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ABSTRACT

Many dozens of circumstellar discs show signatures of sculpting by planets. To help find these protoplanets by direct imaging,
we compute their broadband spectral energy distributions, which overlap with the JWST and ALMA (Atacama Large Millimeter
Array) passbands. We consider how circumplanetary spherical envelopes and circumplanetary discs are heated by accretion and
irradiation. Searches with JWST’s NIRCam (Near-Infrared Camera) and the blue portion of MIRI (Mid-Infrared Instrument)
are most promising since ~300-1000 K protoplanets outshine their ~20-50 K circumstellar environs at wavelengths of ~2-10
um. Detection is easier if circumplanetary dust settles into discs (more likely for more massive planets) or is less abundant
per unit mass gas (because of grain growth or aerodynamic filtration). At wavelengths longer than 20 um, circumplanetary
material is difficult to see against the circumstellar disc’s surface layers that directly absorb starlight and reprocess it to the
far-infrared. Such contaminating circumstellar emission can be serious even within the evacuated gaps observed by ALMA.
Only in strongly depleted regions, like the cavity of the transitional disc PDS 70 where two protoplanets have been confirmed,
may long-wavelength windows open for protoplanet study. We compile a list of candidate protoplanets and identify those with
potentially the highest accretion luminosities, all peaking in the near-infrared.

Key words: planets and satellites: formation —planets and satellites: fundamental parameters — planets and satellites: general —

planet—disc interactions — protoplanetary discs.

1 INTRODUCTION

For planet formation to mature as an empirical science, it needs to be
grounded in observations of forming planets. To date, detections of
planets accreting from their parent circumstellar discs have been few.
The transitional disc system PDS 70 hosts two Jupiter-mass proto-
planets, b and c, which radiate primarily in the near-infrared (Keppler
et al. 2018; Wang et al. 2020, 2021, and references therein). These
objects exhibit millimeter-wave excesses from circumplanetary dust
(Isella et al. 2019; Benisty et al. 2021), and Balmer line and broad-
band ultraviolet excesses indicating ongoing accretion (Aoyama &
Ikoma 2019; Haffert et al. 2019; Hashimoto et al. 2020; Aoyama et al.
2021; Zhou et al. 2021). Aside from PDS 70b and c, just a handful
of potential protoplanets have been imaged, for example around AS
209 in the millimetre (Bae et al. 2022), and around MWC 758, AB
Aur, and HD 169 142 in the near-infrared (Currie et al. 2022; Zhou
et al. 2022, 2023; Hammond et al. 2023; Wagner et al. 2023). So far
these planet candidates lack the multiwavelength coverage needed
to strengthen their candidacy and determine whether they are still
in the process of forming (read: accreting). Helping to fill in the
panchromatic picture is a goal of this paper.

Why aren’t there more confirmed accreting protoplanets? It is not
for want of candidate protoplanetary discs. Dozens of discs with
morphological or kinematic signatures suggestive of gravitational
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forcing by planets have been searched (e.g. Zurlo et al. 2020;
Andrews et al. 2021; Asensio-Torres et al. 2021; Cugno et al. 2023a,
b). Are we looking for protoplanets at the right wavelengths? How
important is dust extinction? What about contaminating light from
the surrounding circumstellar disc?

We address these questions by modelling the spectral energy dis-
tributions (SEDs) of accreting protoplanets and their environments.
Early SED calculations considered simple power-law circumplane-
tary discs and ignored background circumstellar material (e.g. Eisner
2015; Zhu 2015). More recent attempts are analytic and consider cir-
cumplanetary discs surrounded by spherical envelopes with varying
density profiles (Adams & Batygin 2022; Taylor & Adams 2024), or
are numerical and rely on 3D radiative transfer and/or hydrodynamic
simulations (Szuldgyi et al. 2018, 2019; Chen & Szuldgyi 2022;
Krieger & Wolf 2022). We adopt an intermediate, semi-analytic
approach that tries to balance realism with efficient exploration of
parameter space and easy physical interpretation.

Flows around planets can be more spherical or disc-like depending
on how energy and angular momentum are transported (Szulagyi
et al. 2016; Fung, Zhu & Chiang 2019; Schulik et al. 2020; Choksi
et al. 2023; Krapp et al. 2024). We consider both geometries in
simplified limits, and calibrate our models against hydrodynamic
simulations (Choksi et al. 2023; Li, Chen & Lin 2023). For the most
part, we concentrate on the parameter space inspired by the DSHARP
survey of circumstellar discs (Andrews et al. 2018; Huang et al.
2018) and their candidate protoplanets (Zhang et al. 2018): super-
Earths to sub-Jupiters (~10-100 Mg) embedded in low-density
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Table 1. Summary of parameters in our SED models.

Parameter name Description Value(s)

M, Host star mass Mg

T, Host star effective temperature 4500 K

R, Host star radius 2.5Rq

Lage System age 1 Myr

a Protoplanet orbital radius {100,300} au
hesd/a Circumstellar disc aspect ratio at 100 au 0.1

Yesd Circumstellar disc gas surface density at a {0.03,0.3,3} g cm™2
Saust Dust-to-gas ratio {1073,1072}
mp Protoplanet mass {30, 100, 300} m gy
F; Protoplanet radius, normalized by Thorngren, Marley & Fortney {3, 10}

(2019) mass-radius relation

Qepd Shakura—Sunyaev viscosity parameter in CPD

{1074,1073, 1072}

circumstellar gaps at orbital distances of ~100 au. We consider how
circumplanetary material reprocesses shorter wavelength radiation
generated in the planetary accretion shock to longer wavelengths, as
well as the radiation generated internally in the accretion flow by
viscous dissipation and compression. We model only the broadband
SED redward of the optical (not the ultraviolet excess or line emission
from the accretion shock; cf. Aoyama et al. 2021 and references
therein), with an eye toward assessing detection prospects for the
Atacama Large Millimeter Array (ALMA) and the JWST.

Section 2 describes how we compute SEDs in spherical and disc
geometries. Section 3 presents our results across parameter space,
and provides a test application to PDS 70c. We summarize and
discuss in Section 4.

2 SED MODEL

We consider a planet orbiting a star of mass M, = Mg, effective
temperature 7, = 4500 K, and radius R, = 2.5Rg. These stellar
properties derive from evolutionary tracks evaluated at a system age
tage = 1 Myr (Choi et al. 2016). The planet is on a circular orbit with
radius @ = 100 au in the mid-plane of a circumstellar disc (CSD).
The local CSD height is h.q = 0.1a, the sound speed ccsq = hesa$2,
and the mid-plane temperature Tisq = uchgsd /kg = 26 K, where
Q = /GM,/a? is the Keplerian orbital frequency, G is the gravita-
tional constant, kg is Boltzmann’s constant, © = 2.4 is the gas mean
molecular weight, and my is the mass of the hydrogen atom. The local
surface density (inside whatever gap the planet may have opened) is
assumed to be X = 0.3gcm*2, and the volume density at the
mid-plane is pesq = Xesa/ («/Ehcsd). These fiducial parameters
are broadly consistent with observations of DSHARP gaps (e.g.
Choksi & Chiang 2022; Choksi et al. 2023, and references therein).
Alternate choices are listed in Table 1 and tested in Section 3.3.

We calculate SEDs of accreting protoplanets of mass m, = {30,
100, 300}mgy (cf. Szuldgyi et al. 2018 who focus on more massive
planets). Sub-Jupiter masses are typically indicated by the widths of
observed disc gaps (Dong & Fung 2017; Zhang et al. 2018). Our
parameters are such that the disc height & is greater than or equal
to the planet’s Bondi radius

Gmy

Bondi = —5 - (D
csd

In this ‘sub-thermal’ regime, the planet’s gravitational sphere of
influence is its Bondi sphere (not its Hill sphere) and we can neglect
the vertical density gradient of the background disc (e.g. Choksi
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et al. 2023). Most suspected gap-opening planets from DSHARP are
sub-thermal (table 1 of Choksi et al. 2023).

The planet’s mass accretion rate is assumed to be its time-averaged
rate over its age

Hip = Mp /tage. 2)

Planets growing much faster than (2) are unlikely to be observed be-
cause episodes of fast accretion would be short-lived (e.g. Choksi &
Chiang 2022).

We assume the planet has entered the hydrodynamic ‘runaway’
phase of growth, during which flows can accelerate to supersonic
speeds (e.g. Ginzburg & Chiang 2019a, and references therein). At
a distance rgocx from the planet’s centre, the accreting gas passes
through a shock into the planet’s (nearly hydrostatic) atmosphere,
converting its bulk kinetic energy into heat. The post-shock emission
is assumed to be from a blackbody of luminosity and temperature

Gmyin,

Lacc - T > (3)

T'shock

L 1/4
Tshock = (*> s (4)

2
dr shock SB

where ogsp is the Stefan—Boltzmann constant. Equation (4) agrees
quantitatively with radiation hydrodynamic simulations of accretion
shocks that find 280 percent of the accretion power thermalizes
immediately, for the sub-Jupiter masses that we focus on (Aoyama
et al. 2020, their fig. 10 and equations A3-AS5; see also Marleau
et al. 2017). Note that standard ‘cold start’ or ‘hot start’ cooling
models of planets passively radiating into empty space do not apply
for the actively accreting protoplanets of interest here (cf. Zhu 2015;
Berardo, Cumming & Marleau 2017; Szuldgyi et al. 2018). We do
not explicitly model the <20 per cent of the accretion power that is
released in non-thermal emission (mostly in Lyman «; Aoyama et al.
2020, 2021). Such radiation would be thermalized if the planet’s
surroundings (at r > rgock) are optically thick, as they often are for
our models.
The protoplanet’s size is essentially given by rgock. We set

I'shock

mp < mp, ) 2:|

= F; [0.96 4+ 0.211log,, — — 0.2 | log,y — , (5)
Ty my my
where ry and m; are the radius and mass of Jupiter. The expression
in square brackets is a mass—radius relation fit to gas giants that
are Gyr old (Thorngren et al. 2019). We introduce the parameter
F; > 1 because protoplanets may not have finished contracting. We
test F; = {3, 10}. These values are similar to those inferred for the
PDS 70 protoplanets based on their near-infrared SEDs (Miiller et al.
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2018; Wang et al. 2020; our Section 3.4), and lie within the range F; ~
2 — 40 predicted by protoplanet cooling models for planets aged 1—
10 Myr (Ginzburg & Chiang 2019b, their figs 2 and 4; the quoted
range accounts for uncertainty in the disc viscosity and atmosphere
opacity).

A fraction of the blackbody radiation from the accretion shock is
re-processed by dust exterior to rgock. The emergent SED includes
whatever planetary radiation is not intercepted, the re-processed
emission from dust, and radiation generated by compressional and
dissipative heating in the accretion flow. We try to be agnostic
about the geometry of circumplanetary material by computing
SEDs for both circumplanetary spheres (CPSs) and circumplane-
tary discs (CPDs, Section 2.2; the CPD models actually combine
discs + spheres). For spherical geometries, we use the Monte
Carlo radiative transfer code RADMC3D (Dullemond et al. 2012),
accounting for additional heating from compression during infall.
For disc geometries, we adapt the two-layer irradiated disc model
of Chiang & Goldreich (1997), accounting for additional heating
from viscous dissipation. The challenge for observers is to measure
the protoplanet’s SED against the spectrum of re-processed starlight
emitted by the local CSD; the latter is computed in Section 2.3.

2.1 Circumplanetary sphere (CPS) models

Over radial distances r = Fgyock t0 ¥ = hsg measured from the planet
centre, the gas density p.ps is taken from a spherically symmetric
Bondi solution (see Appendix A for equations solved). Our density
profile pcps(r) corresponds to mass inflow at the Bondi rate

Ty = nq(y)szipcsd/Cgsds (6)

where y is the adibatic index and g(y) = [2/(5 — 3y)]® /=2,
Hydrodynamic simulations of sub-thermal planets embedded in 3D
discs support this Bondi infall density profile, at least for y = 1; see
Fig. 1, which shows how the isothermal density profile reproduces
data from a 3D, global, isothermal planet—disc simulation by Choksi
etal. (2023; see also D’ Angelo, Kley & Henning 2003; Machida et al.
2010; Li et al. 2023; for adiabatic 3D simulations, see Fung et al.
2019). Fig. 1 also plots pcps(r) for y = 7/5, showing that the value of
y hardly affects the CPS density profile, which follows peys o< /2
when r < rgongi (free—fall) and pcps > pcsq in the opposite limit,
regardless of y.

In this paper, we use the density profile for y = 7/5 and riny, given
by equation (6), but note that (i) the planet’s net mass accretion
rate rir, does not equal n;,, and (ii) the temperature profile does
not correspond to a y = 7/5 adiabat. Regarding (i): our model
distinguishes between the inflow rate ri1y, (given by equation 6) and
the net planetary accretion rate 11, = iy, — Higy (given by equation
2). In principle, much of the gas entering a planet’s gravitational
sphere of influence (71;,, dominated by polar streamlines) can also
exit it (moy, dominated by equatorial streamlines; Ormel, Shi &
Kuiper 2015; Cimerman, Kuiper & Ormel 2017; Béthune & Rafikov
2019; Choksi et al. 2023). For our fiducial parameters, 71, = np /[ty
is smaller than 7y, by factors of 10-100 (see also fig. 13 of Choksi
et al. 2023). We will also explore the limiting case i, = iy, which
appears to apply to PDS 70bc.

Regarding (ii): our CPS temperature profile accounts for both
radiative heating from (passive reprocessing of) thermal photons
emitted by the planet’s accretion shock, and compressional heating
of gas during infall. The temperature fields considering each heat
source in isolation are Tr,a(r) and Teompress(7), respectively. The net
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Figure 1. Gas density pcps at distance r from the planet in a spherically
symmetric CPS (circumplanetary sphere) model. The dashed and dot-dash
curves show Bondi density profiles for two values of the adiabatic index y,
extending from the innermost CPS radius rgpock [s0lid vertical line; equation
(5) with F; = 3] to the outermost CPS radius given by the local circumstellar
disc height hcsq (vertical dash—dot line). The solid black curve shows the
density from a y = 1 3D-hydro planet-disc simulation for a 17 Mgy planet,
measured along a gas streamline directed toward the planet pole (Choksi et al.
2023). The simulation curve extends from r > hcsq Where pcps falls below
the circumstellar disc mid-plane value pcgq, to ~0.02 rpongi at the limit of the
simulation’s resolution. Where it can, the curve from the hydro-simulation
supports the Bondi solution as a description of the gas flowing into the planet’s
gravitational sphere of influence. Since y hardly affects the density profile,
we arbitrarily use the y = 7/5 curve when evaluating pcps (While not using
the temperature adiabat for y = 7/5; see Section 2.1 for how we compute the
CPS temperature Tcps). Using the Bondi infall solution pcps(r) helps us capture
the region near rghock Which dominates the optical depth (pcpsr o< ¥~ 172y and
which can be difficult to resolve in numerical simulations (cf. Szuldgyi et al.
2018, 2019).

CPS temperature is given by

T =T 4+ T2 + T, )

cps ra compress

where the last term is a temperature floor set by heating from the
star and background circumstellar disc. The net temperature Tcp is
fed into the sed routine of RADMC3D to obtain the emergent SED
AL, = 4wd*\F,, where d is distance to the source, A is photon
wavelength, and F; is flux per unit wavelength. When computing the
CPS SED, we exclude cells whose temperature is within 20 per cent
of the background T..4. The CSD’s emission is separately accounted
for in Section 2.3.

Dust and gas are assumed uniformly mixed throughout the CPS
(cf. Krapp, Kratter & Youdin 2022; Krapp et al. 2024 who consider
non-uniform mixtures). We explore a solar dust-to-gas ratio of fg,s =
1072, as well as a sub-solar ratio of 1073 since dust may be filtered
out of planet-carved gaps (e.g. Dong et al. 2017). We assume dust
grains follow the fiducial size distribution adopted by the DSHARP
collaboration (orange curve in fig. 5 of Birnstiel et al. 2018), and
calculate dust absorption opacities using the DSHARP-OPAC package.!
Fig. 2 plots the dust opacity « versus wavelength A for grains with

Thttps://github.com/birnstiel/dsharp_opac
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Figure 2. Dust absorption opacities « used in our SED models as a function
of wavelength . These are computed using the DSHARP-OPAC package and
have been averaged over the fiducial grain size distribution used by the
DSHAREP collaboration (Birnstiel et al. 2018). The solid black and dashed
red curves plot opacities for grains with and without water ice, respectively.
A vibrational mode of water ice boosts opacities around A = 2.7 um. By
default, we compute SEDs including water ice. We check this assumption
post-facto by measuring from RADMC3D the dust temperature where photons
of wavelength A = 2.7um reach radial optical depth unity (starting from
outside the CPS and integrating toward the centre). If this temperature exceeds
the ice sublimation temperature of 150 K, we rerun RADMC3D using the
opacity curve excluding water ice.

and without water ice. The main effect of including water ice is to
boost the opacity around A = 2.7 um. By default, we compute SEDs
using the opacity curve that includes water ice, but omit water ice if
temperatures prove too high (see caption to Fig. 2 for details).

To calculate the temperature Ti,q(r) that the CPS would attain if
heated only by planetary radiation, we use RADMC3D’s MCTHERM
routine. The planet is modelled as a point source with the blackbody
SED defined by equations (3) and (4). The planet source emits 10*
photon ‘packages’ across 30 wavelength bins uniformly distributed in
log-space between 0.1 and 10* wm. Radiative transfer is performed in
spherical coordinates (r, 6, y) centred on the planet, for radius r and
polar and azimuthal angles 6 and y, respectively. The number of grid
cells is {N;, Ny, Ny} = {64, 1, 1} (assuming spherical symmetry).
The spacing between neighbouring radial cells grows in proportion
to the distance from the planet according tor;/r; — 1 = 1/3, where
r; is the inner edge of the ith cell.

The temperature Tcompress(7') to which gas is heated by compression
during infall is determined by setting the local radiative cooling time

rlocpskBT .
teool = —————— if 1
= muoss THT)r | o <
kgT
= P i (r)y > ®)
pmyosgT*/(T)r

equal to the local infall time (i.e. compressional heating time) 4y, =
r/+/Gm,/r. Equation (8) is an order-of-magnitude estimate for the
cooling time that accounts for optically thin or thick conditions,
where ()7 = (k)7 Pcps faust? 18 the Planck-averaged optical depth
at the local T. The rationale behind setting fcoo1 = fayn is that if
feool K tayn the gas would be isothermal, whereas if fcoo1 > fgyn the
gas would be adiabatic. We have shown that neither limiting case
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is self-consistent (see Fig. 4), and so the actual temperature profile
must be intermediate, set by .ol = fayn. We solve for the temperature
field Tcompress() that satisfies this condition (by numerical iteration
since (k)7 is computed numerically). Since oo o< 1/T3, Teompress 18
a stable equilibrium.

Our main results for CPS models are presented without including
gas opacity or dust scattering. In Appendix B, we show how including
dust scattering in the CPS does not much alter the CPS SED. For an
assessment of how dust scattering may affect the light from the CSD
and by extension protoplanet detectability, see the end of Section 2.3.

2.2 Circumplanetary disc (CPD) models

We model CPDs that are heated both internally by viscous dissi-
pation, and externally by radiation from the planet and the star
(cf. Zhu 2015 who consider only viscous heating). The CPD is
assumed to be truncated by the planet’s magnetosphere at an inner
radius ry, = 2rgock, Characteristic of accreting gas giants whose
magnetic fields are in energy equipartition with their convective
flows (section 2 and bottom panel of fig. 1 of Ginzburg & Chiang
2020; see also Batygin 2018, who obtain similar values). The CPD
extends to an outer radius r,, Where by definition the CPD interior
temperature reaches the background circumstellar disc temperature
T.sq- At r > roy, the dust distribution reverts to a spherically CPS.

The CPD has the steady-state surface density
iy

&)

Ecpd 37'”3'5<:pd Ccpdhcpd ’
where atcpa = {1074, 1073, 1072} is the Shakura & Sunyaev (1973)
viscosity parameter, ccpd = \/kBTepa,mia/(mu) is the sound speed
at the mid-plane temperature Tepgmia, and Acpg = Cepa/+/ Gmy /r3
is the disc’s vertical height in hydrostatic equilibrium with the
planet’s gravity. The corresponding mid-plane density is pcpd,mid =
2:cpd/(\/ﬂhcpd)-

We assume the energy released by viscous dissipation is trans-
ported out by radiative diffusion, so that the mid-plane is heated
to

3Gmyniny (T, o\ 4
Tepa.mia = Min e Cpt)tama ) 500 || (10)
' 16w ospr?

where <Tcpd>Tcpd.mid = (K)Tcpd.mid Yepd fause and (k)7 is the dust-only
opacity averaged over the Planck function at temperature 7. The
temperature ceiling at 1500 K accounts for how dust sublimation
thermostats the mid-plane temperature (D’ Alessio et al. 1998, 1999).
Using the wavelength-dependent DSHARP—OPAC opacities excluding
water ice (Section 2.1), we numerically solve equations (9) and
(10) for Xepa(r), Tepd, mia(r), and hepa(r), and verify post-facto our
assumption that the CPD is optically thick. For reference, when
the opacity is constant and dust has not sublimated, Zcpq o 7>/,
Tepa o< r™/1% and hepq ox r*1/%. The last scaling implies the CPD is
flared but only barely so.

The portion of the CPD energy budget from passive reprocessing
is computed following Chiang & Goldreich (1997) and Chiang et al.
(2001). Grains in the disc surface layers are directly exposed to
radiation from the planet and attain the equilibrium temperature

1/4
T'shoc 12 <K) shocl
Tepds = Tonock ( - k) ( ek ) : (11

8(K) Tepa s

Half the radiation emitted by the surface grains is directed away from
the CPD to be reprocessed by the surrounding CPS. The other half is
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directed into the CPD interior, heating it to a minimum temperature
Tshock \ /2 ( Vepa \ /4

)i = Tehook ( r ) (—j ) : (12)

which neglects the contribution from viscous heating (to be added

below), and which assumes the interior is optically thick. Here,

Vepd = rd(Hde/r)/dr + 0-4rshock/r (13)

is the angle at which radiation from the planet grazes the CPD
photosphere at height H.,q above the mid-plane. The ratio Hepd/hcpg
is a logarithm on the order of a few, and we fix it to be 3. Note the ir-
radiation grazing angle y.pq is assumed to depend on T¢pg, mig Which is
set by viscous heating, rather than T4 ;; this assumption is safe since
Tepa,mia is the highest disc temperature in our models. Equation (12)
accounts only for passive reprocessing and neglects viscous heating.

Accounting only for viscous heating gives an effective (photospheric)

1/4 .
temperature for the CPD of Tepamia/ ((Tepa) Topg mia /2) ’* We combine
these heating terms to estimate a net interior temperature Tepq ;:

4

T .
cpd, mid (14)

4 _ / 4
TCPd.i B (Tde.i) * (Tcpd)T d. d/2
cpd, mi

which ensures energy flux conservation.
The SED for a CPD viewed face-on is computed as

(AL3)epa = 8% / L(r)rdr, (15)

where 7, is the intensity per unit wavelength emitted from disc radius
r. The contributions to I, are from the optically thick disc interior
and the optically thin surface

YepdK )

<K > Tshock

L, = BA(Tcpd,i) + BA(Tcpd,s) s (16)
where B, (T) is the Planck function evaluated at temperature 7', and
the factor multiplying B; (Tcpa,) is the optical depth of the optically
thin surface layer. For k(A), we use opacities that include water ice
if Tepa,s < 150 K, and otherwise do not. We define r = r; to be the
location where Tepq; (the lowest computed temperature of the disc)
crosses the system floor temperature of 7.
To the CPD SED we add the planet SED

L) pianctsepd = 47 T 0am Ba(Tohock) + (AL cpa - (17)

The emission from the planet + CPD is re-processed by a CPS
dust shell from 7oy < 7 < hesa. The SED emerging from the shell
is computed using RADMC3D by excising the inner r < roy from a
CPS model, and placing at » = 0 a point source whose SED is given
by equation (17) for the planet + face-on CPD. The procedure is
otherwise the same as in Section 2.1. Since in reality the CPD is
less bright when viewed edge-on, using the face-on CPD SED to
isotropically heat the surrounding CPS overestimates the flux in the
emergent SED. The error, however, is only on the order of unity for
a shell that is optically thick to CPD radiation, and less for a shell
that is optically thin.

2.3 Local circumstellar disc (CSD)

We compute the SED of a circular patch of the CSD, of area mwh,

centred on the planet. The CSD SED is determined by passive
re-processing of starlight and not by viscous dissipation which is
typically not competitive with stellar irradiation beyond a 2> 1 au
(Chiang & Goldreich 1997).

We divide the CSD into an interior at temperature 7.y and an
exposed surface layer at temperature Tceq 5. We set Tegas = 50 K,
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about twice T.y (e.g. fig. 5 of Chiang et al. 2001). The SED of a
patch of area wh2; is

OL3)esa = 47°h;,

csd

A Bi(Tesa)(1 — e77)

)/cde(}‘)
(k) T,

where Tcsd()\): K()\)Ecsdfdusta and Vesd = O4R*/a + ad(Hcsd/a)/da
is the angle at which stellar radiation strikes the CSD photosphere at
height H.y above the mid-plane. We take H.gq = 3hcsg and heg
a®’7 (Chiang & Goldreich 1997; Chiang et al. 2001); together these
yield yesa 2 (6/7)hesa/a. Because Teeqs < 150 K, we use opacities
that include water ice. Note that we have not assumed the CSD
interior to be optically thick.

Scattered starlight from the CSD is not explicitly modelled but
we assess its significance here. For a blackbody star of luminosity
L, whose SED peaks at wavelength A,, we estimate the starlight
scattered off an area wh2; of the CSD surface as

+ (1 4+ ¢ ™) B, (Tesa, ) (18)

L,(h /)

dnal Vesd ﬂhzsd Qscar(V), (19)

()‘ LA )csd, scat ~

where L, (X, /))? is the broad-band Rayleigh—Jeans stellar luminosity
at wavelength A, and Q. is the dust scattering efficiency or
albedo. For L, ~ Lg, A, ~ 1 um, A ~ 4 um (corresponding to the
F444W passband of JWST’s NIRCam), and yeq ~ hesa/a ~ 0.1, we
have (AL;)esq sear ~ 4 X 1078 Qgeal. The scattering albedo Qgca
is a sensitive function of dust grain radius s and wavelength; in
the Rayleigh limit 27s < A, Qga ~ (27rs/A)*. For CSD surface
grains of size s = 0.1 um, (ALj)gq e ~ 2 X 107°Ley, well below
the 1077 — 107*L, emitted thermally by circumplanetary material
(depending on planet mass and other parameters; see Section 3). By
contrast, for s = 1 um, scattering may be in the geometric limit and
QOscar On the order of unity; then (ALj)csq sear ™ IO*G(QSCm/O.S)L@
and scattered near-infrared starlight may overpower circumplanetary
emission in some cases. At mid-infrared and longer wavelengths,
scattered starlight is unlikely to introduce significant confusion
because of the A* dependence in Q.

3 RESULTS

We describe SEDs of pure CPS models in Section 3.1, and com-
bined CPD + sphere models in Section 3.2. In those sections, we
concentrate on the effects of varying planet mass m, and dust-to-gas
ratio fauy; other parameters of protoplanet radius F,, stellocentric
radius a, and circumstellar disc surface density ¥y are explored in
Section 3.3. An application of our model to the protoplanet PDS 70c
is presented in Section 3.4.

3.1 SEDs of circumplanetary spheres (CPSs)

Fig. 3 shows SEDs for accreting protoplanets surrounded by spheri-
cally symmetric envelopes having different dust-to-gas ratios (black
curves). For fa = 1073 (dashed black), the CPSs are largely
optically thin in the near-infrared (marginally so for m, = 300 Mgy;
Fig. 4d-f). The emergent power at these wavelengths traces the
underlying blackbody emission from the accretion shock: for proto-
planets that are F; = 3 times puffier than mature (cooled) planets,
the bulk of the accretion power is radiated at wavelengths 3—6 um,
corresponding to temperatures Tgpocx = 5S00-1000 K.

Solar metallicity CPSs ( fuusx = 1072) can be orders of magnitude
fainter in the near-infrared (solid black curves in Fig. 3) because they
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Figure 3. Spectral energy distributions (SEDs) of protoplanets surrounded by circumplanetary spheres (CPSs). Different panels correspond to different mass
planets as labelled. Solid and dashed black curves show the emergent SEDs from CPSs with dust-to-gas ratios of 10~2 (solar metallicity) and 10~3, respectively,
calculated using RADMC3D. These SEDs include radiation from the planetary accretion shock that escapes the CPS, plus emission from CPS dust grains heated
by the accretion shock and compressed infalling gas. Spectral features due to water ice (2.7 um) and silicates (10 pm) are visible in absorption. The solid red
curve shows the SED of re-processed starlight from the local circumstellar disc (CSD), scaled to an emitting area ﬂhid and plotted for a solar faust = 1072,
Most of the CSD emission is generated by the surface layer (red dash—dot curve) and is insensitive to fq,s. Shaded regions mark the passbands for coronographic
imaging with the JWST Near-Infrared Camera (NIRCam) and Mid-Infrared Instrument (MIRI), and the wavelength range of the Atacama Large Millimeter Array
(ALMA). Protoplanets seem most easily detectable against the local CSD with NIRCam. The upward pointing triangles in the NIRCam and MIRI passbands
mark detection limits for coronographic imaging without a background CSD in the F444W and F1065C bands, respectively, at a planet—star separation of 1
arcsec (5o limit for F444W reported in fig. 5 of Carter et al. 2023, and 3o limit for F1065C in fig. 5 of Boccaletti et al. 2022; the contrast with the host star
is 12.5 and 11.7 mag, respectively). The triangle in the ALMA passband corresponds to a 1.3 mm continuum flux of 110 pJy at a distance of 100 pc. This is
the minimum flux needed for a point source to be detected against the background CSD according to injection tests performed on DSHARP gaps (table 4 of

Andrews et al. 2021 for a 90 per cent recovery fraction).

obscure the radiation from the planet, with optical depths ranging
from ~2-20 (Fig. 4d—f). The photospheres of these CPSs are cold
enough to retain water ice on grains (T < 150 K; Fig. 4g—i); the 2.7
pm vibrational resonance from ice appears in absorption and carves
out even more near-infrared flux. Surprisingly, Fig. 3 also shows that
for fys = 1072, more massive protoplanets are fainter in the near-
infrared. This trend is a consequence of more massive planets pulling
down greater amounts of gas and dust into their Bondi spheres, so
that their envelopes are optically thicker (Fig. 4a—c). The extinction
e~ " increases with planet mass more steeply than does the accretion
luminosity.

Power at wavelengths 10-1000 pxm comes from heated CPS dust.
In our modelled CPSs, compressional and radiative heating are
competitive with each other (cf. Adams & Batygin 2022 and Taylor &
Adams 2024 who neglect compression). Fig. 4(g—i) demonstrates this
by plotting the temperatures Tr,g and Teompress that the CPS would
have if each heat source were considered in isolation, and showing
that the two temperatures are comparable, with Teompress > Traa for
fause = 1072 and m, < 100 Mp.

Fig. 3 shows that for A = 20 um, the local CSD (red curve) is
orders of magnitude brighter than the CPS. Prospects for directly
imaging an embedded planet are much better at 1 < 10 um where
contamination from the CSD is weaker. Fig. 3 plots detection limits
for near-infrared coronographic imaging with JWST’s Near-Infrared
Camera (NIRCam) and Mid-Infrared Instrument (MIRI). At A =~
4 pum, protoplanets more massive than Saturn (~100Mg) may be
bright enough to be detected with NIRCam against the glare of their
host stars, if the dust-to-gas ratio in the circumplanetary environment

MNRAS 537, 2945-2960 (2025)

is sufficiently sub-solar. A similar statement applies at A ~ 11 um
for m, 2 30 Mg imaged with MIRL

3.2 SEDs of circumplanetary discs (CPDs)

Fig. 5 shows SEDs for hybrid models in which the protoplanet
accretes from a CPD surrounded by a CPS shell, for dust-to-gas
ratios of fy,q = 1073 (dashed curves) and 1072 (black curves). Near-
infrared emission originates from the planetary accretion shock,
mid-infrared emission from the CPD, and far-infrared and longer
wavelength radiation from the CPS shell. As fy, increases, the CPS
shell obscures and reprocesses more of the protoplanet’s emission.

Most of the CPD emission comes from the viscously heated
interior and not from the passively re-processing surface layer.
Viscous dissipation dominates because our CPDs flare only weakly
(Hepa /1 o hepa/r o< r1/%%; Fig. 6d), keeping the radiation grazing
angle y.pq low (Fig. 6¢), and by extension the optical depth of the
surface layers low (Fig. 6b, dotted curve).?

As in spherically symmetric pure-CPS models, the emergent SED
from CPD models is masked by circumstellar (CSD) emission
longward of 20 pum (red curve in Fig. 5). We conclude that,

2The scalings of effective temperature with radius are identical (Tefr o< 34y
between a viscously heated disc accreting at some steady rate, and a perfectly
flat disc passively reprocessing light from a central source powered by
accretion at the same rate (e.g. Shu 1992). But the order-unity coefficients are
such that the emitted fluxes (o Te‘tf) of the former exceed those of the latter
by about a factor of 10.
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Figure 4. CPS properties versus distance r from the planet centre (ry is Jupiter’s radius). Vertical solid lines running through each column mark the inner
boundary of the CPS at the planetary accretion shock r = rghock, and the outer boundary at the CSD scale height r = hgq. Vertical dashed and dotted lines
mark the planet’s Bondi radius rgongi = Gmp /cgsd and Hill radius ryin = (mp/ M) 3a, respectively. Our SED model is intended to describe planets in the
‘sub-thermal’ regime where both of these scales are smaller than hcgq. First row: gas density in the CPS, following the Bondi inflow profile with y = 7/5.
When r < rBondi» Pcps X r—3/2 (free fall). In the opposite limit, pcps asymptotes to the background pcsg marked by the dotted horizontal line. The dust density
(not shown) is lower than the gas density by a factor fyust = {1073, 1072}. Second row: radial optical depth from dust absorption, averaged over the Planck
function at the planet’s surface temperature Tghock. In this and following rows, solid curves correspond to fqust = 1072 and dashed curves to Sfaust = 1073, Third
row: CPS temperatures. Magenta curves show Tr,q, the temperature the CPS would have if only passively reprocessing radiation from rghock, calculated using
RADMC3D. Green curves show Teompress, the temperature the CPS would have if heated only by compression during infall, calculated by setting the local radiative
cooling time fcq01 (equation 8) equal to the local infall time fayn = r//Gm,/r. Horizontal dotted lines mark the background 7csq set by stellar heating. The
net CPS temperature is shown by the solid black curves and is defined by TC‘LS = Tc‘f)mpress + T34 + T2 . Fourth row: demonstration that strictly isothermal and
adiabatic CPS temperature profiles are not self-consistent. Gold curves plot Zcool /Zdyn for the adiabatic CPS temperature Tag = Tcsd(Ocsd/ pcps)y‘l. In this case
feool K tdyn, contradicting the adiabatic assumption. Black curves evaluate the cooling time if the CPS were isothermal at Tcsq everywhere; then feool >> fayn
across much of the envelope, contradicting the isothermal assumption. Our model assumes compression heats the CPS up to the point that 7.001/ tdyn = 1 (green
horizontal line), yielding Teompress. Since fcool o€ 1/ T3, Tcompress is a stable equilibrium.
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Figure 5. SEDs of protoplanets surrounded by circumplanetary discs (CPDs). Different panels correspond to different mass planets as labelled. Our modelled
CPDs are heated by viscous dissipation in their interiors and by planetary radiation incident on their surfaces. The SED is not sensitive to the CPD viscosity
parameter acpq (here fixed to 1073) because the interior is optically thick. The planet + CPD radiation is re-processed by an outer CPS dust shell, assuming
faust = 102 (black solid curve) or Saust = 10~3 (black dashed curve). The solid red curve shows the SED of re-processed starlight from the local circumstellar
disc (CSD), scaled to an emitting area nhgsd and plotted for solar faust = 1072, Most of the CSD emission is generated by the surface layer (red dash—dot
curve) and is insensitive to fgus. Shaded regions mark the passbands for coronographic imaging with JWST NIRCam and MIRI, and the wavelength range
of ALMA. As in the spherically symmetric case (Fig. 3), protoplanets with CPDs seem most easily detectable against the local CSD with NIRCam and the
shorter wavelengths of MIRI. The upward pointing triangles in the NIRCam and MIRI passbands mark detection limits for coronographic imaging without a
background CSD in the F444W and F1065C bands, respectively, at a planet—star separation of 1 arcsec (5o limit for F444W reported in fig. 5 of Carter et al.
2023, and 3¢ limit for F1065C in fig. 5 of Boccaletti et al. 2022; the contrast with the host star is 12.5 and 11.7 mag, respectively). The triangle in the ALMA
passband corresponds to a 1.3 mm continuum flux of 110 uJy at a distance of 100 pc. This is the minimum flux needed for a point source to be detected against

the background CSD according to injection tests performed on DSHARP gaps (table 4 of Andrews et al. 2021 for a 90 per cent recovery fraction).

regardless of how circumplanetary material is spatially distributed,
detection prospects for embedded planets are best at A < 10um,
where emission from the relatively hot accretion shock (plus radiation
from the planet’s interior, not included in our SEDs) stands out
against the cooler circumstellar disc. The planetary near-infrared
emission is less extincted when circumplanetary material is flattened
into a face-on disc; Saturn and higher mass planets can conceivably
be detected with JWST NIRCam in our CPD models (Fig. 5) but may
not be in our CPS models (Fig. 3). At A ~ 11um, detection of 30 Mg,
planets with MIRI appears possible in both CPD and CPS models.

In our simplistic hybrid model, the gas density is not continuous
at the CPD/CPS boundary (Fig. 6a). A more physical model would
better capture density gradients there. However, whatever artefacts
our density discontinuity induces in the protoplanet SED are likely to
be masked by the local CSD SED, since at the CPD/CPS boundary,
the CPD interior temperature grades into the CSD temperature, by
construction.

3.3 Other model parameters

Fig. 7 explores how CPS and CPD SEDs depend on the normalized
protoplanet size F;, orbital radius a, and background gas surface
density X.q. We vary these parameters one at a time while holding the
others fixed at {F;, a, Xcq} = {3, 100au, 0.1 gcm™2}, the values
used in Figs 3-6.

Puffier protoplanets (larger F;) are more difficult to detect because
they have lower accretion luminosities (at fixed m, and r,) and
therefore less emission overall (Fig. 7a-b). Increasing the planet’s
orbital radius a does not much affect the emergent SED in either

MNRAS 537, 2945-2960 (2025)

CPS or CPD models (Fig. 7c—d). However, farther from the star,
the CSD is cooler (at a = 300 au, we set T.qs = 30 K) and so
its SED shifts to longer wavelengths, opening up the possibility
of detecting protoplanet emission against the CSD background with
MIRI (JWST’s mid-infrared instrument). A lower background surface
density ¥y reduces the extinction from the CPS (or outer CPS shell
in CPD models), allowing more of the near-infrared flux from the
accreting protoplanet to emerge unimpeded (Fig. 7e—f).

We found that changing the disc viscosity parameter acpq from
10~* to 1072 does not noticeably affect the SED (data not shown).
Increasing apq reduces the mass in the CPD (at assumed fixed rip),
but the CPD emission is independent of mass in so far as it comes
mostly from the photosphere of the optically thick interior.

3.4 Application to PDS 70c

We apply our model to reproducing the SED of PDS 70c, a confirmed
protoplanet of mass mj, ~ 1 — 10 my and age t,,c ~ 5 Myr (for these
and other parameters of the PDS 70 system, see Choksi & Chiang
2022; Choksi et al. 2023, and references therein). The planet is
located 34 au from a M, = 0.88 Mg star within a transitional cir-
cumstellar disc cavity of surface density Z.q ~ 0.008 g cm™2, dust-
to-gas ratio fause &~ 1.5 % 103, and mid-plane temperature Teq =~ 20
K (Portilla-Revelo et al. 2023). Given the above parameters, PDS 70c
is ‘superthermal’, i.e. its gravitational sphere of influence is limited
not to its Bondi sphere but to its Hill sphere, whose radius exceeds the
CSD gas scale height. Accordingly, most of the CSD material may
accrete into the Hill sphere at lower planet latitudes, closer to the disc
mid-plane (see e.g. fig. 7 of Choksi et al. 2023). We are therefore
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Figure 6. Our model acpq = 103 CPD around an mp, = 100 Mg planet accreting at rirp = mp/tage (corresponding SED shown in the middle panel of Fig. 5).
The solid vertical line on the left of each panel marks the planetary accretion shock at r = rgpock; the CPD inner edge is at 2rghock (boundary of a magnetospheric
cavity). At faust = 1072, the CPD is highly optically thick (panel b, solid curve) and mid-plane material is heated viscously to Tcpd,mia (panel ¢) assuming heat
transport by radiative diffusion and a maximum temperature of 1500 K regulated by dust sublimation. The mid-plane temperature sets the CPD scale height /¢pq
(panel d) and thus the mid-plane gas density (panel a) given the surface density (panel f), all solved for self-consistently [equations (9) and (10) and surrounding
formulae]. The disc surface layer at Hepg = 3hcpd, with density pepa,s = pcpd,mide_g/ 2 is heated to Tepa,s by radiation from the central accretion shock and has
a vertical optical depth (dotted line in panel b) determined by the angle y.pq at which this radiation grazes the disc surface (panel e). The photosphere of the disc
interior is heated to Tcpa,; by both irradiation and accretion. Where it falls below the background temperature Tcsq defines the outer CPD radius rou (dash—dot
vertical line), beyond which we include a spherical dust shell (CPS), here marginally optically thin to planet light (for fyu,q = 1073, the optical depth would be
10 times lower). The CPD (excluding CPS) mass is mcpq ~ 0.1 mgy. Note the change in radial scale between left and right columns.
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Figure 7. How CPS SEDs (left column) and CPD SEDs (right column) depend on input parameters, at fixed m, = 100 Mg and solar dust-to-gas ratio
Faust = 1072, In each column, the black solid curve plots the emergent protoplanet SED for a fiducial parameter set {Fy, a, Xca} = {3, 100au, 0.3 gcm™2}
and is the same across all panels vertically. Each panel in a column varies one of these parameters at a time, with different line styles corresponding to different
parameter choices as labelled. Top row: how SEDs depend on the protoplanet’s normalized radius F;. More compact protoplanets (smaller F;) are brighter and
have bluer SEDs less masked by CSD emission (red curve). Middle row: how SEDs depend on the planet’s orbital radius a. The background CSD temperature
is scaled using Tesq o< a=3/7 (Chiang & Goldreich 1997). Increasing a boosts protoplanet detectability at short wavelengths by shifting CSD emission to longer
wavelengths. Bottom row: how SEDs depend on the local surface density X.sq (inside whatever circumstellar gap the planet may have opened). Higher densities
increase the optical thickness of the CPS (or outer circumplanetary shell in CPD models) and lead to stronger attenuation of the protoplanet’s near-infrared
accretion luminosity. The CSD SED changes by at most a factor of a few between the different X 4q values because for these values the CSD stays optically
thick to starlight (contrast with PDS 70 as shown in Fig. 8).
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Figure 8. Reproducing the observed SED of the protoplanet PDS 70c
(crosses; Mesa et al. 2019; Wang et al. 2020, 2021; Benisty et al. 2021;
Christiaens et al. 2024) using a pure-CPD model for {mp, tage, faust» Tcsd} =
{3my, 5Myr, 1.5 x 1073, 20 K} (table 1 of Choksi et al. 2023; Portilla-
Revelo et al. 2023), an accretion shock radius rghock = 4.5 ry (cf. Wang et al.
2020), a CPD inner edge rin = S5rshock (possibly the result of magnetospheric
truncation), and an accretion rate r, = mp/tyge. The total model SED
(solid curve) is the sum of the emission from the planet’s accretion shock
(dotted curve) and the CPD’s interior (dash—dotted) and surface (dashed).
Our model CPDs are largely self-luminous, with viscous heating dominating
passive reprocessing (see Section 3.2). Unlike our standard CPD models, our
model for PDS 70c omits the surrounding CPS envelope on Bondi scales
because rBondi > hcsd- PDS 70c sits inside a highly depleted transitional disc
cavity having a gas surface density Ssq = 8 x 1073 gem™2, as inferred
from observations of CO isotopologues (Choksi & Chiang 2022). This
surface density is a factor of 40 lower than in our fiducial models, and
renders the PDS 70 cavity optically thin to incident starlight; the local
CSD SED is modelled using a single, optically thin blackbody having
(AL))esd = 4n2h§SdAB~A(TCSd)K()L)ZCSd fdust- From a combination of multiple
factors, the local CSD is orders of magnitude fainter than in our fiducial
models (see Section 3.4 for details). The detection limits in the NIRCam
and MIRI passbands correspond to the same contrasts with the host star
as in previous figures, but now reflect a stellar radius and temperature of
R, =1.1Rg and T, = 4100 K (Keppler et al. 2019).

motivated to consider a pure-CPD model for PDS 70c, omitting
the surrounding CPS shell on Bondi scales. We do not model PDS
70b, but note that its mass and observed near-infrared and mm-wave
brightness are similar to those of PDS 70c (see e.g. Choksi & Chiang
2022).

Fig. 8 shows our model SED (solid curve) fitted by eye to the
observations (crosses). All the near-infrared flux from A ~ 1 to
4 pm originates from the accretion shock, a spherical blackbody
of mass m, =3m; and radius rgex = 4.5y, accreting at rate
iy = Mp/tyge = 0.6 m; Myr~'. Our adopted accretion rate ny, is
within a factor of 2 of the theoretical maximum of m1;, ~ 1 mjy Myr"
computed according to equation (18) of Choksi et al. (2023) for our
parameters. Our fitted value of rgox corresponds to F; & 4.5, within
the range expected from protoplanet cooling models (see discussion
following equation (5)).
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The radius of the CPD inner edge is fitted to be riy 2 Srshock =
22.5ry. Smaller values of ry, result in the disc contributing too
much flux in the near-infrared. Larger values may be constrained
with future long-wavelength MIRI observations. If ry, is set by
the planet’s magnetosphere, the magnetic field strength at the
planet’s effective surface at rgox is B 2 200 Gauss, assuming a
dipole field (Ghosh & Lamb 1978). This constraint is consistent
with expectations from a convective dynamo which predicts B ~
(M /7300 (Lace /73,00)"® ~ 500 Gauss (Christensen, Holzwarth
& Reiners 2009).

The mm-wave flux measured by ALMA (Benisty et al. 2021)
originates from the cool outer regions of the CPD. The disc extends
to rout & 700ry & ryy;/10, small enough that it avoids being resolved
by ALMA. For our assumed c¢pg = 1072, the CPD mass is n1,,/300.
For further model details, see Fig. 9.

Fig. 8 also shows that the local CSD is orders of magnitude fainter
than the CPD, unlike in typical annular ALMA gaps (contrast with
Figs 3 and 5). The difference arises from a number of factors,
one of which is that the transitional disc cavity hosting the PDS
70 protoplanets is optically thin even to host star radiation, and
is therefore modeled as a single dilute blackbody with (AL;)csa =
4n2hzsdABk(Tcsd)r()\) (cf. equation 18). The optical depth at the
blackbody’s peak wavelength is T &~ 4 x 107*, a factor of 100
smaller than the maximum vertical (perpendicular to the mid-plane)
optical depth of 0.25 X hsq/a = 0.03 for the fiducial CSD’s surface
layer (the factor of 0.25 is the ratio of emissivities at the peak
emitting and absorbing wavelengths). Second, the CSD temperature
of T.,q =20 K from mm-wave observations is lower than the
50 K surface layer temperature adopted in our fiducial models
and accounts for another factor of ~(50/20)4 = 40 reduction in
luminosity. Finally, the area wh2 of the emitting patch is a factor
of 36 smaller at the location of PDS 70c compared to our fiducial
model.

4 SUMMARY AND DISCUSSION

To aid ongoing efforts to directly image protoplanets, we have com-
puted the broad-band SEDs of planets embedded within and accreting
from their parent CSDs. The accreting protoplanet is modelled as a
spherical blackbody powered by accretion. It gives rise to radiation
a few microns in wavelength. The longer wavelength emission, from
the mid-inrared to the radio, arises from circumplanetary dust whose
distribution can be spherical or disc-like. The dust is heated externally
by planetary radiation and internally by compression and/or viscous
dissipation.

A lesson learned from our modelling is that circumplanetary
material is hard to see against the background CSD at wavelengths
longer than ~20 microns. The protoplanet has to contend with
a typically flared CSD that intercepts an order-unity fraction of
light from its host star. A patch of the CSD, located near the
planet and having dimensions on the order of a scale height, can
emit up to ~0.1 percent of the stellar luminosity. Most of that
power emerges from the uppermost layer of the CSD which directly
absorbs starlight at visible wavelengths, reprocessing it to the same
long wavelengths characterizing circumplanetary material. Even the
circumstellar gaps observed by the ALMA may be optically thick
to incident starlight, thereby emitting strongly from mid-infrared to
radio wavelengths. Such contaminating light may frustrate searches
for protoplanets using ALMA or the long-wavelength portion of the
JWST’s MIRI. Previous protoplanet SED models omitted considera-
tion of background circumstellar disc light (e.g. Zhu 2015; Adams &
Batygin 2022; Taylor & Adams 2024) or may not have resolved the
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Figure 9. Diagnostics of a pure-CPD model for PDS 70c that reproduces its observed SED (see the caption to Fig. 8 for parameter choices, and the caption to
Fig. 6 for descriptions of the variables plotted). For PDS 70c, rgondi > il > fcsd, and so we omit the CPS envelope on Bondi scales that surrounds the CPD
in our standard models; here the model ends at the CPD outer radius roue (Where T¢pq,i falls below Tsq, panel ¢). The outermost portion of the CPD is shadowed
from the host planet (see panels d and e where d(Hcpa/r)/dr and the irradiation grazing angle y.pq drop below zero). In these regions, passive reprocessing,
which was dominated by viscous heating even in unshadowed regions, is omitted from the energy budget. Note the change in radial scale between left and right
columns.
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circumstellar disc surface layers where starlight is absorbed (e.g.
section 2.2 of Szuldgyi et al. 2019 and section 2.3 of Krieger & Wolf
2022).

The good news is that protoplanets may outshine enshrouding
circumstellar discs at shorter wavelengths because protoplanet tem-
peratures of ~300-1000 K (for objects in their final decade of radius
contraction) are much greater than CSD temperatures of ~30 K.
Table 2 compiles protoplanets hypothesized to reside within gapped
discs, and provides estimates for their accretion rates, luminosities,
shock temperatures, and corresponding peak blackbody wavelengths
and fluxes (without extinction). The brightest candidate sources all
peak in the near-infrared, presenting potential targets for JWST’s
NIRCam and the short-wavelength portion of MIRI. Searches using
these instruments are in progress (e.g. Cugno et al. 2023a). We found
that protoplanets more massive than Saturn could be detected using
the NIRCam and MIRI coronographs. At these masses, near-infrared
starlight scattered off the CSD is unlikely to introduce confusion
(Section 2.3). Still, detection hinges on minimal circumplanetary
dust extinction. It helps if circumplanetary dust has settled into a
disc (Fig. 5). If circumplanetary material is more spherical (as might
be expected for less massive protoplanets), dust must be depleted by
about an order of magnitude compared to solar proportions to avoid
obscuring the protoplanet (Fig. 3). There is hope for sub-solar dust-
to-gas ratios inside of planet-carved gaps because of aerodynamic
filtration (e.g. Paardekooper & Mellema 2004; Dong et al. 2017).

Given the potential for confusion by thermal CSD emission at
long wavelengths and scattered starlight at short wavelengths, and
the threat of extinction from circumplanetary dust, it is perhaps
no wonder that so few gap-opening protoplanets, many of which
have suspected masses as low as ~0.03mj; >~ 10 Mg, have not
been detected with confidence. Exceptions include the confirmed
protoplanets PDS 70b and c, which are super-Jupiters privileged to
reside within an especially well-evacuated circumstellar disc cavity.
To the ranks of PDS 70b and ¢ we might hope to add the brightest
sources in Table 2: SR 4, Elias 24, MWC 758, HD 143006-G1, and
AB Aur, whose masses are estimated to be comparable to if not
greater than Jupiter’s, and whose emission should be brighter than
those of their local CSDs at near-infrared (but not necessarily longer)
wavelengths.

In our modelling, we have tried to be agnostic about circum-
planetary geometry by considering both circumplanetary spheres
and CPDs. Both geometries have been found in numerical simula-
tions, depending on planet mass and how flow thermodynamics are
treated. For low-mass sub-thermal planets (see equation 1), quasi-
spherical envelopes have been observed in adiabatic (Fung et al.
2019), isothermal (Choksi et al. 2023), and radiation hydrodynamic
simulations (Cimerman et al. 2017; Moldenhauer et al. 2021). For
more massive superthermal planets, both spheres and discs have been
seen. Radiation hydrodynamic simulations report nearly hydrostatic,
spherical envelopes extending to a fraction of the Hill (not Bondi)
sphere (Szulagyi et al. 2016; Lambrechts et al. 2019; Krapp et al.
2024; but see section 4 of the latter work for a discussion of how
this envelope structure might be an artefact of boundary conditions).
Isothermal simulations in the superthermal regime produce more
disc-like geometries within the Hill sphere (Choksi et al. 2023; Li
et al. 2023). For the superthermal super-Jupiter protoplanets in PDS
70, disc-like geometries are supported by how well the near-infrared
SED conforms to a relatively unobscured blackbody (Fig. 8; see a
similar no-extinction, disc scenario in section 3.3 of Choksi & Chiang
2022).

A related theoretical question is how fast protoplanets accrete gas,
and how this rate depends on planet and disc properties. Recent
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work has established a hydrodynamical upper bound on accretion
rates (Choksi et al. 2023; Li et al. 2023), but the extent to which
actual accretion rates approach the theoretical maximum has yet
to be calculated from first principles. At issue are mechanisms
for angular momentum transport in the circumplanetary region;
candidate mechanisms include a Lindblad torque from the host
star (Zhu, Ju & Stone 2016; Xu & Goodman 2018), and self-
gravity (Gammie 2001). Although the case remains tenuous, PDS
70c may be accreting at nearly the maximum rate, predicted to be
1 myMyr~! from equation (18) of Choksi et al. (2023). This rate is
within a factor of two of the planet’s time-averaged accretion rate
My [tage = 0.6 my Myr~! (see also fig. 13 of Choksi et al. 2023). It
also yields an accretion luminosity of order 10~*Ly that appears
consistent with the observed near-infrared SED (Wang et al. 2020)
and the observed mm-wave flux (Benisty et al. 2021), as we have
shown with our SED model (Fig. 8). Unexplained in this picture is
why the mm excess detected around the sibling protoplanet PDS 70b,
though similar in total flux to PDS 70c, is more spatially extended
(Isella et al. 2019; Benisty et al. 2021). Also puzzling is why an
accretion-powered ultraviolet excess is observed for PDS 70b but
not for PDS 70c (Zhou et al. 2021). Perhaps accretional excesses,
like line emission for accreting protostars, are time-variable.
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APPENDIX A: CIRCUMPLANETARY SPHERE
(BONDI) DENSITY PROFILES

Our CPS density profiles are computed by numerically solving
the continuity and momentum equations for steady, spherically
symmetric accretion:

2/00 s _2/r - arM/M
Oy Pops = ——2 Al
Pes = ( D (A1)
_ Gmp (1 _ 2C2P5r>
r? Gm 2
oM = L/ (A2)
M2 (1 =1/D)(1=M=2)  r(D-1)
for a gas that behaves adiabatically with index y:
vl

Ceps = Cesd <pCPS> - . (A3)

Pesd

Here, 0, = 0/0r, M, and ¢, are the local Mach number and sound
speed, and D = 2/(y — 1) + 1. Near the sonic point, equation (A2)
is difficult to integrate numerically because both the numerator and
the denominator of the first term on the right-hand side vanish. We
use L’Hopital’s rule to obtain an alternate expression valid in the
limit M — 1:3

M =—/=C/A

A =22 M—=2c2 M/D

cps cps

C = =2GmyM? |1 + 2c3, M /r* + 8L MP /(P D). (A4)

In our numerical integrations, we use (A4) when |M — 1| < 107>,
‘We have checked that our numerical solution matches the analytic
solution for y = 1 (Cranmer 2004).

APPENDIX B: DUST SCATTERING IN
CIRCUMPLANETARY SPHERE MODELS

To assess the importance of light scattering by dust grains in our CPS
models, we run a 100 Mg CPS model with isotropic dust scattering
included in RADMC3D. Fig. Bl plots the scattering opacity as a
function of wavelength for the same grain size distribution we used to
calculate absorption opacities. Fig. B2 shows the emergent CPS SED
with and without scattering. Including scattering reduces slightly the
amount of planetary radiation that escapes the CPS. For a dust-to-gas
ratio of fy.q = 3 x 1073, the reduction in brightness in the F444W
and F1065C bandpasses is at most ~10 per cent.

3We take the solution with 9, M < 0. The solution with 9, M > 0 describes
a wind.
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Figure B1. Dust scattering opacity (dotted curve) versus wavelength A.
These are computed using the DSHARP-OPAC package for grains without
water ice and have been averaged over the same grain size distribution used
to calculate dust absorption opacities (dashed curve, same as in Fig. 2) in the
rest of this paper.
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Figure B2. SEDs of CPS models with fqug = 3 X 1073 around a 100Mg
planet. The solid black curve shows the emergent SED from the CPS when
isotropic dust scattering is included, and the dashed curve shows the SED
without scattering.

APPENDIX C: NEW DATA IN TABLE 2

Table 2 includes entries for candidate protoplanets in MWC 758 and
AB Aur which are not found in the corresponding table in Choksi
et al. (2023). We describe here the data underlying these new entries.

C1MWC 758

Wagner et al. (2023) identified a near-infrared point source and
potential protoplanet in the disc around the star MWC 758. The
mass of the star is M, = 1.9 M, and its age is t,g = 10 Myr (Garufi
et al. 2018; note that the latter value is larger than the pre-Gaia value
quoted in Wagner et al. 2023). The point source has a projected
separation from the star of a = 100 au (Wagner et al. 2023). The
mass range m, = (3 — 100) my quoted in Table 2 covers the range
of masses for which Wagner et al. (2023) obtained acceptable fits
to the near-infrared photometry (their fig. 3). Andrews et al. (2011)
fit the mm-wave SED of the CSD and found h.q/a = 0.18 at the
location of the planet. We estimate the local mid-plane temperature
T.sq assuming the CSD is vertically isothermal and in hydrostatic
equilibrium.

C2 AB aur

Currie et al. (2022) identified a spatially resolved source at
optical/near-infrared wavelengths in the AB Aur disc which they
argue arises from an embedded protoplanet (but see Zhou et al.
2022, 2023 for an alternate interpretation). We use the planet and
system properties listed in their table 1. The mass of the star is
M, = 2.4 Mg, and its age is t,e = 3 Myr. The source has a projected
separation from the star of @ = 94 au. The lower limit on the planet
mass my, = 9 my comes from modelling by Currie et al. (2022) of the
source’s observed SED. The upper limit m, = 130m;y derives from
Gaia and Hipparcos astrometry of the host star. We set g = 30
K, as determined by Tannirkulam et al. (2008) from their fits to the
infrared-to-mm CSD SED (their fig. 13).
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