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Abstract

Planetary growth within protoplanetary disks involves the accreting of material from their surroundings, yet the
underlying mechanisms and physical conditions of the accreting gas remain debated. This study aims to investigate
the dynamics and thermodynamic properties of accreting gas giants, and to characterize the envelope that forms
near the planet during accretion. We employ 3D hydrodynamical simulations of a Jupiter-mass planet embedded in
a viscous gaseous disk. Our models incorporate a nonisothermal energy equation to compute gas and radiation
energy diffusion and include radiative feedback from the planet. The results indicate that gas accretion occurs
supersonically toward the planet. The ionized envelope extends from the planetary surface up to 0.2 times the Hill
radius in the no-feedback model, and up to 0.4 times the Hill radius in the feedback model. The envelope’s radius,
or ionization radius, acts as a boundary halting supersonic gas inflow and is pivotal for estimating accretion rates
and Hα emission luminosities. Including radiative feedback increases the accretion rates, especially within the
ionization radius and from areas to the right of the planet when the star is positioned to the left. The accretion
luminosities calculated at the ionization radius are substantially lower than those calculated at the Hill radius,
highlighting potential misinterpretations in the nondetection of Hα emissions as indicators of ongoing planet
formation.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Planet formation (1241); Radiative processes
(2055); Shocks (2086)

1. Introduction

Planets grow by accretion (e.g., J. B. Pollack et al. 1996),
and during their formation process, it is thought that a gaseous
envelope should surround them. The most common scenario
states that a circumplanetary disk (CPD) forms around gas
giants during the last stages of their formation while the
circumstellar disk is still present. Protoplanet candidates
are often seen as hot spots in disks around young stars, where
the temperature and density are high enough for them to be
detected, giving insight into the early stages of planet
formation. The distinct thermal signatures of these hot spots
are typically observed peaking at the L’ band (e.g., M. Reggiani
et al. 2014) and have been shown to be associated with the
accretion luminosity (M. Montesinos et al. 2015). The planet–
disk interaction structures can be observed using the new
generation of adaptive optics (e.g., M. Benisty et al. 2023;
T. Currie et al. 2023), which allows for studying the physical
and chemical properties of protoplanetary disks. Directly
observing planet-forming processes within protoplanetary disks
remains a significant challenge in astrophysics. Currently,
only two CPDs have been confirmed using adaptive optics
imaging, both within the protoplanetary disk system PDS 70
(M. Keppler et al. 2018; A. Müller et al. 2018; V. Christiaens

et al. 2019; A. Isella et al. 2019). In addition to these
confirmations, several CPD candidates have been found
(e.g., M. Reggiani et al. 2018; T. Tsukagoshi et al. 2019;
A. Boccaletti et al. 2020; C. Pinte et al. 2020).
The structures of CPDs and the accreting gas were first studied

through 2D numerical experiments relating to steady-state flows
(e.g., S. Miki 1982; D. G. Korycansky & J. C. B. Papaloizou
1996), followed by more performant simulations including viscous
heating and radiative effects (e.g., S. H. Lubow et al. 1999;
G. D’Angelo et al. 2003; W. R. Ward & R. M. Canup 2010).
However, 2D hydrodynamical simulations describing the gas
accretion in the surroundings of a CPD cannot fully describe the
nature of the accreting flow, especially because the scale height of
a CPD around a Jupiter-mass planet should be of the order of the
Hill sphere. Newer numerical simulations assuming isothermal
disks in three dimensions have been able to follow the gaseous
flow in more detail, showing that the gas accretes from high
altitudes nearly through the vertical direction toward the planet
(e.g., M. N. Machida et al. 2008; B. A. Ayliffe &M. R. Bate 2009;
J. Szulágyi et al. 2014).
Despite such numerical progress, there is a discussion on

how to characterize the radial and vertical extents of CPDs and
the flux of the matter falling onto the planet’s surface.
B. A. Ayliffe & M. R. Bate (2009) suggest that the angular
momentum distribution of the circumstellar disk could
determine the edges of the CPDs or planet envelopes. At the
edges, a peak in the angular momentum of the gas is noticeable,
indicating the radial position where the gas is bound to the CPD
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rather than the circumstellar disk. Other criteria propose that
the rim of the CPD is located where the tidal torque from the
star removes the angular momentum of the particles located at
the edges defining a truncation radius (R. G. Martin &
S. H. Lubow 2011). Also, 3D simulations have shown a
significant increment in the azimuthally averaged radial
velocity of the gas, indicating a location where particles are
escaping from the Hill sphere (T. Tanigawa et al. 2012), thus
defining the radius of the CPD. In all these models, the
envelope radius is about ∼0.2–0.5 times the planet’s Hill
radius.

A key ingredient in describing the gaseous flow around
protoplanets is the inclusion of a nonisothermal energy
equation describing heating and cooling processes. By
implementing radiative transfer calculations, new models have
shown that the gas temperature in the surroundings of a
protoplanet is crucial in describing the accretion flow and the
formation of CPDs or circumplanetary envelopes (e.g.,
J. Szulágyi et al. 2016; M. Lambrechts et al. 2019). For
instance, under some circumstances, a circumplanetary envel-
ope develops within the Roche lobe when the gas close to the
planet is hot enough. Furthermore, because the gas falls
vertically toward the planet, a shock front is also expected to
arise, liberating a hot and luminous shock front in the envelope.

Since the gaseous envelope of accreting planets is a viscous
fluid, the conversion of mechanical energy into radiation
through viscous dissipation is possible. Assuming that the total
energy of the falling material is converted into radiation, the
accretion luminosity is given by / L GM M Racc p p p, where Rp

should correspond to the radius of the planet and Mp to the
planet’s accretion rate. However, the precise mechanism
governing accretion onto the planet remains a subject of
debate. For instance, it is unclear at which radius the mass flow
can be best characterized or how the energy content of the
envelope affects the accretion rate. To address the latter point,
nonisothermal models are necessary. Therefore, the computa-
tions of accretion and luminosity must be revisited.

The production of shocks during the accretion process can
result in the emission of Hα (J. Szulágyi & C. Mordasini 2017).
Such emissions are expected to arise in the vicinity of accreting
planets during the vertical-accretion-flow phase, which occurs at
nearly free-fall velocities (Y. Aoyama et al. 2018; Y. Aoyama &
M. Ikoma 2019). Today, Hα emission is the most commonly
utilized tracer for protoplanetary accretion (e.g., L. M. Close
et al. 2014; Z. Zhu 2015; J. Szulagyi & B. Ercolano 2020;
A. Zurlo et al. 2020; N. Huélamo et al. 2022). Computing LHα is
challenging, especially if the physics of the accreted gas is
unknown. However, a reasonable approach leads to an almost
direct relation between planet accretion and LHα, i.e., µaL MH p

(Y. Aoyama & M. Ikoma 2019). Despite these approximations,
several key parameters remain unidentified. For instance, the
geometry of the surface shocks and their ability to convert
mechanical energy into radiation energy remains unclear.
Furthermore, Hα production also depends on the ionization
level of the surrounding gas, which has been poorly studied in
the context of protoplanetary disks. Also, it is not clear at which
radius Mp should be computed to correctly characterize LHα. The
unclear factors may explain the absence of Hα emissions from
accreting planets in observations (A. Zurlo et al. 2020), despite
theoretical predictions of higher accretion rates (e.g., Y. Aoyama
& M. Ikoma 2019).

In the present work, we follow the evolution of a
protoplanetary disk with an embedded Jupiter-mass planet,
focusing on the vicinity of the planet near the Hill sphere. Since
we are interested in the early stages of planet formation, the
Jupiter-mass planet is still accreting material onto its surface,
thus liberating the internal energy associated with its formation
process. Therefore, we assume that the planet has an intrinsic
radiative feedback component, consisting of a constant
luminosity locally injected by the planet into its surroundings
at a constant rate.
Our modeling considers nonisothermal thermodynamics, in

which we include a time-dependent energy equation to treat the
transport of the energy of the gas and the radiative energy of
the photons via a coupled equation. This treatment allows us to
obtain a realistic temperature field and the radiative flux
diffusion of energy. From the obtained temperature and density
field, we compute the thermal ionization degree of the gas,
assumed to be pure hydrogen gas. We identify a hot partially
ionized envelope surrounding the planet, which is smaller than
the Hill sphere and can be characterized by a specific ionization
radius. Such a radius (defined from pure thermodynamic
arguments) is consistent with previous estimations of the bound
limits of CPDs or circumplanetary envelopes. We compute the
accretion rate at this radius and independently the envelope
luminosity released within this frontier. As expected, the
envelope luminosity matches the accretion luminosity. How-
ever, the accretion rate depends on the energy content of the
envelope and, therefore, on the radiative feedback from the
planet.

2. Accretion onto CPDs and Radiative Feedback

2.1. Planetary Feedback

We assume that the planet radiates away all its gravitational
potential energy, which is parameterized as follows:

 ( )
t

= =L
GM

R
M

GM

R

M
, 1p

p

p
pebble

p

p

p

where the parameter / t = M Mp pebble corresponds to the
planetary-mass doubling timescale, where Mp is the planetary
mass and Mpebble is the pebble accretion rate. The physical
radius of the planet is given by / /( ( ))( )pr=R M3 4p p solid

1 3 ,
where we use ρsolid = 3 g cm−3 as the mean density of the
planet. The energy released by the planet per unit time, Lp, is
injected at a constant rate during the simulations.
It is worth mentioning that Mpebble is a free parameter

characterized by the doubling time τ. This pebble accretion
rate is assumed to be responsible for the intrinsic planet
luminosity (radiative feedback) Lp (Equation (1)). In princi-
ple, the pebble accretion rate should be a function of time
(e.g., M. Gárate et al. 2021). However, for simplicity, we will
assume it to be constant, as in M. Montesinos et al. (2015)
and P. Benítez-Llambay et al. (2015). Also, Mpebble must not
be confused with the gas accretion onto the planetary
envelope. We will discuss the planetary accretion rate in the
next section.

2.2. Planet Accretion

We compute the net flux mass passing through the envelope
by directly measuring the mass of the envelope and
differentiating it numerically between snapshots. In spherical
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coordinates, centered at the location of the planet, the volume
of the envelope is characterized by an accretion radius (racc);
therefore,

 ∰( ) ( )r=M t
d

dt
dV , 2

racc

where ρ is the volume gas density and q q f=dV r d dsin2 is a
volume element. We note that the total volume must be
evaluated at racc.

Typically, the accretion radius racc can be constrained by two
different measurements. The first measures the distance at
which the disk’s gas with sound speed cs will be gravitationally
bound to the planet—such distance is normally called the
Bondi radius. This quantity is obtained by equating the escape
velocity to the sound speed at the planet location c∞, i.e.,

/= = ¥r R GM cacc Bondi p
2 , where Mp is the mass of the planet.

The second possibility assumes the planet’s Hill radius as the
accretion radius, i.e., / /( ( ))= = r R r M M3acc Hill p p

1 3, where Mp

and Må are the masses of the planet and star, respectively, and
rp is the radial distance from the star to the planet. Within this
radius, the attraction of the planet dominates over the gravity of
the star.

Based on these definitions, it is normally assumed that a gas
parcel will be bound to the planet if r < RBondi and r < rH, i.e.,

( )=r R Rmin ,acc Bondi Hill . This work will introduce another
definition for the accretion radius related to the accretion
envelope. This definition is conditioned by the planet’s ionized
region characterized by an ionization radius, which will be
discussed in Section 3.

3. Thermal Ionization

Assuming a primordial gas composition in thermal equili-
brium, the ionization degree of a single atomic species can be
described by the Saha equation (M. N. Saha 1921). If we
neglect external ionization sources such as cosmic rays, stellar
X-rays, or UV radiation (e.g., G. B. Rybicki & A. P. Lightman
1979), we obtain

/ { } ( )
p c

= -
n n

n

g

g

m kT

h kT
2

2
exp , 3

p e

H

i

n

p

2

3 2

⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

where np, ne, and nH denote the number density of protons,
electrons, and hydrogen, respectively. The constants k, h, and
mp are the Boltzmann constant, the Planck constant, and the
proton mass, respectively. The partition functions gi and gn
correspond to the ionized and neutral species, respectively,
where we assume gi ∼ gn, reasonable for low-ionization gases
at relatively low temperatures. The temperature of the gas is
described by T. The factor of 2 accounts for the two possible
states of an electron. For the ionization potential χ, we assume
hydrogen atoms with χ = 13.6 eV.

The total number density is represented by n = ρ/(μmp). If
we assume that the number of electrons, ne, is roughly equal to
the number of protons, np, and the hydrogen density is defined
as nH = n − np, we can express an ionization fraction, X, as the
ratio of electrons to the total number density, X ≡ ne/n. Thus,
the Saha equation (Equation (3)) can be transformed into a
second-order equation in terms of the ionization fraction as

( ) ( ) ( )+
G

-
G

=X
T

n
X

T

n
2 2 0, 42

where Γ(T) is defined by

/ { }( ) ( )
p

G º -T
m kT

h kT

2
exp

13.6 eV
. 5

p

2

3 2
⎛
⎝

⎞
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Solving Equation (4) for X, we find

( )
( ) ( ) ( )

=
-  +G G G

X
2 2 2

2
. 6

T

n

T

n

T

n

2

2

The ionization fraction X (Equation (6)) gives a measure of the
fraction of atoms or ions that are in an ionized state in the gas.
It ranges between 0� X� 1, with the factor of 0.5 applied in
Equation (6) to normalize the results. The gas is considered
fully ionized when X= 1 and completely neutral when X= 0.
When X < 0.5, the gas is considered to be essentially neutral,
whereas for values of X� 0.5, the gas is partially to fully
ionized. In addition, it is worth noting that X increases with
temperature T and decreases with number density n. Beyond
certain thresholds in both T and n, the ionization fraction X
approaches an asymptotic value of unity, indicating a fully
ionized gas. The case X= 0.5 then lies very close to this
transition regime, where the gas changes rapidly from
predominantly neutral to nearly fully ionized.
The condition X = 0.5 is expected to be fulfilled within the

disk at some specific radius from the planet. Using
Equation (6), it is possible to compute the surface surrounding
the planet at which this transition occurs. Inside this surface,
the gas is partially or fully ionized X > 0.5. Beyond it, in the
outward direction, the gas becomes neutral X < 0.5. We will
call this radius the ionization radius Rion, corresponding to the
effective or accretion radius discussed in Section 2.2. This
quantity is key in setting the boundaries when computing the
planet accretion rate with Equation (2) and the envelope
luminosity (see Section 4), as discussed in the next subsection.

3.1. The Ionization Radius and the Accreting Surface

The ionization radius, Rion, is a key parameter for studying
planetary accretion rates. It represents the radial distance from
the planet at which the degree of ionization of the surrounding
gas reaches X= 0.5. This value defines the boundary of the
ionized region in the disk, which in turn determines the location
of the accretion surface. The degree of ionization, X, computed
in Equation (6), is expected to be very low in standard
protoplanetary disks (e.g., X ∼ 10−12; P. J. Armitage 2020) but
can increase to a significant level (X ∼ 0.5) in regions
surrounding accreting planets, due to the high temperatures
reached, T ∼ 103–104 K, as reported by J. Szulágyi et al.
(2016).
Since we aim to study the behavior of the gas within the

boundaries of the ionized envelope produced during the
accretion process, we need to evaluate the planet accretion
rate defined by Equation (2) at the ionization radius, by
replacing racc with Rion in Equation (2); therefore, we obtain

 ∰( ) ( )r=
=

M t
d

dt
dV , 7

X 0.5

where the isosurface (bounded by X= 0.5) contains the
volume, V, and the degree of ionization, X, is computed from
Equation (6). The ionization radius, Rion, is computed using
planetocentric coordinates, giving a family of radial vectors
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pointing from the planet to the ionization surface defined
by X= 0.5.

4. Energy Equation

We assume a two-temperature-solver approach to describe
the energy transport, which solves two coupled energy
equations. Both equations describe the transport of the gas
energy eg and the radiative energy of the photons erad. We use a
gray approximation under the flux-limited diffusion theory
(C. D. Levermore & G. C. Pomraning 1981). Adopting the
formalism from B. Bitsch et al. (2013), we have

· [ ( ) ] ( )rk
¶
¶

+  = -F
e

t
B T ce , 8rad

P rad

( · ) · [ ( )

] ( )

rk
¶

¶
+  = -  -

- + + ++ +

u u
e

t
e P B T

ce Q Q S, 9

g
g P

rad v p

where F is the radiative flux, ρ is the gas density, κP is the
Planck mean opacity, c is the speed of light, u is the gas
velocity, P is the gas pressure, B(T) = 4σSBT

4 is the radiative
source term given by the blackbody energy radiation density,
σSB is the Stefan–Boltzmann constant, +Qv is the viscous
dissipation function, +Qp is the flux of the radiative energy
received from the planet (feedback), and S is the stellar heating,
which we assume as S= 0. The gas energy eg is related to the
temperature T through eg = ρcVT, where cV is the specific heat
at constant volume. The system is closed by using an ideal gas
equation given by P = RgasρT/μ, where μ = 2.3 g mol−1 is the
mean molecular weight valid for a standard solar mixture. The
gas energy is also given by eg = RgasρT/μ(γ − 1), and
therefore the gas pressure takes the form P = eg(γ − 1), where
γ = 1.43 is the adiabatic index.

The radiative flux F is computed using the flux-limited
theory (C. D. Levermore & G. C. Pomraning 1981), which
enables us to compute the radiation energy flux in a regime
compatible with both the optically thick and thin limits.
Therefore, we have

( )l
rk

= F
c

e , 10
R

rad

where κR is the Rosseland mean opacity and λ is the flux-
limiter coefficient, where we use the approximation by
W. Kley (1989).

From energy conservation arguments, the total (bolometric)
luminosity is calculated as L = ∫dVdò/dt, where ò is the total
energy density ò = erad + eg and q q f=dV r d d drsin2 is a
volume element in spherical coordinates centered on the planet.
Here, the energies associated with gas and radiation are
obtained from Equations (8) and (9).

Since we are interested in the energy content of the envelope
and its total released luminosity, we restrict the calculations to
regions where X � 0.5 (where the gas is partially or fully
ionized); therefore, we have

∰ ( )=
=
L

d

dt
dV , 11

X
envelope

0.5

where X is the ionization fraction computed from
Equation (6). By differentiating the total energy with respect
to time, the resulting luminosity from the evolving envelope

is equal to the accretion luminosity of material falling onto
the core, which includes contraction and the release of
internal heat (C. Mordasini et al. 2012).
Also, the accretion luminosity can be computed from

 ( )= -L GM M
R R

1 1
, 12acc core core

in out

⎜ ⎟
⎛
⎝

⎞
⎠

where Mcore represents the characteristic core accretion rate,
Mcore is the mass of the core ( ; Mp), Rin is the closest distance
the material reaches to the core, and Rout is the region where
core accretion begins.
The accretion luminosity corresponds to the liberated

gravitational energy of the envelope surrounding the proto-
planets. Thus, it must match the envelope luminosity calculated
through Equation (11).

5. Numerical Simulations

We use the publicly available hydrocode FARGO3D
(P. Benítez-Llambay & F. S. Masset 2016) to follow the
evolution of a protoplanetary disk with an embedded planet.
The planet is located at the equatorial plane, at the intersection
between cell interfaces of azimuth, radius, and colatitude, lying
at the center of an eight-cell cube. Therefore, to compute +Qp
(in Equation (9)), we assume that the energy released by the
planet per unit time per cell (radiative feedback) is simply its
luminosity Lp (obtained from Equation (1)) divided by 8
(P. Benítez-Llambay et al. 2015).
The gravitational potential of the planet is given by

/ ( )F = - +GM r sp
2 2 , where r is the distance to the planet

and s serves as a potential smoothing length, calculated
by /( )= ´ ´ ´s r r raspect ratio Thickness Smoothingp p

flaring index .
This work uses an aspect ratio of 0.05, a flaring index of 0, and
a thickness smoothing value of 0.1. The planet is located at
rp = 1 au and is not allowed to migrate. The choice of rp = 1 au
is motivated by its common use in studies of planet formation
and the expectation that gas accretion onto forming giant
planets is efficient in this region (e.g., O. M. Guilera et al.
2020).
In our modeling, we include a module to solve the radiative

transfer equations described in Section 4. The nonstationary
energy equations (Equations (8)–(9)) include a viscous heating
term only without stellar irradiation. For simplicity, we adopt
the constant-viscosity prescription, with a typical kinematic
viscosity ν = 7 × 1013 cm2 s−1 (or ν = 1 × 10−5 in code units)
to model the disk turbulent viscosity and a constant effective
opacity of κ = 1 cm2 g−1 (fiducial model). Additionally, we
run two identical models where the only change is reducing the
opacity to 0.01 cm2 g−1.
To ensure that the disk remains optically thick, we use the

effective optical depth prescription from I. Hubeny (1990; i.e.,

t = + +t
teff

3

4

3

8

1

4
), verifying that the chosen opacity

values are consistent with the optically thick regime in the
regions of interest. This is necessary to ensure that the planet
luminosity interacts with the surrounding material, as radiative
transport is primarily governed by optical depth rather than by
small changes in opacity.
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We use a minimum-mass solar nebula model (e.g.,
A. Crida 2009) to describe the surface density profile:

/

/

( ) ( )
( ) ( )

S = ´

= ´

- - -

- -

r r r M

r r

6 10 au

5.33 10 g cm . 13

4
p

0.5 2

3
p

0.5 2

We do not prescribe a gap for the protoplanet; instead, we
allow the disk to evolve from the initial profile.

The numerical grid has a resolution of 256 × 128 × 64,
corresponding to azimuth f, radius r, and colatitude θ cells
(respectively) in spherical coordinates. The computational
domain spans an azimuthal extent from −π/2 to π/2, a radial
range from 0.5 to 1.5rp (with the planet located at rp = 1 au),
and a colatitudinal span from approximately  q 7. 4min
(above the midplane) to q = 90max (equatorial plane). The
simulation focuses only on the half of the disk above the
midplane. The cell interfaces are evenly spaced along each
dimension. We run two simulations characterized by the planet
parameters given in Table 1.

5.1. Ionization Radius

Once the temperature is obtained from the energy equation,
we can compute the ionization degree by solving Equation (6).
In Figure 1, we plot the ionization fraction X of the disk for the
last output of the simulation (1000 orbits), comparing two
simulations: feedback-off/feedback-on cases (Simulations i
and ii; see Table 1).

In both situations, regions close to the planet are partially or
fully ionized (X > 0.5), indicating that the planet’s envelope is
hot enough to trigger thermal ionization. As discussed in
Section 3, the ionized region is limited by a specific ionization
radius (Rion) pointing from the planet to the extent of the
surface where the condition X= 0.5 is reached. The red curve
inside Figure 1 shows the corresponding ionization radius. For
the feedback-off model, this radius reaches ∼0.34 RHill, while

when the feedback is turned on, it reaches ∼0.42 RHill, resulting
in an increment of about 24% when the planet’s feedback is
activated. In the innermost regions of the disk, situated in
proximity to the central star and the midplane, the gas exhibits
an ionization level of approximately X ∼ 10−10 (left panel of
Figure 1), which is typical for the inner regions of
protoplanetary disks.
The rightmost panel of Figure 1 shows the effective gain

when the feedback is included, i.e., (Xon − Xoff)/Xoff.
Interestingly, the feedback modifies the ionization levels of a
large gas column from the midplane to the top of the disk (the
green area in Figure 1). However, the ionization level is
extremely low X ∼ 10−20; therefore, a gain of a factor of ∼10
in X still leaves the disk fully neutral everywhere (except inside
the ionization radius). The blank regions indicate that the
ionization level remains unchanged whether the feedback is
included or not.
Figure 2 shows the ionization radius evolution as a time

function. The ionization radius is a family of vectors pointing
from the planet’s center to a region where the ionization degree
reaches X= 0.5. In principle, each radius magnitude may be
different in different directions. Therefore, we take its
maximum magnitude to characterize a unique ionization radius
plotted for each simulation snapshot in Figure 2. The blue
curve corresponds to a model without feedback, while the red
one includes it. Both curves show similar evolutionary trends.
At the initiation of the simulation, the ionized region is situated
between 60% and 80% of the Hill radius, a measure of
planetary gravitational influence. As the planet continues to
interact with the disk, it carves out a cavity, and the disk
approaches a state of quasi-stasis, leading to a reduction in the
extent of the ionized region and its sphere of influence. In the
quasi-steady regime (after 300 planetary orbits), the feedback-
off model shows a maximum ionization radius of about

~R R0.33ion
max

Hill. At the same time, for the feedback-on case,

Table 1
Simulation Parameters

Simulation Planet Mass Opacity Doubling Timescale and Planet Luminosity
( MJ) (cm 2 g−1) (yr and Le)

i 1 1 τ = ∞ ⇒ Lp = 0
ii 1 1 τ = 2.0 × 105 ⇒ Lp = 1.5 × 10−3

iii 1 0.01 τ = ∞ ⇒ Lp = 0
iv 1 0.01 τ = 2.0 × 105 ⇒ Lp = 1.5 × 10−3

Figure 1. Ionization degree X of the disk for models with and without feedback in the final output of the simulation (1000 planetary orbits). A region of ionization,
characterized by X � 0.5, was discerned close to the planet. A specific radius bounds this region (the red curve close to the planet), referred to as the ionization radius.
The ionization radius in the model without feedback (left panel) is approximately 0.34 RHill. Upon feedback activation (middle panel), the ionization radius increases
to approximately 0.42 RHill. The rightmost panel shows the effective gain when passing from feedback on to off, i.e., (Xon − Xoff)/Xoff. The blank regions indicate that
the ionization level remains unchanged whether the feedback is included or not.
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it reaches ~R R0.43ion
max

Hill, representing an enhancement of
about ∼28% when the feedback is activated. The maximum
ionization radius Rion

max is equivalent to the radius of the
effective accreting surface.

5.2. Ionized Envelope Structure

In Figure 3, we present a 3D visualization of the ionized
envelope, plotted only by considering the ionization radius

Figure 2. Evolution in time of the ionization radius for models with and without feedback. During the first 200 planetary orbits, the planet carves out a cavity, and the
ionization radius decreases. After a quasi-stationary regime is reached (at ∼300 orbits), the ionization radius remains relatively constant, with a maximum value of
0.34RHill (feedback off) and 0.42RHill (feedback on).

Figure 3. Ionization envelope (in Hill units) around the planet at the last output for models with and without feedback. The region is defined by ionization parameter
values X � 0.5.
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(corresponding to the maximum value obtained for the
ionization radius). In the case with the feedback mechanism
activated, the ionized envelope is enhanced, as shown in
Section 5.1.
Upon closer inspection of Figure 3, the envelope is not

perfectly spherical, showing slight variations in its radius along
different axes, emphasizing the complex nature of the accretion
and ionization processes in play. For instance, the maximum
radii along the Z- (vertical), X- (azimuthal), and Y- (radial) axes
are 0.337 RHill, 0.364 RHill, and 0.443 RHill, respectively. In
Figure 4, we present the geometry of the envelope as seen in
different cut planes: X–Y (Z= 0), Z–X (Y= rp), and Z–Y
(X= 0)—revealing that it is not perfectly spherical. As
mentioned above, the ionization degree is more extensive in
the Y- (radial) direction. These dimensions are obtained from
the final output of our simulation but remain in quasi-steady
state throughout the simulation after 300 planetary orbits.
The anisotropic nature of the ionized envelope should be

taken into account when calculating accretion rates and
examining disk–planet interactions. For the scope of this
paper, we simplify our model by considering only the
maximum ionization radius, which we refer to as the ionization
radius Rion.

5.3. Vertical Velocity and Radial Inflow Toward the Planet

The vertical velocity of the flow vz is affected by the planet’s
radiative feedback, which changes the dissipated energy
associated with the turbulent viscosity. Consequently, the
sound speed is also altered and thus the region where shocks
are expected to arise. This effect should be particularly
noticeable in adiabatic models.
Figure 5 compares models with and without feedback of the

vertical field velocity in the Z–R plane for the last output (1000
orbits). We observe positive values of vz (reddish colors),
indicating that the flow goes upward, and negative values
(blueish) showing a falling flow into the midplane. Within the
ionization radius and to the left of the planet’s location (in
stellocentric coordinates at r � rp = 1), the flow is mainly
upward. To the right of the planet (at r > rp = 1), the flow
moves inward. Once feedback is activated, the feedback
mechanism significantly alters the flow dynamics, enhancing
both the inward and upward flows. By computing the
difference -v vz z

on off (shown in the rightmost panel of
Figure 5), we find that the inward component at r � rp = 1
is more enhanced than the upward flow. This is indicated by
higher negative values in the third panel of Figure 5, reaching
−1.2 km s−1 at r � rp = 1, compared to an enhancement of the
upward flow to only +0.5 km s−1 (at r � rp = 1). This results
in an asymmetry between the inward and outward flows, with a
net flow gain into the midplane, enhancing the planet’s
accretion rate when feedback is activated (see Section 5.4).
Figure 6 shows the ratio of the vertical velocity field vz

compared with the free-fall gas velocity, i.e., vz/vff (top
panels), where /=v GM r2ff p , and the thermal sound speed,
i.e., vz/cs (bottom panels). In this case, the velocity field being
taken into account has a direction toward the planet; therefore,
the figure shows negative values only.
The top panels of Figure 6 show that the free-falling material

is produced at high altitudes in a vertical column region above
the planet’s location. Also, the falling gas in these regions
reaches supersonic velocities, i.e., vz ∼ vff ∼ cs (the bottom
panels of Figure 6), which is consistent with other numerical

Figure 4. Different cuts of the ionization surface centered on the planet,
comparing models with and without feedback. The top panel corresponds to the
X–Y plane (Z = 0), the middle panel to the Z–X plane (Y = rp), and the bottom
panel to the Z–Y plane (X = 0). The geometry of the envelope is not perfectly
spherical; it is obloid. The envelope shows a more significant enhancement in
the Y-direction, which corresponds to the radial direction.
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simulations (e.g., T. Tanigawa et al. 2012; J. Szulágyi et al.
2014). This vertical velocity toward the planet attains its
maximum value close to the Hill radius (the white curve in
Figure 6). Noticeably, the deceleration of the gas is produced
exactly at the ionization radius (the red curve in Figure 6).
Furthermore, this deceleration at the ionization radius occurs
with or without the radiative feedback. The ionization radius is,
therefore, produced where the gas stops its free-fall journey
toward the planet.

The fact that the gas deceleration occurs at the ionization
radius is expected. And it can be understood as follows:
ionization occurs when high temperatures are reached
(T ∼ 103–105 K). When the falling gas vertically approaches
the planet’s gravitational well, it piles up inside the
circumplanetary envelope and starts to be compressed at some
altitude due to high-pressure gradients. At this location, a
temperature enhancement is produced when the kinetic energy
of the falling gas is drastically reduced and converted into
radiation and heat via viscous dissipation. Since the gas is
optically thick, the cooling is inefficient, and a temperature
increment is produced, boosting ionization.

Panels (a) and (b) of Figure 6 present a comparison of the
vertical velocity of the gas in the absence and presence of the
feedback, respectively. Upon activation of the feedback, the
ionization radius expands, as discussed in Section 5.1, resulting
in a decrease in the free-fall region beyond the ionization radius
at higher altitudes. However, within the ionization radius, the
radiative feedback exerts vertical forces on the gas, leading to a
gas circularization that promotes the development of a
planetary fallback rate (the pink arrows in Figure 6). As a
result, the net flux toward the planet is actually enhanced if the
planet feedback is activated. The boundary of the fallback rate
onset is the ionization radius.

Figure 7 illustrates the directional behavior of the gas
velocity. In the Z–R plane (the left panels of Figure 7), and in
the absence of feedback, the gas flows almost radially
downward toward the planet. Once feedback is activated,
however, the picture changes: in the immediate vertical vicinity
of the planet, the downward flow is slowed or even reversed,
with the velocity vectors indicating upward or stalled motion.
This outcome aligns with the expected effect of the feedback,
which tends to halt accretion—particularly under spherical
accretion conditions. In a 3D model, though, the gas begins to
circularize around the planet as it is first driven upward over the
planet and then redirected toward the equatorial plane. For

instance, at larger radii, the material falls more rapidly than in
the no-feedback case, as observed in the bottom left panel of
Figure 7.
In the Z–azimuthal plane (the right panels of Figure 7), the

effect of feedback is also noticeable. When feedback is
activated, the gas is redirected toward the equatorial plane,
evidencing a change in flow direction. This behavior suggests
that the radiative heating induces a convective-like circulation:
gas is lifted above the planet, due to increased local pressure,
and then turns laterally, before eventually falling back toward
the disk midplane and into the planet’s envelope. Such a pattern
highlights the role of feedback in driving the redistribution of
angular momentum and mass, in agreement with the variations
observed in the velocity maps presented in Figure 5.
Beyond influencing the vertical flow structure, radiative

feedback also modulates the radial inflow toward the planet.
Figure 8 presents the radial velocity field of gas directed toward
the planet, focusing on the region between approximately
0.5, RHill (roughly the ionization radius) and 1, RHill. The left
panel shows the no-feedback case, where the inflow is
predominantly vertical, with a well-defined structure. In
contrast, the middle panel—incorporating feedback—reveals
an enhanced and more asymmetric inflow, particularly on the
star-facing side of the planet, as indicated by the orange arrow
marking the stellar direction. The right panel overlays the two
simulations, with red representing the feedback case and blue
the no-feedback case. This comparison demonstrates that
radiative feedback amplifies the inflow in a spatially dependent
manner, preferentially enhancing inflow on the star-facing side.
Such asymmetry in the accretion flow suggests that ionization-
driven feedback breaks the initial symmetry, thereby favoring a
net inflow that may have important implications for the mass
budget and structure of the CPD.
Figure 9 illustrates the velocity field within 0.5 RHill, a region

close to the ionization radius. In the absence of feedback, the
gas displays a coherent rotational pattern, characteristic of a
CPD. In contrast, when feedback is included, the gas motion
becomes more turbulent, forming an envelope rather than a
CPD yet still remaining gravitationally bound to the planet.
These findings agree with those of J. Szulágyi et al. (2016),
who report a hot circumplanetary envelope extending to a
similar radial scale. Beyond 0.5 RHill, the gas no longer rotates
around the planet.

Figure 5. Vertical velocity maps for a planet located at r = 1, presented without (left panel) and with (middle panel) feedback. The differences between the two states
are shown in the right panel. Feedback amplifies both the upward and downward flows near the planet. For r < 1, feedback enhances the upward velocity, as
evidenced by higher positive values (the yellow hues in the difference map, ∼0.4; right panel). For r > 1, feedback intensifies the downward flow of material,
indicated by more negative values (the blue hues in the difference map, ∼−1.2; right panel). These variations in the vertical flow directionality signify feedback-
induced alterations in material accretion and ejection dynamics.
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5.4. Planet Accretion Rate and Envelope Luminosity

As discussed in Section 2.2, the accretion rate toward the planet
must be computed as the mass flux passing through the accreting
surface. Figure 10 (left panel) shows such flux as a function of time
computed from Equation (7). In both scenarios—with and without
feedback—the accretion rate stabilizes into a quasi-steady state
after approximately 300 orbits. Specifically, the mean accretion
rate during this stage is  á ñ ~ ´ - -M M1.2 10 yrplanet

12 1 without
feedback, and  á ñ ~ ´ - -M M7.8 10 yrplanet

12 1 with feedback.
This corresponds to an accretion flow increase by a factor of

/ /    ( )D = - =M M M M Mplanet planet planet planet 5.44on off
planet
off ,

or a 544% enhancement relative to the no-feedback scenario.
It is worth noting that due to resolution limitations, we

cannot confirm that all the mass flux passing through the
envelope will ultimately accrete onto the planet. However,
given that the material resides within the gravitationally bound
and Hill radius, we can expect that material will feed the
planet’s envelope and its luminosity will match the accretion
luminosity.

The right panel of Figure 10 shows the evolution of the
envelope luminosity, as calculated from Equation (11). After

the disk reaches a quasi-stationary state, it stabilizes at a near-
constant value: 〈Lenvelope〉 ∼ 2.25 × 10−8Le (feedback off) and
〈Lenvelope〉 ∼ 1.4 × 10−7Le (feedback on). When feedback is
turned on, the envelope luminosity also experiences a gain
factor of 5.4 (540% enhancement relative to the no-feedback
case), exactly the same gain factor as the accretion rate, i.e.,
both Lenvelope and Lacc show a match (see Figure 11). Note that
the calculation of the envelope luminosity Lenvelope was
obtained through the energy content (Equation (11)) and
not through the equation for the accretion luminosity
(Equation (12)), i.e., / L GM M Racc p p in. See Section 5.5.

5.5. Planet Accretion and Luminosity Rates at Different Radii

The envelope luminosity Lenvelope computed from
Equation (11) must not be confused with the intrinsic planet
luminosity Lp. The intrinsic planet luminosity Lp is used as a
free parameter representing the feedback inputs. The obtained
envelope luminosity is related to the slow Kelvin–Helmholtz
contraction of the planet’s envelope. In fact, if we calculate
the accretion luminosity Lacc using Equation (12), replacing
Mcore with our computations of the accretion rate (Figure 10;

Figure 6. Vertical velocity vz of the gas in comparison to the free-fall velocity and sound speed. Panel (a) displays the vz velocity in the absence of planetary feedback.
In this case, the flow comes to a halt (vz ∼ 0) at the ionization radius directly above the planet’s location, while the maximum vertical velocity (vz ∼ vff) is observed
near the Hill radius (yellow region) in the same direction. In contrast, panel (b) shows the scenario with feedback, where the vertical flow is reduced beyond the
ionization radius but enhanced within this radius (indicated by the pink arrow). Panel (c) displays the scenario without feedback, where the gas falls supersonically
toward the planet from high altitudes beyond the ionization radius. Finally, panel (d) shows the scenario with feedback, where the supersonic falling gas is reduced in
these vertical regions beyond the ionization radius but notably enhanced within this radius (indicated by the pink arrow). It is important to remark that in both
scenarios, with or without feedback, the falling gas stops precisely at the ionization radius in a direction directly above the planet’s location.
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Mcore withMJ), Rin with the mid-cell radius closest to the planet
(Rin ∼ RHill/10 according to our numerical resolution), and Rout

with rHill, we find a remarkable match between Lenvelope and the
standard accretion luminosity Lacc (see Figure 11).

Figure 12 compares the planet’s accretion rate, computed at
different radii—namely, the ionization radius Rion, the Hill
radius RHill, and the Bondi radius RBondi—with its associated
accretion luminosity Lacc (Equation (12)), obtained for models

with and without feedback. When the accretion rate is
computed at a fixed radius, the accretion is always enhanced
if the feedback is activated in the simulation, except when
computed at the Bondi radius, where a small gain in accretion
is observed.
In our setup, the different radii have the following values:

Rion ≈ 0.3RHill and RBondi ≈ 2.8RHill. For instance, the
accretion flow at RHill reaches a mean value of about

Figure 7. 2D projections of the 3D velocity field from simulations with and without feedback. The top left panel shows the velocity field projected onto the radial–Z
plane for the no-feedback simulation, and the top right panel shows the corresponding projection onto the azimuthal–Z plane. The bottom panels display the same
projections for the simulation with feedback. In all panels, the arrows represent the normalized components of the 3D velocity vector after projection onto the
respective plane, with the arrow color denoting the projected velocity magnitude (in kilometers per second). The arrow lengths are fixed, to emphasize directional
differences rather than absolute speeds, and a common color scale is used for direct comparison.

Figure 8. Radial velocity field of the gas toward the planet, plotted within the range of 0.5RHill (approximately the ionization radius) to 1 RHill. The left panel shows
the velocity field without feedback, and the middle panel shows the velocity field with feedback. The right panel overlays both simulations, with red representing the
velocity field in the feedback case and blue that in the no-feedback case. The orange arrow indicates the direction toward the star. When feedback is activated, there is
an increase in the inflow toward the planet, particularly on the side closer to the star, highlighting the effect of feedback in enhancing accretion dynamics in this region.

10

The Astrophysical Journal, 985:36 (16pp), 2025 May 20 Montesinos et al.



 ( ) ~ ´ - -M R M4.8 10 yrHill
11 1, while at the ionization radius,

it reads  ( ) ~ ´ - -M R M1.2 10 yrion
12 1. These values suggest

that only / ( ) ( ) =M R M R 2.5%ion Hill of the gas passing through
the Hill sphere reaches the ionization radius. When the
feedback is activated, the accretion ratio reads / ( )M Rion
 ( ) =M R 5%Hill . Both  ( )M Rion and  ( )M RHill are enhanced in
the presence of feedback, but the increase is more pronounced
for  ( )M Rion , leading to the observed change in such ratio.

The mean accretion luminosity after 300 orbits reaches
approximately 2 × 10−8Le for Rion and approximately
7.9 × 10−7Le for RHill. This implies a gain factor of about
40 when calculating the accretion rates using RHill instead of
the ionization radius. Similar conclusions are obtained for the
case with feedback activated.

5.6. Planet Accretion and Luminosity Rates for Different
Opacities

We find that reducing the opacity from the fiducial value of
κ = 1 cm2 g−1 to κ = 0.01 cm2 g−1 yields results that are not
significantly different. The ionization radius remains practically

unchanged, and the enhancement in the accretion rate when
feedback is activated is 4.84 (compared to 5.4 in the fiducial
model), with a corresponding luminosity enhancement of 4.38.
This indicates that the reduction in opacity does not substantially
affect the overall accretion and luminosity outcomes.
This behavior can be explained by the fact that the disk remains

optically thick, particularly within the Hill radius, where high
temperatures dominate the thermal and radiative processes
(Figure 13). In optically thick regions, the temperature gradient
adjusts to carry the necessary radiative flux, making the
temperature structure relatively insensitive to the exact value of
the opacity (I. Hubeny 1990). As a result, the ionization levels
remain nearly the same, regardless of the change in opacity. The
temperature structure of the disk shows minimal variation between
the two opacity models (see Figure 13), further confirming that the
disk’s thermal properties are governed primarily by the optical
depth rather than the absolute opacity value.
Therefore, the key results regarding accretion rates and the

ionization radius are robust across different opacity values. Our
findings demonstrate that even with a reduced opacity, the
physical processes dominating the circumplanetary environment

Figure 9. The velocity field of the gas within the region between 0 and 0.5 RHill, illustrating the dynamics of the bound envelope around the planet. The left panel
shows the velocity field without feedback, where the gas exhibits a more ordered rotation, resembling a CPD. The middle panel displays the velocity field with
feedback, revealing a more turbulent motion but with the gas still gravitationally bound to the planet. The right panel overlays both simulations, with red representing
the feedback case and blue the no-feedback case, highlighting the structural differences introduced by feedback. The orange arrow in each panel points toward the
central star.

Figure 10. Left panel: evolution in time of the planet accretion rate (Equation (7)) for two models with and without feedback. Once the disk reaches a quasi-stationary
regime (after 300 planet orbits), the accretion rate is more or less constant. When the feedback is activated, the accretion rate in the quasi-steady regime is enhanced by
a gain factor of about 5.4 (544% enhancement). Right panel: evolution of the envelope luminosity obtained from Equation (11). Once the feedback is activated, the
luminosity is enhanced by a similar factor as the accretion gain.
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remain unchanged, ensuring the reliability of the results
presented.

6. Discussion

We have conducted 3D numerical simulations to track the
evolution of a protoplanet embedded in a viscous disk, where
the planet incorporates an additional radiative feedback term.
We have focused on thermal ionization, gas kinematics, planet
accretion, and the connection between ionization and Hα
emission. Our simulations reveal how the feedback influences
the structure of the protoplanetary disk and the accretion

process, providing insights into the formation and evolution of
gas giants. In the following subsections, we discuss the key
findings of our work and their implications in the context of
planet formation and observational studies.

6.1. Hot Circumplanetary Envelope and Ionization Effects

We compute the gas thermal ionization degree X (ranging
from 0 to 1) using Equation (6). The onset of ionization is
defined by the value X= 0.5. The gas is considered neutral
when X < 0.5, while X� 0.5 corresponds to partially to fully
ionized gas. Utilizing this definition, we determine the

Figure 11. Comparison of the bolometric luminosity of the envelope (as calculated by Equation (11)) and the accretion luminosity Lacc (calculated from the planet
accretion), both for the model with feedback on. A great match is also observed for the feedback-off model.

Figure 12. Left panel: planet accretion rate (Equation (7)) for models with and without feedback computed at different radii—ionization radius Rion, Hill radius RHill,
and bound radius RBondi. Right panel: evolution of the accretion luminosity / / ( )= -L GM M R R1 1acc p p in out for each radius (i.e., Rion, RHill, and RBondi), where
Rin = RHill/10 (corresponding to our grid resolution) and Rout = RHill.
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ionization radius as the distance from the planet where the
ionization degree is exactly X= 0.5.

We find that the protoplanetary disk is primarily neutral,
except in a hot envelope (with temperatures up to ∼7000 K)
defined by a specific ionization radius close to the planet. The
velocity field of the envelope is displayed in Figure 9. In all our
models, Rion is smaller than the Hill radius, showing
Rion = òRHill, with ò ≈ 0.2 (feedback off) and ò ≈ 0.4
(feedback on)—see Section 5.2.

This envelope is consistent with the hot circumplanetary
envelope with a radius of ∼0.1–0.5RHill reported by J. Szulágyi
et al. (2016). The envelope’s geometry depends on the inner
content of energy and its radiative-convective transport. Thus, a
nonisothermal model and the inclusion of radiative feedback
play an important role in forming such a structure.

6.2. Local Thermodynamic Equilibrium

In our post-processing calculation of the thermal ionization
fraction via the Saha Equation (6), we assume local thermo-
dynamic equilibrium. This assumption is well justified in the
high-density midplane regions of protoplanetary disks (e.g.,
10−8

–10−11 g cm−3) and at high temperatures (∼5500 K).
Under such conditions, collisional timescales are significantly
shorter than radiative timescales, ensuring that level popula-
tions remain in equilibrium with the local temperature (see, for
instance, D. Mihalas & B. Weibel Mihalas 1984).

To illustrate the dependence of the ionization fraction on
both density and temperature, we compute curves using
Equation (6). Figure 14 shows the ionization fraction as a
function of temperature for representative densities ranging
from 10−8 to 10−11 g cm−3. In our model, the volume density is
approximately ρ ∼ Σ/H ∼ 10−10 g cm−3, where Σ and H
denote the surface density and scale height of the disk,
respectively. Within the ionization radius, the gas reaches
temperatures exceeding ∼5500 K (Figure 13). At this temper-
ature threshold, the ionization fraction approaches X ∼ 0.5,
marking the transition from predominantly neutral to signifi-
cantly ionized gas within the planetary envelope.

6.3. Gas Kinematics with Planetary Feedback

By tracing the vertical velocity field of the gas, we observe
that a vertical gas column falls toward the planet from high
altitudes with a supersonic velocity. Once the gas reaches the

ionization radius, its velocity rapidly decreases and stops.
Regardless of whether the feedback is activated, the vertical
flow always stops at the ionization radius, meaning that the
ionization radius characterizes the stopping radius.
When feedback is activated, the extent of the accreting

column decreases (see Figures 5 and 6). At first glance, this
appears to contribute to a reduction in the accretion flow toward
the planet, as reported by M. Lambrechts & E. Lega (2017).
However, within the ionization radius, the planet’s radiative
feedback redistributes radiation and thermal energy within the
planetary envelope, leading to gas recirculation (as indicated by
the arrows in Figure 5) enhancing the net flux mass through the
ionization surface. We also notice that most of this mass flux is
an unbound flow through the envelope. We explain this
behavior as follows.
In regions to the left of the planet, closer to the star at r > rp,

the downward flow of gas is particularly enhanced (while the
upward flow is reduced) due to this recirculation. This
promotes the development of a fallback rate, thereby increasing
the net accretion toward the planet (see Figures 5 and 6, where
the arrows indicate the flow enhancement). An increase in the
accretion rate translates into an enhancement of the envelope
luminosity. This finding is consistent with 2D numerical
simulations of embedded radiative planets, where feedback
stimulates stellocentric accretion (M. Montesinos et al. 2015).
This accretion enhancement is quite different from what

M. Lambrechts & E. Lega (2017) found. The discrepancy may
arise from the distinct nature of the modeled system (5–15
Earth mass cores versus Jupiter mass) and differing opacities.
Additionally, they conducted their simulations over a shorter
period (only 50 orbits, compared to 1000 in ours). Despite this,
however, in our simulations, the accretion rate appears to
decrease during the first 200 orbits when the feedback
mechanism is activated (see Figure 12). The exploration of
this discrepancy will be addressed in a future work but is
outside the scope of this current study.

6.4. Predicting Shock Zones and Hα Emissions near the
Ionization Radius

The region just before the ionization radius, where the gas
still falls at free-fall speed, may be considered the pre-shock
surface. At this location, the kinetic energy of the gas is still
advected with it, making the dissipation of radiation inefficient,
resulting in negligible thermal energy in the pre-shock region.

Figure 13. Temperature profiles in the Z plane, illustrating the thermal structure of the disk. Both sets of figures correspond to the case with feedback activated
(κ = 1 cm2 g−1 and κ = 0.01 cm2 g−1).
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However, once the gas reaches the ionization radius, its
velocity drops significantly, and shocks should be produced at
this frontier, converting part of the mechanical energy into
radiation energy. Due to the limitations of our computational
domain, it is not possible to detect or analyze this shock at the
ionization frontier in our simulations; however, its occurrence
is expected.

The relatively high ionization levels (X ∼ 0.5) in the post-
shock region may also lead to Hα emission, which is a
commonly used tracer of shock-heated gas in astrophysical
systems and is expected to be generated by accreting sources
such as protoplanets (e.g., Y. Aoyama et al. 2018, 2020). This
highlights the importance of accurately determining the
temperature, ionization level, velocity profile, and other
variables needed to compute atomic lines.

6.5. Planetary Accretion Rate, Luminosity, and Hα Emissions

We have shown that the ionization radius characterizes the
stopping radius, delineating an ionized envelope around the
planet. At this location, the gas velocity directed toward the
planet reaches its apex before deceleration. The luminosity
within this envelope, computed from the total energy density
via Lenvelope = d/dt∫X>=0.5 òdV (Equation (11)), matches
well enough with the accretion luminosity, as defined by

/ / ( )( ( ))= -L M R GM R R1 1acc ion p in out (Figure 11). This
agreement is expected; it ensues from the cooling of the
planetary envelope via the thermal Kelvin–Helmholtz mech-
anism, captured by Equation (11), thereby verifying the
consistency between thermodynamics and flow dynamics in
our calculations. Note that the accretion or envelope luminosity
reported here is computed from the internal energy dissipation
within an optically thick medium. It represents the energy
released by Kelvin–Helmholtz contraction of the envelope
rather than the effective luminosity measured directly at τ = 1,
which would be the observed luminosity of a forming planet.

The accretion rate at the Hill sphere differs from that at the
ionization radius. Specifically, / ( ) ( )M R M Rion Hill equals 2% in
the feedback-off scenario and 5% when feedback is on. Hence,
a mere 2%–5% of the mass flow passing through the Hill
sphere will eventually settle within the ionized envelope or on
the planetary surface, which is consistent with the findings
obtained by G.-D. Marleau et al. (2023). The luminosity
emanating from the Hill sphere surpasses that from the
ionization radius (see Figure 1), implying that associating the
Hill luminosity with the ionization-zone luminosity results in
overestimation. It is thus important to correlate a characteristic
luminosity from the ionized envelope with its corresponding
accretion rate (  ( )-L M Renvelope ion ) for accurate estimation of
the Hα luminosity, i.e.,  ( )µaL M RH ion , which occurs solely in
ionized media (and not at the Hill radius).
This proclivity to overestimate Lacc by utilizing  ( )M RHill

may account for the elusive Hα emissions from accreting
planets in observational data (e.g., A. Zurlo et al. 2020),
contrary to theoretical models predicting sufficiently elevated
accretion rates stimulating such emissions (e.g., Y. Aoyama &
M. Ikoma 2019). Our findings reveal that  ( )M Rion and  ( )M RHill
vary by nearly 2 orders of magnitude (the same variation in the
accretion luminosities; refer to Figure 12). Also, our results
suggest that the presence of ionized envelopes around accreting
protoplanets at 1 au does not necessarily lead to direct
observational signatures in Hα, due to the extremely high
optical depths. This suggests that triggered Hα emissions
should likewise be revised downward, which is particularly
important when analyzing nondetection statistics.

7. Conclusions

We conduct 3D numerical simulations to follow the
evolution of Jupiter-like planets embedded in a viscous disk,
incorporating a nonstationary energy equation to treat gas and
radiation energy transport. We also include an extra term to
account for the radiative feedback of planets. We focus on the
vicinity of planets, identifying an ionized envelope surrounding
them. This envelope is defined by an ionization radius, which
also characterizes the stopping radius of the falling gas toward
the planet. Examining the vertical velocity field shows that the
gas falls toward the planet at supersonic speeds. Upon reaching
the ionization radius, the gas experiences a dramatic decrease in
velocity. At this point, part of the kinetic energy of the gas is
converted into radiation and heat.
The inclusion of the radiative feedback enhances the gas

accretion toward the planet. The gas flows within the ionization
radius lie on different 3D trajectories, but in particular, the gas
moves both upward and downward in the vertical direction. In
the presence of feedback, both directions are boosted; however,
the enhancement is more pronounced in the downward
direction in regions farther out from the planet’s position at
radii r� rp (the regions on the right side of the planet,
assuming the star is located to the left). As a result, the net flux
toward the planet increases. Also, because the accretion rate is
higher when the feedback is switched on, the liberated energy
Lacc within the ionization radius also increases, leading to an
expansion of the ionization radius. In our models, the
ionization radius is considerably smaller than the Hill radius;
specifically, Rion is equal to 0.2 RHill (feedback off) and 0.4
RHill (feedback on).
We compare the accretion rate toward the planet at the

Hill sphere and at the ionization radius, showing that

Figure 14. Ionization fraction X as a function of temperature for four
representative midplane densities in a protoplanetary disk, ranging from 10−8

to 10−11 g cm−3. The temperature range (4000–7000 K) and density values are
typical of such environments. The curves, computed using the Saha equation
(Equation (6)), indicate that lower densities result in higher ionization. For
sufficiently high temperatures, the ionization fraction becomes independent of
density.
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/ ( ) ( )M R M Rion Hill is equal to 2% (when the feedback is off) and
5% (in the feedback-on case). This ratio indicates that only a
small fraction of the gas passing through the Hill sphere will
end up inside the envelope (or reach the planet’s surface). If Hα
emissions are produced due to the planet’s accretion, they will
only be triggered in an ionized medium. Since the ionization
radius characterizes such a region, we propose computing the
accretion rate at Rion, rather than at the Hill radius, to determine
the luminosity associated with Hα, e.g.,  ( )µaL M RH ion .
Moreover, since   ( ) ( )M R M Rion Hill , the accretion luminosity
characterized by  ( )M Rion will be much smaller than Lacc at the
Hill sphere; therefore, LHα should also be much smaller if
computed at Rion rather than at RHill, as is normally calculated.
In this context, realistic computations of LHα and corresp-
onding accretion rates onto the planet are probably smaller than
those assumed through the Hill sphere. This may be important
to consider when explaining the statistics of nondetections of
Hα emission as accretion tracers for forming planets.

Finally, the study tested two different constant-opacity values,
κ = 1 and κ = 0.01 cm2 g−1, and found that both yield the same
conclusions regarding accretion and luminosity outcomes. This
is due to the fact that the disk remains optically thick in both
cases, making the temperature structure and the physical
processes largely insensitive to the specific opacity value.

We summarize our conclusions as follows:

1. Jupiter-mass protoplanets should be surrounded by an
ionized envelope with ionization radius Rion ∼ 0.2–0.4RHill.
Such distance defines the truncation radius of the envelope.

2. The ionization radius could be used to define the
accretion radius of the protoplanet envelope.

3. The 3D radiative feedback of the planet enhances the
planet accretion rate M and, consequently, the envelope
luminosity Lenvelope = d/dt∫X � 0.5 òdV. This luminosity is
(as expected) the same accretion luminosity, i.e.,

/ L GM M Racc core core core.
4. Inside the ionized envelope, favorable conditions for

generating hydrogen emission lines are produced (e.g., Hα).
5. Since Hα emissions are triggered in an ionized medium

only, the associated accretion rate  aMH should be linked
to the accretion at the ionization radius  ( )M Rion (rather
than at the Hill radius), i.e.,  ( )µaL M RH ion .

6. / ( ) ( ) ~ -M R M R 2% 5%ion Hill (depending on the feed-
back). Since   ( ) ( )M R M Rion Hill , this suggests that
accretion rates associated with Hα luminosity  aMH (and
consequently LHα) are significantly lower than those
considered in the literature computed through the Hill
sphere.

Acknowledgments

The authors thank the anonymous referee for the construc-
tive feedback, which significantly improved the clarity of this
work. The authors acknowledge support from Agencia
Nacional de Investigación y Desarrollo (ANID)—Millennium
Science Initiative Program—NCN19_171. This project has
received funding from the European Research Council (ERC)
under the European Union Horizon Europe program (grant
agreement No. 101042275, project Stellar-MADE). M.M.
acknowledges financial support from FONDECYT Regular
grant 1241818. M.S. acknowledges support from ANID
through FONDECYT postdoctoral grant 3210605. M.R.S.
acknowledges support from FONDECYT (grant 1221059).

M.P.R. is partially supported by PICT-2021-I-INVI-00161
from ANPCyT, Argentina. M.P.R. and O.M.G. are partially
supported by PIP-2971 from CONICET and by PICT 2020-
03316 from ANPCyT, Argentina.

ORCID iDs

Matías Montesinos https://orcid.org/0000-0001-9789-5098
Juan Garrido-Deutelmoser https://orcid.org/0000-0002-
7056-3226
Jorge Cuadra https://orcid.org/0000-0003-1965-3346
Mario Sucerquia https://orcid.org/0000-0002-8065-4199
Nicolás Cuello https://orcid.org/0000-0003-3713-8073
Matthias R. Schreiber https://orcid.org/0000-0003-
3903-8009
María Paula Ronco https://orcid.org/0000-0003-1385-0373
Octavio M. Guilera https://orcid.org/0000-0001-8577-9532

References

Aoyama, Y., & Ikoma, M. 2019, ApJL, 885, L29
Aoyama, Y., Ikoma, M., & Tanigawa, T. 2018, ApJ, 866, 84
Aoyama, Y., Marleau, G.-D., Mordasini, C., & Ikoma, M. 2020, arXiv:2011.

06608
Armitage, P. J. 2020, Astrophysics of Planet Formation (2nd ed.; Cambridge:

Cambridge Univ. Press)
Ayliffe, B. A., & Bate, M. R. 2009, MNRAS, 397, 657
Benisty, M., Dominik, C., Follette, K., et al. 2023, in Protostars and Planets

VII, ed. S. Inutsuka (San Francisco, CA: ASP), 605
Benítez-Llambay, P., Masset, F., Koenigsberger, G., & Szulágyi, J. 2015,

Natur, 520, 63
Benítez-Llambay, P., & Masset, F. S. 2016, ApJS, 223, 11
Bitsch, B., Crida, A., Morbidelli, A., Kley, W., & Dobbs-Dixon, I. 2013, A&A,

549, A124
Boccaletti, A., Di Folco, E., Pantin, E., et al. 2020, A&A, 637, L5
Christiaens, V., Casassus, S., Absil, O., et al. 2019, MNRAS, 486, 5819
Close, L. M., Follette, K. B., Males, J. R., et al. 2014, ApJL, 781, L30
Crida, A. 2009, ApJ, 698, 606
Currie, T., Biller, B., Lagrange, A.-M., et al. 2023, in Protostars and

Planets VII, ed. S. Inutsuka et al. (San Francisco, CA: ASP), 799
D’Angelo, G., Henning, T., & Kley, W. 2003, ApJ, 599, 548
Gárate, M., Cuadra, J., Montesinos, M., & Arévalo, P. 2021, MNRAS,

501, 3113
Guilera, O. M., Sándor, Z., Ronco, M. P., Venturini, J., &

Miller Bertolami, M. M. 2020, A&A, 642, A140
Hubeny, I. 1990, ApJ, 351, 632
Huélamo, N., Chauvin, G., Mendigutìa, I., et al. 2022, A&A, 668, A138
Isella, A., Benisty, M., Teague, R., et al. 2019, ApJL, 879, L25
Keppler, M., Benisty, M., Müller, A., et al. 2018, A&A, 617, A44
Kley, W. 1989, A&A, 208, 98
Korycansky, D. G., & Papaloizou, J. C. B. 1996, ApJS, 105, 181
Lambrechts, M., & Lega, E. 2017, A&A, 606, A146
Lambrechts, M., Lega, E., Nelson, R. P., Crida, A., & Morbidelli, A. 2019,

A&A, 630, A82
Levermore, C. D., & Pomraning, G. C. 1981, ApJ, 248, 321
Lubow, S. H., Seibert, M., & Artymowicz, P. 1999, ApJ, 526, 1001
Machida, M. N., Kokubo, E., Inutsuka, S.-i., & Matsumoto, T. 2008, ApJ,

685, 1220
Marleau, G.-D., Kuiper, R., Béthune, W., & Mordasini, C. 2023, ApJ, 952, 89
Martin, R. G., & Lubow, S. H. 2011, MNRAS, 413, 1447
Mihalas, D., & Weibel Mihalas, B. 1984, Foundations of Radiation

Hydrodynamics (New York: Oxford Univ. Press)
Miki, S. 1982, PThPh, 67, 1053
Montesinos, M., Cuadra, J., Perez, S., Baruteau, C., & Casassus, S. 2015, ApJ,

806, 253
Mordasini, C., Alibert, Y., Klahr, H., & Henning, T. 2012, A&A, 547,

A111
Müller, A., Keppler, M., Henning, T., et al. 2018, A&A, 617, L2
Pinte, C., Price, D. J., Ménard, F., et al. 2020, ApJL, 890, L9
Pollack, J. B., Hubickyj, O., Bodenheimer, P., et al. 1996, Icar, 124, 62
Reggiani, M., Christiaens, V., Absil, O., et al. 2018, A&A, 611, A74
Reggiani, M., Quanz, S. P., Meyer, M. R., et al. 2014, ApJL, 792, L23

15

The Astrophysical Journal, 985:36 (16pp), 2025 May 20 Montesinos et al.

https://orcid.org/0000-0001-9789-5098
https://orcid.org/0000-0001-9789-5098
https://orcid.org/0000-0001-9789-5098
https://orcid.org/0000-0001-9789-5098
https://orcid.org/0000-0002-7056-3226
https://orcid.org/0000-0002-7056-3226
https://orcid.org/0000-0002-7056-3226
https://orcid.org/0000-0002-7056-3226
https://orcid.org/0000-0002-7056-3226
https://orcid.org/0000-0003-1965-3346
https://orcid.org/0000-0003-1965-3346
https://orcid.org/0000-0003-1965-3346
https://orcid.org/0000-0003-1965-3346
https://orcid.org/0000-0002-8065-4199
https://orcid.org/0000-0002-8065-4199
https://orcid.org/0000-0002-8065-4199
https://orcid.org/0000-0002-8065-4199
https://orcid.org/0000-0003-3713-8073
https://orcid.org/0000-0003-3713-8073
https://orcid.org/0000-0003-3713-8073
https://orcid.org/0000-0003-3713-8073
https://orcid.org/0000-0003-3903-8009
https://orcid.org/0000-0003-3903-8009
https://orcid.org/0000-0003-3903-8009
https://orcid.org/0000-0003-3903-8009
https://orcid.org/0000-0003-3903-8009
https://orcid.org/0000-0003-1385-0373
https://orcid.org/0000-0003-1385-0373
https://orcid.org/0000-0003-1385-0373
https://orcid.org/0000-0003-1385-0373
https://orcid.org/0000-0001-8577-9532
https://orcid.org/0000-0001-8577-9532
https://orcid.org/0000-0001-8577-9532
https://orcid.org/0000-0001-8577-9532
https://doi.org/10.3847/2041-8213/ab5062
https://ui.adsabs.harvard.edu/abs/2019ApJ...885L..29A/abstract
https://doi.org/10.3847/1538-4357/aadc11
https://ui.adsabs.harvard.edu/abs/2018ApJ...866...84A/abstract
http://arXiv.org/abs/2011.06608
http://arXiv.org/abs/2011.06608
https://doi.org/10.1111/j.1365-2966.2009.15002.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.397..657A/abstract
https://ui.adsabs.harvard.edu/abs/2023ASPC..534..605B/abstract
https://doi.org/10.1038/nature14277
https://ui.adsabs.harvard.edu/abs/2015Natur.520...63B/abstract
https://doi.org/10.3847/0067-0049/223/1/11
https://ui.adsabs.harvard.edu/abs/2016ApJS..223...11B/abstract
https://doi.org/10.1051/0004-6361/201220159
https://ui.adsabs.harvard.edu/abs/2013A&#x00026;A...549A.124B/abstract
https://ui.adsabs.harvard.edu/abs/2013A&#x00026;A...549A.124B/abstract
https://doi.org/10.1051/0004-6361/202038008
https://ui.adsabs.harvard.edu/abs/2020A&#x00026;A...637L...5B/abstract
https://doi.org/10.1093/mnras/stz1232
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.5819C/abstract
https://doi.org/10.1088/2041-8205/781/2/L30
https://ui.adsabs.harvard.edu/abs/2014ApJ...781L..30C/abstract
https://doi.org/10.1088/0004-637X/698/1/606
https://ui.adsabs.harvard.edu/abs/2009ApJ...698..606C/abstract
https://ui.adsabs.harvard.edu/abs/2023ASPC..534..799C/abstract
https://doi.org/10.1086/379224
https://ui.adsabs.harvard.edu/abs/2003ApJ...599..548D/abstract
https://doi.org/10.1093/mnras/staa3860
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.3113G/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.3113G/abstract
https://doi.org/10.1051/0004-6361/202038458
https://ui.adsabs.harvard.edu/abs/2020A&#x00026;A...642A.140G/abstract
https://doi.org/10.1086/168501
https://ui.adsabs.harvard.edu/abs/1990ApJ...351..632H/abstract
https://doi.org/10.1051/0004-6361/202243918
https://ui.adsabs.harvard.edu/abs/2022A&#x00026;A...668A.138H/abstract
https://doi.org/10.3847/2041-8213/ab2a12
https://ui.adsabs.harvard.edu/abs/2019ApJ...879L..25I/abstract
https://doi.org/10.1051/0004-6361/201832957
https://ui.adsabs.harvard.edu/abs/2018A&#x00026;A...617A..44K/abstract
https://ui.adsabs.harvard.edu/abs/1989A&#x00026;A...208...98K/abstract
https://doi.org/10.1086/192311
https://ui.adsabs.harvard.edu/abs/1996ApJS..105..181K/abstract
https://doi.org/10.1051/0004-6361/201731014
https://ui.adsabs.harvard.edu/abs/2017A&#x00026;A...606A.146L/abstract
https://doi.org/10.1051/0004-6361/201834413
https://ui.adsabs.harvard.edu/abs/2019A&#x00026;A...630A..82L/abstract
https://doi.org/10.1086/159157
https://ui.adsabs.harvard.edu/abs/1981ApJ...248..321L/abstract
https://doi.org/10.1086/308045
https://ui.adsabs.harvard.edu/abs/1999ApJ...526.1001L/abstract
https://doi.org/10.1086/590421
https://ui.adsabs.harvard.edu/abs/2008ApJ...685.1220M/abstract
https://ui.adsabs.harvard.edu/abs/2008ApJ...685.1220M/abstract
https://doi.org/10.3847/1538-4357/accf12
https://ui.adsabs.harvard.edu/abs/2023ApJ...952...89M/abstract
https://doi.org/10.1111/j.1365-2966.2011.18228.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.413.1447M/abstract
https://doi.org/10.1143/PTP.67.1053
https://ui.adsabs.harvard.edu/abs/1982PThPh..67.1053M/abstract
https://doi.org/10.1088/0004-637X/806/2/253
https://ui.adsabs.harvard.edu/abs/2015ApJ...806..253M/abstract
https://ui.adsabs.harvard.edu/abs/2015ApJ...806..253M/abstract
https://doi.org/10.1051/0004-6361/201118457
https://ui.adsabs.harvard.edu/abs/2012A&#x00026;A...547A.111M/abstract
https://ui.adsabs.harvard.edu/abs/2012A&#x00026;A...547A.111M/abstract
https://doi.org/10.1051/0004-6361/201833584
https://ui.adsabs.harvard.edu/abs/2018A&#x00026;A...617L...2M/abstract
https://doi.org/10.3847/2041-8213/ab6dda
https://ui.adsabs.harvard.edu/abs/2020ApJ...890L...9P/abstract
https://doi.org/10.1006/icar.1996.0190
https://ui.adsabs.harvard.edu/abs/1996Icar..124...62P/abstract
https://doi.org/10.1051/0004-6361/201732016
https://ui.adsabs.harvard.edu/abs/2018A&#x00026;A...611A..74R/abstract
https://doi.org/10.1088/2041-8205/792/1/L23
https://ui.adsabs.harvard.edu/abs/2014ApJ...792L..23R/abstract


Rybicki, G. B., & Lightman, A. P. 1979, Radiative Processes in Astrophysics
(New York: Wiley)

Saha, M. N. 1921, RSPSA, 99, 135
Szulagyi, J., & Ercolano, B. 2020, AAS Meeting, 235, 121.06
Szulágyi, J., Masset, F., Lega, E., et al. 2016, MNRAS, 460, 2853
Szulágyi, J., Morbidelli, A., Crida, A., & Masset, F. 2014, ApJ, 782, 65

Szulágyi, J., & Mordasini, C. 2017, MNRAS, 465, L64
Tanigawa, T., Ohtsuki, K., & Machida, M. N. 2012, ApJ, 747, 47
Tsukagoshi, T., Muto, T., Nomura, H., et al. 2019, ApJL, 878, L8
Ward, W. R., & Canup, R. M. 2010, AJ, 140, 1168
Zhu, Z. 2015, ApJ, 799, 16
Zurlo, A., Cugno, G., Montesinos, M., et al. 2020, A&A, 633, A119

16

The Astrophysical Journal, 985:36 (16pp), 2025 May 20 Montesinos et al.

https://doi.org/10.1098/rspa.1921.0029
https://ui.adsabs.harvard.edu/abs/1921RSPSA..99..135S/abstract
https://ui.adsabs.harvard.edu/abs/2020AAS...23512106S/abstract
https://doi.org/10.1093/mnras/stw1160
https://ui.adsabs.harvard.edu/abs/2016MNRAS.460.2853S/abstract
https://doi.org/10.1088/0004-637X/782/2/65
https://ui.adsabs.harvard.edu/abs/2014ApJ...782...65S/abstract
https://doi.org/10.1093/mnrasl/slw212
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465L..64S/abstract
https://doi.org/10.1088/0004-637X/747/1/47
https://ui.adsabs.harvard.edu/abs/2012ApJ...747...47T/abstract
https://doi.org/10.3847/2041-8213/ab224c
https://ui.adsabs.harvard.edu/abs/2019ApJ...878L...8T/abstract
https://doi.org/10.1088/0004-6256/140/5/1168
https://ui.adsabs.harvard.edu/abs/2010AJ....140.1168W/abstract
https://doi.org/10.1088/0004-637X/799/1/16
https://ui.adsabs.harvard.edu/abs/2015ApJ...799...16Z/abstract
https://doi.org/10.1051/0004-6361/201936891
https://ui.adsabs.harvard.edu/abs/2020A&#x00026;A...633A.119Z/abstract

	1. Introduction
	2. Accretion onto CPDs and Radiative Feedback
	2.1. Planetary Feedback
	2.2. Planet Accretion

	3. Thermal Ionization
	3.1. The Ionization Radius and the Accreting Surface

	4. Energy Equation
	5. Numerical Simulations
	5.1. Ionization Radius
	5.2. Ionized Envelope Structure
	5.3. Vertical Velocity and Radial Inflow Toward the Planet
	5.4. Planet Accretion Rate and Envelope Luminosity
	5.5. Planet Accretion and Luminosity Rates at Different Radii
	5.6. Planet Accretion and Luminosity Rates for Different Opacities

	6. Discussion
	6.1. Hot Circumplanetary Envelope and Ionization Effects
	6.2. Local Thermodynamic Equilibrium
	6.3. Gas Kinematics with Planetary Feedback
	6.4. Predicting Shock Zones and Hα Emissions near the Ionization Radius
	6.5. Planetary Accretion Rate, Luminosity, and Hα Emissions

	7. Conclusions
	References



