fBBrzdr——4—7T SELCNC)
o r

where J is the planetary angular momentum, and the integral is
envisioned to run over the magnetically connected domain of
the disk. Because the integrand in the above equation falls off
rapidly with radius, an outer boundary that is sufficiently large
for magnetic coupling at distance to become negligible can be
treated as being effectively infinite (quantitatively, replacing
0.15Ry with oo as the upper bound of the integral in
Equation (7) makes virtually no difference for the system
under consideration). Thus, adopting this simplification and
accounting for the sign change of the induced field across the
corotation radius, we obtain the following expressions:

47 M? gM
—— w > 3
(d_./) . 3o R; R; ®)
dt ) 47 M*R} —2R}) < [gM
3 1y Rt3 Rc3 h Rz3 .

Equation (8) has a well defined zero-torque solution, which

is simply R. = 2'/3R, (equivalently, w = \/GM /2 R?). The
characteristic timescale on which the system approaches this
equilibrium state from breakup, wy, is:

47 M?

_ 3pg I MR R wy 2| py
Il M°M

[GM5 R ]1/7
, O

where [ is the specific moment of inertia. If we model the
interior structure of the young giant planet as a polytropic body
with index £ = 3/2 (appropriate for a fully convective object),
then [7=0.21 and for our fiducial parameters,
T & 2x10* years—a timescale two orders of magnitude
shorter than the typical lifetime of a protoplanetary disk and
much smaller than the corresponding value obtained by Takata
& Stevenson (1996). We note that the large discrepancy in
spin-down timescales obtained here and in previous work stems
from the fact that Takata & Stevenson (1996) consider a later
epoch in Jovian evolutionary history, when magnetic disk—
planet coupling is significantly weaker.

Although Equation (9) clearly indicates that the magnetically
facilitated planet—disk angular momentum transfer mechanism
is exceedingly efficient, we caution that the mere existence of a
magnetized circumplanetary disk is insufficient to resolve the
terminal spin problem. This is because taken in isolation, the
disk’s angular momentum budget is much smaller than that of
the planet (note that this situation is reversed in the case of
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circumstellar disks):

Jaiske s fR,H47rrp62h2 JGM r dr dz

J I M R? w,

~0.1. (10)

Thus, if the planet and the circumplanetary disk were a closed
system, magnetic torques would merely propel the inner
regions of the disk to greater orbital radii, while the planetary
spin would slow down by a negligible amount. Contrary to this
picture, hydrodynamic simulations show that gas is rapidly
circulated within the planetary Hill sphere (for example, disk
radial velocities of order ~107°~107% vy, are observed in the
simulations of Tanigawa et al. 2012; Szuldgyi et al. 2016), such
that the disk persists in steady-state around the planet, even
when magnetic torques are taken into account. As a result,
recycling of disk material plays a key role in the successful
operation of the magnetic spin-down mechanism, as it connects
the circumplanetary disk with its exterior environment and
allows the planet to expel its spin angular momentum to the
circumstellar nebula.

3.3. Spin Evolution

In addition to magnetic braking, other effects such as
continued accretion and gravitational contraction, may con-
tribute to the rotational evolution of a newly formed giant
planet (see, e.g., Batygin & Adams 2013). Drawing upon an
analogy with the related case of T-Tauri stars, we note that
once the planet becomes luminous enough to develop a strong
magnetic field, it is likely that direct accretion of angular
momentum can be ignored, as the vertically precipitating flow
that can be captured within the apex of the critical field line
(i.e., accretion curtain) carries a comparatively small amount of
angular momentum.’ Gravitational contraction, on the other
hand cannot be immediately disregarded as being irrelevant.

The radius evolution of a polytropic body that radiates at a
constant effective temperature can be approximately modeled
by equating the loss of binding energy £ = —b G M?/R to the
surface luminosity:

ﬁ Q M? dR _

dt R dr
where b = 3/(10-2€) = 3/7. Adopting Ry = 2R; as an initial
condition, the solution to the above differential equation is
parameterized by the Kelvin—Helmholtz timescale, 7yy:

B b GM?RE '3
b GM? + 127 R; osg Tae t

1/3
N max[Rj, RO(L) ] (12)
Tkn + 3¢

Importantly, Equation (11) does not account for degeneracy
pressure support, which prevents the planet from contracting
below a specific radius, close to that of present-day Jupiter
(Stevenson & Salpeter 1977). As a consequence, we impose an
artificial limitation upon the above expression, which prevents
the radius from diminishing beyond its observed value. We

_4’7T OSb Tff, (11)

5 This assertion is generally validated in the simulation suite of Szuldgyi

et al. (2016).
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Figure 3. Evolution of the the planetary spin, subject to magnetic braking and
gravitational contraction. Initialized at breakup velocity, the planet experiences
a rapid loss of rotational angular momentum on the timescale, 7,,.
Subsequently, as gravitational contraction ensues on the Kelvin—-Helmholtz
timescale, Ty, the planet spins up adiabatically due to the associated shrinking
of the truncation radius, R;. When the physical radius reaches a value equal to
that of Jupiter, the spin evolution stops and the planet is left rotating with a
period of 27/w ~ 9 hr.

note further that in general, gravitational contraction need not
end before dissipation of the circumplanetary disk, implying
the possibility of mild post-accretion increase in the rota-
tion rate.

With all of the necessary ingredients defined, the differential
equation for the planetary spin, w, takes the following form:

21MRwd—R+IMR2d—w:(d—J), (13)
dt dt dat ),

where R, dR/dt and (dJ/dr),, are given by Equations (12), (11),
and (8), respectively. Beyond the assumptions of our
rudimentary model, we note that while the characteristic values
of M and T.g themselves are somewhat uncertain, their time-
evolution is even more obscure, as the accretion process can
enhance the interior entropy, leading to a broad range of
possible luminosity tracks (Owen & Menou 2016). In our
numerical solution of this ODE, we circumvent this ambiguity
by holding M and T, constant at their nominal values, while
self-consistently evolving the planetary dipole movement as
well as the magnetic truncation radius in accord with
Equations (5) and (6). Adopting the breakup velocity as a
starting condition for w, Figure 3 depicts the derived time-series
of the planetary rotation period, over a span of 2 Myr.

Two characteristic phases of evolution are clearly visible in
Figure 3. First, on a timescale 7, (given by Equation (9)), the
system approaches the disk-locked equilibrium state, wherein
the planetary spin rate is marginally slower than the orbital
frequency at the truncation radius. During subsequent evolution
that unfolds on the Kelvin—Helmholtz timescale, the planetary
spin adiabatically follows the disk-locked state as gravitational
contraction forces the dipole moment to diminish, increasing
the rotation rate. Upon reaching the current radius of Jupiter,
the physical evolution of the system stops and the rotation
period becomes frozen-in at 27/w ~ 9hr. Note that the
dramatic changes in the planetary rotation rate over the
simulated timespan are driven entirely by the variations in
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the magnetospheric truncation radius, highlighting our model’s
sensitive dependence on R,.

Despite matching the true rotation rate of Jupiter relatively
well, we caution that the solution depicted in Figure 3 should
be viewed as being essentially illustrative rather than exact.
Indeed, there exists a number of intricacies and uncertainties
that Equation (13) simply does not account for. In particular,
recall that we have ignored the inevitable decrease of M that
must come about in a waning circumstellar nebula, the timing
of giant planet conglomeration relative to disk dissipation, as
well as the decline of T, that ensues as the planet contracts.
Nevertheless, the presented calculation demonstrates the
efficiency of the magnetic braking mechanism within the
context of planet—disk interactions, and offers qualitative
insight into the physical processes that operate concurrently
with giant planet formation and regulate angular momentum
exchange within the planet’s local sphere of influence.

4. Conclusion

The question of why despite undergoing rapid accumulation
of nebular gas, long-period Jupiter-class object have rotation
rates well below breakup is fundamentally important to
understanding the concluding phases of giant planet formation
(Takata & Stevenson 1996). In this work, we have revisited this
problem from semi-analytic grounds and identified an efficient
spin-down mechanism that facilitates a time-irreversible
transfer of spin angular momentum to the circumstellar nebula
via magnetic coupling between the planetary interior and the
circumplanetary disk. Crucially, the derived process arises as
an inescapable consequence of the planet’s enhanced luminos-
ity as well as nebular gap-opening, both of which naturally
occur during the runaway accretion phase of conglomeration.

Qualitatively, the following picture is envisioned. When the
planetary mass becomes large enough for the Hill radius to
exceed the disk scale-height, the planet gravitationally clears
out the co-orbital material (Crida et al. 2006; Fung et al. 2014),
allowing a circumplanetary disk to develop within its sphere of
influence (Tanigawa et al. 2012; Szuldgyi et al. 2016). The
inner regions of this disk are characterized by temperatures
high enough to render the gas mildly conductive via thermal
ionization of alkali metals. Simultaneously, vigorous convec-
tion within the newly formed planet’s interior generates a
strong magnetic field that truncates the disk and couples the
planetary interior to the quasi-Keplerian flow (Christensen
et al. 2009). The circumplanetary disk then rapidly extracts spin
angular momentum from the planet, while meridional circula-
tion of gas within the Hill sphere recycles the circumplanetary
gas into the circumstellar nebula (Armitage & Clarke 1996;
Uzdensky et al. 2002). Consequently, the observed slow
rotation of giant planets is reproduced. Critically, within the
framework of the outlined magnetic braking mechanism, the
terminal spin is essentially determined by the location of the
magnetospheric truncation radius of the circumplanetary disk at
the time of dispersal, as well as the physical radius of the
planet.

Although the calculations presented in this paper adopt
characteristic numbers relevant to a young Jupiter-mass planet,
it is worth noting that our rudimentary model does not exhibit
an excessively strong dependence upon poorly constrained
parameters. In particular, due to the approximately linear and
inverse dependency of 7,, (Equation (9)) on M and M,
respectively, the magnetic spin-down time is roughly
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proportional to the planetary accretion timescale. Meanwhile,
the dependence of 7,, upon the assumed surface field strength is
even weaker. Correspondingly, if we reduce M and M by a
factor of ~3 while adopting a somewhat smaller value of
Teir = 1000 K and take ~0.8R; as the lower bound in
Equation (12) in accordance with nominal parameters of
Saturn, we obtain a very similar spin evolution to that depicted
in Figure 3, characterized by a terminal rotation period
of ~11 hr.

While the approximate model developed in this work
successfully captures the key physical processes at play, its
semi-analytical nature warrants further examination of the
problem. In particular, the intriguing possibility that the
generation of a strong magnetic field by a highly luminous
planet can substantially reduce its accretion cross-section by
diverting in-falling material through magnetic stresses (Adams
& Gregory 2012), deserves to be evaluated with the aid of
detailed numerical simulations. Correspondingly, if the devel-
opment of a By ~ 0.1-1 kiloGauss field can indeed act to
quench the planetary growth (which in turn determines the
luminosity), our envisioned angular momentum extraction
mechanism would be rendered self-limiting.

In addition to further theoretical implications, the precise
parameter range and evolutionary timespan over which the
envisioned scenario applies remain to be determined. Crudely,
our simple model suggests that planets with effective
temperatures considerably cooler than T.¢ < 1000 K would
have disks that are insufficiently ionized for significant
magnetic coupling to ensue. Meanwhile, the radiative hydro-
dynamics simulations of Szuldgyi (2017) suggest that circum-
planetary disks that encircle planets more massive than
M 2 5M; can develop significant eccentricities, further
complicating the picture. Thus, the calculations outlined within
this work provide an important stepping stone toward the full
resolution of the terminal spin problem of core-nucleated
accretion theory, and motivate continued exploration of
magnetohydrodynamic effects within the context of the final
stages of giant planet formation.

I am thankful to Fred Adams, Greg Laughlin, Mike Brown,
and Alessandro Morbidelli for illuminating discussions, as well
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under contract from California Institute of Technology. I am
further grateful to the David and Lucile Packard Foundation for
their generous support.
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