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ABSTRACT

Context. Two protoplanets have recently been discovered within the PDS 70 protoplanetary disk. JWST/NIRCam offers a unique opportunity to
characterize them and their birth environment at wavelengths that are difficult to access from the ground.

Aims. We image the circumstellar environment of PDS 70 at 1.87 um and 4.83 um, assess the presence of Pa-a emission due to accretion onto the
protoplanets, and probe any IR excess indicative of heated circumplanetary material.

Methods. We obtained noncoronagraphic JWST/NIRCam images of PDS 70 within the MIRI mid-INfrared Disk Survey (MINDS) program. We
leveraged the Vortex Image Processing (VIP) package for data reduction, and we developed dedicated routines for optimal stellar point spread
function subtraction, unbiased imaging of the disk, and protoplanet flux measurement in this type of dataset. A radiative transfer model of the disk
was used to separate the contributions from the disk and the protoplanets.

Results. We redetect both protoplanets and identify extended emission after subtracting a disk model, including a large-scale spiral-like feature.
We interpret its signal in the direct vicinity of planet ¢ as tracing the accretion stream that feeds its circumplanetary disk, while the outer part of
the feature may rather reflect asymmetric illumination of the outer disk. We also report a bright signal that is consistent with a previously proposed
protoplanet candidate enshrouded in dust near the 1:2:4 mean-motion resonance with planets b and c. The 1.87 um flux of planet b is consistent
with atmospheric model predictions, but the flux of planet c is not. We discuss potential origins for this discrepancy, including significant Pa-« line
emission. The 4.83 um fluxes of planets b and c suggest enshrouding dust or heated CO emission from their circumplanetary environment.
Conclusions. The use of image-processing methods that are optimized for extended disk signals on high-sensitivity and high-stability from JWST
can uniquely identify signatures of planet—disk interactions and enable accurate photometry of protoplanets at wavelengths that are difficult to
probe from the ground. Our results indicate that more protoplanets can be identified and characterized in other JWST datasets.

Key words. planets and satellites: detection — planets and satellites: formation — planets and satellites: gaseous planets — protoplanetary disks —

planet-disk interactions

1. Introduction

The direct detection and characterization of protoplanets is an
emerging research field that is enabled by the latest generations
of instruments achieving high contrast and high angular resolu-
tion that are available on the largest ground-based facilities (e.g.,
Keppler et al. 2018; Hammond et al. 2023). While the appli-
cation of post-processing algorithms designed for point-source
detection to bright protoplanetary disks has led to a number of
unconfirmed protoplanet candidates, the recent development of
both iterative and inverse-problem image-processing approaches
(ITPAs) is opening the way to unbiased high-contrast IR imag-
ing of the birth environment of planets (e.g., Pairet et al. 2021;
Flasseur et al. 2021; Juillard et al. 2023). JWST now offers the
opportunity to use these optimized tools to deepen the search
and characterization of protoplanets at wavelengths that are inac-
cessible or are difficult to observe from the ground. This Let-
ter demonstrates the combined potential of JWST and IIPAs
and uses the PDS 70 system as a testbed. PDS 70 is a young
(5.4 £ 1 Myr) K71V star located at a distance of 113.4 + 0.5 pc

(Miiller et al. 2018; Gaia Collaboration 2021). It is surrounded
by a protoplanetary disk composed of a water-rich inner disk
(Dong et al. 2012; Perotti et al. 2023) that is separated from the
outer disk by an annular gap extending up to a radius of ~54 au
(Long et al. 2018; Keppler et al. 2019).

Two nascent planets were imaged and confirmed indepen-
dently in this large gap, at multiple near-IR (NIR) and submil-
limeter (submm) wavelengths, as well as in the He line filter
(e.g., Keppler et al. 2018; Miiller et al. 2018; Christiaens et al.
2019b; Haffertetal. 2019; Isellaetal. 2019; Benisty et al.
2021). A third protoplanet candidate was also reported on
a potential ~13.5au orbit (Mesa et al. 2019, hereafter M19).
The system is therefore an ideal laboratory in which to study
planet-disk interactions and search for accretion signatures.
Hydrodynamical simulations suggest that the large gap is
dynamically carved by both planets, and the (near) 2:1 mean-
motion resonance observed by GRAVITY (Wang et al. 2021b)
is explained as the outcome of planet migration followed by res-
onance capture (Bae et al. 2019; Toci et al. 2020). Constraints
on the distribution and depletion of dust and gas in the disk
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were recently inferred through radiative transfer and thermo-
chemical forward modeling of the NIR and submm observations
(Portilla-Revelo et al. 2022, 2023). Submm continuum and NIR
observations also identified an arm-like structure that is hypoth-
esized to either trace an asymmetric outer ring or a gap-induced
vortex (Isella et al. 2019; Juillard et al. 2022).

The spectral characterization of protoplanets b and ¢ favors
dust-enshrouded atmospheres combined with potential IR excess
(Miiller et al. 2018; Christiaens et al. 2019a; Wang et al. 2020,
2021b; Stolker et al. 2020). The cross-correlation of either these
best-fit models or molecular templates with medium-resolution
spectra did not detect the planets, however (Cugno et al. 2021).
This suggests that either significantly more extinction affects the
two protoplanets than fitting of the spectral energy distribution
(SED) implies or that the self-consistent atmospheric models
that have been used to characterize adolescent substellar objects
do not describe embedded protoplanets. Hybrid models with
contributions from surface accretion shocks (e.g., Aoyama et al.
2020, 2021), or circumplanetary disk models may more accu-
rately account for the measured SED (e.g., Chen & Szuldgyi
2022). In this context, observations at additional wavelengths are
key to distinguish the different models.

2. Observations and image processing

We observed PDS 70 with JWST/NIRCam (Rieke et al. 2005) as
part of the MIRI guaranteed time observations on protoplanetary
disks in the MINDS survey (PI: Th. Henning, PID: 1282) on 8
March 2023. The images were acquired simultaneously in the
F187N (Apiver = 1.874 um, Ad = 0.024 um) and F480M (Apivor =
4.834 um, A1 = 0.303 pum) filters without the coronagraph, with
pixel scales of 31 and 63 mas/pixel, respectively. We used the
smallest subarray (SUB64P), with an effective integration time
of 0.35112 s, seven groups per integration, 142 integrations per
exposure, and five dithered exposures at two roll angles each,
separated by ~5.0°. The total effective integration time was thus
~8.3 min.

We calibrated the data with stages 1 and 2 (Detectorl
and Image2) of the JWST pipeline (v1.10.2; Bushouse et al.
2023), using the calibration reference data system context
jwst_1166.pmap. The calibration yielded two sets of five
dithered images, each set corresponding to a different roll angle.
We then relied on routines from the Vortex Image Process-
ing (VIP; Gomez Gonzalez et al. 2017; Christiaens et al. 2023)
package for image preprocessing (details in Appendix A.1), stel-
lar PSF subtraction, and forward modeling of circumstellar sig-
nals. As the star did not saturate the detector, we directly per-
formed aperture photometry on the preprocessed images. We
set the largest aperture radius that fit within the SUB64P field
of view. Table 1 reports the integrated photometry of the sys-
tem. We conservatively considered 1% absolute flux calibration
uncertainties.

We investigated different approaches for PSF modeling and
subtraction (details in Appendix A.2). The best-quality images
of the system were obtained with our implementation of an itera-
tive principal component analysis (IPCA; e.g., Pairet et al. 2021;
Stapper & Ginski 2022) that leverages roll angle diversity. Its
principle relies on estimating the circumstellar signals in the pro-
cessed image that are obtained at each iteration and removing
them from the images that are used to create a PSF model (i.e.,
for each image, those obtained at the other roll angle) in the next
iteration. We applied IPCA to a test dataset to illustrate that it
reliably recovers point-like and extended circumstellar signals
(Appendix A.3).
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Table 1. Properties of the star(+disk), protoplanets b and c,
and candidate d inferred from the NIRCam F187N and F480M
observations.

Parameter F187N F480M
PDS 70
Flux (mly) 310.0 + 3.1 1609 + 1.6
PDS 70 b
Sep. (mas) @ 164.5+10.4 145.6 +20.4
PA (°) ® 129.0 + 4.1 130.4 + 6.7
Contrast ©  (2.89 +0.78) x 107* (3.44 + 1.50) x 1073
Flux (uJy) 89.6 +24.2 553.5+241.4
PDS 70 ¢
Sep. (mas) @ 195.7 +23.3 216.7 £ 20.6
PA (°) ® 269.7 + 6.8 272.8 +3.6
Contrast ©  (1.37 £0.42) x 107* (1.47 +£0.30) x 1073
Flux (Wy) 42.5+13.0 236.5 +48.3
PDS 70 d?
Sep. (mas) @ 1152 +23.3 -
PA () ® 291.8+114 -
Contrast ©  (1.63 = 0.69) x 10~* -
Flux (Wy) 50.5+21.4 -

Notes. “Radial separation. ®Position angle measured east of north.
©Contrast ratio with respect to the star and unresolved inner disk.

Before the photometry of the protoplanets is extracted, the
expected contribution of the disk needs to be removed. This
is particularly relevant for planet c, which is located near the
bright edge of the outer disk. We relied on the latest radia-
tive transfer models of the disk detailed in Portilla-Revelo et al.
(2022, 2023), and followed a procedure that we refer to as the
negative fake disk technique (NEGFD; details in Appendix B).
After removing the disk contribution, we used the negative fake
companion (NEGFC; e.g., Lagrange et al. 2010) technique to
extract the exact astrometry and photometry of the protoplan-
ets in both datasets (details in Appendix C). The final astrometry
and photometry we retrieved for the protoplanets are presented
in Table 1.

3. Results and discussion
3.1. Spiral accretion stream or variable illumination?

Panels a and e in Fig. 1 show the FI87N and F480M images
we obtained with IPCA, respectively. IPCA recovered faint cir-
cumstellar signals that were originally hidden in the wings of
the stellar PSF while it iteratively corrected for geometric biases
that affect extended signals in roll-subtracted images (Figs. A.la
and e; Juillard et al. 2022). The IPCA images reveal signals of
the inner and outer disk, signals at the expected location of
the protoplanets, and a shift in the maximum intensity of the
outer disk north of the semiminor axis 8 on the near side of the
disk (located at a position angle east of north PAg ~ 249°).
In the absence of disk asymmetry or protoplanets, the maxi-
mum in total intensity is otherwise expected to be located along
PAg, based on the scattering phase function of sub-um size dust
grains (e.g., Milli et al. 2017). To highlight the protoplanets and
any disk asymmetry, we subtracted the disk model found with
NEGFD from the IPCA images (Figs. 1c and f). This revealed
residual extended signals in addition to protoplanets b and c,
the predicted locations of which are indicated for the epoch of
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Fig. 1. NIRCam images of PDS 70 obtained in the F187N (top row) and F480M (bottom row) filters using our iterative PCA algorithm. The
second and third columns show the images obtained after subtraction of our outer-disk model and after further subtraction of protoplanets b and
¢, respectively. The major and minor axes of the disk are indicated in the first column with solid and dashed lines, respectively. The dashed circles
indicate the predicted locations of protoplanets b and ¢ based on the orbital fits in Wang et al. (2021b) and the location of candidate d based on the
orbit suggested in M19. The astrometric measurements for d (blue dots) are compared to our new estimated astrometry (solid circle) in panel c.

The units are MJy sr™'.

the observations. These predictions are based on the orbital fits
presented in Wang et al. (2021b), and they are available through
the platform whereistheplanet (Wang et al. 2021a). We do
not detect any significant counterpart for the proposed submm
continuum signal at the L5 Lagrangian point associated with
planet b (Balsalobre-Ruza et al. 2023). We note an outstanding
extended spiral-like signal connected with the position of planet
¢, however. It is indicated with a thick arrow in Figs. 1b and e.
The dynamical interaction between a protoplanet and the
disk in which it is embedded has long been known to cause spiral
density waves (Goldreich & Tremaine 1979; Ogilvie & Lubow
2002) and angular momentum transport (Lin & Papaloizou
1979; Rafikov 2002). In the vicinity of the planet, the lat-
ter is expected to lead to a spiral-shaped accretion stream
(Lubow et al. 1999; Ayliffe & Bate 2009). The accretion stream
associated with PDS 70 ¢ was predicted in a dedicated 3D hydro-
dynamical simulation in Toci et al. (2020). Figure D.1 compares
it with the spiral-like signal we identified in our observations.
Although the agreement is remarkable, we note that the accre-
tion stream mostly delimits the edge of the cavity. An asym-
metric illumination of the outer-disk edge that is not captured
by our radiative transfer disk model could equally lead to an
excess signal in our images after disk model subtraction. Multi-
epoch polarized intensity images of the system show varying
illumination and shadowing effects in the northwest and south-
east parts of the outer disk (e.g., Fig. A2 in Juillard et al. 2022),
suggesting that this is likely the dominant cause for the observed
excess. This interpretation is consistent with the significant mid-
IR (MIR) SED variability measured for the system, which also

suggests variable shadowing effects from the inner parts onto the
outer parts of the disk (Perotti et al. 2023).

While illumination effects most likely cause excess signals
at the edge of the outer disk (upper arc in Fig. 1c), these effects
alone cannot account for the part of the spiral-like signal that
is located inside the cavity based on the level of dust deple-
tion therein (e.g., Dong et al. 2012; Keppler et al. 2018). In the
direct vicinity of planet ¢ (lower arc), a genuine dust density
enhancement therefore appears to be required. Based on the clear
visual connection to the location of protoplanet c, a spiral accre-
tion stream feeding the circumplanetary disk of planet c that is
detected in submm continuum observations (Isella et al. 2019;
Benisty et al. 2021; Casassus & Carcamo 2022) is the most
straightforward explanation for this signal. Excess signal has
tentatively been observed there in IIPA-processed VLT/SPHERE
images (Flasseur et al. 2021; Juillard et al. 2022), although the
nonremoval of an outer-disk model complicates an unambigu-
ous identification of this signal in these images. Moreover,
the location of the accretion stream is coincident with a gap-
crossing spur found in ALMA CO observations of the disk
(Keppler et al. 2019). This further strengthens the interpretation
that this is an accretion stream. This result suggests that some of
the observed spiral features in less strongly inclined disks than
PDS 70 could also be associated with embedded protoplanets
(e.g., Dong et al. 2018; Ren et al. 2024). A similar spiral-shaped
signal has recently been identified as connected to HD 169142 b
(Hammond et al. 2023). Likewise, a gap-crossing filament coin-
cident with a twist in one of the spirals of HD 135344 B may also
be caused by an embedded protoplanet (Casassus et al. 2021).

L1, page 3 of 18



Christiaens, V., et al.:

A&A, 685, L1 (2024)

le-16 \ \
1.50 Extinct BT-SETTL + blackbody H+  NIRCam F187N
— == DRIFT-PHOENIX A+ NIRCam F480M
1.257 —=- Extinct EXOREM
€ 1.00° IE}’%I
& -%i ]
£ 0.75] f W0 WV Y
A W SANTEY i | |
= X \"l‘l“ Y alYAl S
st ] " “l\/" Vs h L
~ 0.50 [N MUY =
L v Voad \ 1
0.251 NIPNINR
0.00+ i i i i i i i i i
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
A [um]

Fig. 2. Composite SED of PDS 70 b showing spectro- and photometric measurements from the literature (gray and black error bars, respectively),
the new NIRCam F187N and F480M photometry (blue and red error bars, respectively), and the best-fit atmospheric models found in Wang et al.
(2021b). The model with the most support is shown with a solid orange line (extinct BT-SETTL model with additional blackbody emission).
It is consistent with both of our measurements, and suggests that circumplanetary contribution is required. The light blue error bar is obtained
considering photometry from the literature for the star. It illustrates the uncertainty associated with variability that affects some other data points

of the SED (details in Appendix F).

An arm-like feature was identified and characterized in the
outer disk of PDS 70 using multi-epoch SPHERE images of
the system obtained with IIPAs (Pairet et al. 2021; Juillard et al.
2022). The trace of this arm in a 2021 SPHERE dataset is com-
pared with our IPCA image in Fig. D.Ic. It is unclear whether
it is associated with the spiral accretion stream or traces a sep-
arate feature, such as a vortex or an asymmetric second ring
(Juillard et al. 2022). The inner part of the arm at the edge of
the cavity appears to be consistent with the part of the spiral-like
signal seen in the F187N image, which may trace the varying
illumination of the outer-disk edge. The outer part of the arm
appears to be consistent with the arm-like feature identified in
previous SPHERE images. This feature is the only signal that
is detected at a signal-to-noise ratio (S/N) > 5 in our F480M
images in addition to the protoplanets (Fig. E.1) and was also
observed in Keck/NIRC2 images of the system after a similar
NEGFD procedure as we used (Fig. 1 in Wang et al. 2020). An
alternative origin for the arm-like signal is the presence of an
as yet undetected planet in the outer disk that excites an inner
spiral wake. We therefore investigated whether our data are sen-
sitive to additional planets (Appendix E). Our F480M contrast
and corresponding mass-sensitivity curves (Fig. E.2) constrain
any planets in the outer disk to have a mass below ~1-2 M/,
neglecting extinction.

3.2. Astrometry and photometry of protoplanets b and ¢

The astrometry and contrast of planets b and ¢ with respect to the
star were inferred by using our NEGFC approach (Appendix C)
after subtraction of our optimal disk model (Appendix B). These
contrast values were then multiplied by the integrated stellar flux
values reported in Table 1 to obtain the flux of the protoplan-
ets. We note that the stellar fluxes in the F187N and F480M fil-
ters are ~25% and ~7% brighter than estimated based on the
SpeX spectrum presented in Long et al. (2018) and the best-fit
SED model to the extracted MIRI-MRS spectrum (Perotti et al.
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2023), respectively. These differences are compatible with the
significant IR variability of the star and inner-disk rim (e.g.,
~25% variation at ~5um between Spitzer and JWST obser-
vations; Perotti et al. 2023). These considerations inspire cau-
tion regarding protoplanet photometry derived in contrast of the
star that are based on nonconcurrent absolute star photometry
measurements.

For each planet, the astrometric values we found for the two
filters are consistent with each other. The F187N astrometry of
planet ¢ and candidate d is affected by large uncertainties owing
to neighboring disk signals and the overlapping spiral accre-
tion stream. For the F480M images, the large uncertainties also
reflect the coarser angular resolution. All estimates are consis-
tent with the expected astrometry of the two protoplanets at the
date of our observations (given in the last column of Table C.1),
based on the orbital fits presented in Wang et al. (2021b). Con-
sidering our large uncertainties compared to ground-based mea-
surements, we do not attempt new orbital fits in this work.

Figures 2 and 3 show the SED of PDS 70 b and c, respectively,
including our NIRCam data at 1.87 and 4.83 um. The F187N mea-
surement for planet b is consistent with predictions from the best-
fit atmospheric models obtained with the BT-Settl, Drift-Phoenix,
and EXOREM grids (details in Wang et al. 2021b). This does not
hold for planet c. This discrepancy can have various (not mutu-
ally exclusive) causes that we discuss in Appendix F. Here, we
discuss the hypothesis of significant Pa-« line emission from the
protoplanet that is not captured in the atmospheric model. If the
excess signal above the model atmospheric contribution comes
from Pa-e emission alone, the line flux is (5.7+2.7)x107"° Wm™2.
Given the unknown amplitude of other biases discussed in
Appendix F, this estimate is a conservative upper limit. Consid-
ering Ay ~ 2.0 mag (Uyama et al. 2021) and the distance of the
system, our constraint on the Pa-a luminosity is 10g(Lpaa.c/Lo) S
—6.503, where L, is the solar luminosity. When a planet mass
of M, ~ 7M; (Wangetal. 2021b) is assumed, the models in
Aoyama et al. (2021) suggest that the mass accretion rate would be
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Fig. 3. Same as Fig. 2, but for PDS 70 c. Here, the model with the most support is the plain Drift-Phoenix model (details in Wang et al. 2021b).

log(M./M,;yr™") < —6.7*33. The same assumptions for the model
and the planet applied to the Ha flux reported in Haffert et al.
(2019) yield an accretion rate log(M./M; yr™') ~ —7.7. If the
Aoyama et al. (2021) models are an accurate representation of the
accretion process onto giant planets, our results suggest that either
additional sources of bias may have a non-negligible effect (e.g.,
stellar variability or underestimated SPHERE/IFS measurements;
Appendix F), or that protoplanets undergo significant accretion
variability (e.g. Szuldgyi & Ercolano 2020; Casassus & Carcamo
2022). With a similar reasoning as above, but using the 30~ uncer-
tainty on the F187N flux measured for planet b and an assumed
extinction of Ay ~ 0.9 (Uyama et al. 2021), we constrain the Pa-a
luminosity to log(Lpa, »/Lo) < —6.2. Based on the planet accre-
tion models in Aoyama et al. (2021), this translates into an upper
mass-accretion rate limit of log(M,/M; yr~') < —6.0 for a planet
with a mass M, ~ 3M; (Wang et al. 2021b). This constraint is in
line with the accretion rates inferred from the Ha flux measured
for b (Haffert et al. 2019), which for the same model and assump-
tions leads to log(M, /M, yr~') ~ —7.5. In summary, the measure-
ment uncertainties and additional sources of bias together prevent
us from confirming significant Pa-a line emission for the two pro-
toplanets.

Our new F480M measurement for PDS 70 b is consistent
with the NACO M-band measurement presented in Stolker et al.
(2020). Wang et al. (2021b) found that this point was driving the
inclusion of an additional blackbody contribution that is rep-
resentative of heated circumplanetary dust in the atmospheric
model with the most support (solid line in Fig. 2). For PDS 70 c,
our 4.8 um photometry is roughly compatible with the best-
fit Drift-Phoenix model, but it is significantly higher than the
best-fit models from the other two grids, which are known to
reproduce the spectra of old L-T dwarfs better (e.g., Witte et al.
2011). For both planets, the tentative excess may be attributable
to either a warm dusty environment or to ro-vibrational CO line
emission from a heated circumplanetary disk (e.g., Oberg et al.
2023). We defer a detailed spectroscopic analysis to a later
study including NIRSpec measurements. The NIRSpec mea-
surements have the highest potential to confirm the tentative
4.8 um excesses and constrain their origin.

3.3. A third protoplanet, a dust clump, or an inner spiral?

The brightest signals in our disk-subtracted F187N image
(Fig. 1b) are found near the predicted location of a protoplanet
candidate proposed in M19 at the outer edge of the inner disk
(referred to as a point-like feature therein). The candidate was
found in SPHERE/IFS datasets acquired between May 2015 and
April 2019. Its reported astrometry, indicated with blue dots in
Fig. 1, is consistent with an ~13.5 au circular Keplerian orbit in
a plane similar to that of the outer disk, which is assumed for
the predicted location shown with dashed circles in Fig. 1. For
clarity, we also show the images that were obtained after the esti-
mated flux of protoplanets b and ¢ was also subtracted (Figs. 1c
and f). While inner-disk signals are present near the predicted
location, there appears to be a significant excess compared to
the disk signals alone, considering that the inner-disk emission
originates in a symmetric location with respect to the minor axis
southeast of the star. While a signal at a separation of ~21/D
from the star should be considered with caution, the recovery of
the inner disk with a geometry close to expected suggests that the
PSF subtraction residuals are lower than the inner-disk signals.
This means that the observed excess is likely of circumstellar
origin and not an artifact. We therefore refer to it hereafter as
“d” because it might trace a dusty feature or a third protoplanet.

Table 1 reports the astrometry and photometry we extracted
for d in the F187N image. While the F480M image also shows
a bright pixel near the expected location, its separation from the
star is too small for a reliable contrast estimate. The contrast of d
derived in the F187N image is higher about a factor of 2 than the
median contrast reported in YJH bands in M19. Our estimate
is affected by large uncertainties due to the unknown amount
of contamination from the inner disk, and this excess is there-
fore only marginally significant. Nonetheless, we argue that this
excess is expected. The source spectrum is dominated by scat-
tered stellar light at NIR wavelengths (M19), which is consistent
with a very dusty object. In this case, the scattering phase func-
tion of the total intensity is also expected to modulate its bright-
ness along its orbit. Compared to prior epochs, the object is now
closer to PAg, and therefore, we would expect a brighter signal.
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We estimate an enhancement of a factor of ~1.6 in reflected light
for d between April 2019 and March 2023 based on the varia-
tion in the flux of the outer disk measured at PA=PAg-PA ;019
and PA=PAg—PA ; 0,3, where we considered the southwest part
of the outer disk for this estimate to avoid any bias from the
accretion stream toward the northwest. Within the uncertainties,
our measured contrast is therefore consistent with tracing the
same object as M19. This new measurement adds 4 years to the
existing 4-year time baseline for the orbital coverage, and it sig-
nificantly reduces the probability that d either traces a moving
illumination effect or the filtered northwestern tip of the inner
disk (in M19).

Our independent redetection of a signal that is compatible
with candidate d does not unambiguously confirm its protoplanet
nature, but it raises the question of which other physical processes
might give rise to a bright and compact NIR signal that moves at
the local Keplerian speed. The YJH spectrum measured in M19
is consistent with tracing scattered stellar light, and the authors
therefore suggested that it might trace either a transient dust clump
or a protoplanet enshrouded in dust. Radiative hydrodynamical
simulations of embedded giant planets suggest that they become
enshrouded in a dusty circumplanetary disk or envelope, which
can display a scattered-light dominated spectrum at NIR wave-
lengths (e.g., Szulagyi et al. 2019). If d indeed traces a protoplanet
enshrouded in dust, its semimajor axis of ~13.5 au would place it
near the 1:2:4 mean-motion resonance with planets b and ¢ (a;, =
21 au and a, ~ 34 au; Wang et al. 2021b). Follow-up studies of
d are therefore especially exciting. Distinguishing the hypothe-
ses of a dust clump from the circumplanetary disk or an enve-
lope will require MIR flux measurements (e.g., Chen & Szuldgyi
2022). Because of the angular separation, this may need the advent
of MIR imagers and spectrographs on extremely large telescopes
(e.g., ELT/METIS; Brandl et al. 2018). Figure G.1 summarizes
our proposed interpretation of the main features detected in our
NIRCam observations of PDS 70.
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Appendix A: Image processing

A.1. Preprocessing

We first identified remaining bad pixels in the calibrated images
through sigma-clipping using the cube_fix_badpix_clump
function of VIP, and we corrected for them using Gaussian ker-
nel interpolation. We subsequently corrected for the imperfect
background subtraction performed by the JWST pipeline that led
to negative values by subtracting the residual background level
estimated far from the star. We then found the stellar centroid
coordinates using the cube_recenter_dft_upsampling rou-
tine in VIP. This routine first leverages the single-step discrete
Fourier transform algorithm presented in Guizar-Sicairos et al.
(2008) to find shifts that optimize the image cross-correlation
throughout the sequence, and it then fits a 2D Gaussian model
to the mean image of the aligned cube to find the centroid coor-
dinates. Throughout all stages of the image processing, all shift
and rotation operations were performed in the Fourier plane, the
default behavior in VIP', as this better preserves pixel intensities
(e.g., Larkin et al. 1997).

A.2. Subtraction of the point spread function

We investigated different approaches for the modeling and sub-
traction of the PSF. We first considered pair-wise roll-subtraction
(e.g. Schneider et al. 2003) between individual dithered images
acquired with each of the two roll angles. We also considered
the pair-wise subtraction of the mean image of each of the two
sets. We note a minor improvement in the residuals near the star
that might be due to the spatial undersampling of the images
which limits the efficacy of individual pair-wise image subtrac-
tions. Both the mean and individual options are implemented in
the roll_sub function of VIP, which is available as of version
1.6.0. The images were smoothed with a Gaussian kernel, the
FWHM of which was set to 60% of the observed width of the
instrumental PSF. This helps to mitigate the undersampling that
affects the F187N data and the pixel-to-pixel noise induced by
the roll-subtraction approach. In Fig. A.la and e, we show the
images we obtained with mean roll subtraction on the F187N and
F480M data, respectively. Low residuals are achieved owing to
the stability of the observed PSF, but significant self-subtraction
and geometric distortion of circumstellar signals can also be
noted (e.g., by comparison with the IPCA images). Compared
to the F480M images shown in Fig. 1, the F480M images in
Fig. A.1 correspond to the largest common field covered by all
dither positions.

In addition to direct roll subtraction, we investigated
alternative post-processing methods designed to work in combi-
nation with angular differential imaging, namely principal com-
ponent analysis (PCA; Soummer et al. 2012; Amara & Quanz
2012) and temporal reference analysis for planets (TRAP;
Samland et al. 2021). We used the PCA algorithm implemented
in VIP and used the images obtained at the other roll angle as
input PCA library for each image. This is similar to smartPCA,
which was proposed for angular differential imaging (Absil et al.
2013). This yielded very similar results to the roll-angle subtrac-
tion. The TRAP algorithm computes a contrast map. A contrast
was computed for each off-axis (ARA, ADEC) pair on-sky by
simultaneously modeling the pixel light curves created by an off-
axis PSF at the sky position and the temporal systematics of the
pixels affected by this off-axis PSF. For our JWST data, there

I https://github.com/vortex-exoplanet/VIP
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are measurements at two roll angles, such that the off-axis PSF
model for each (ARA, ADEC) pair resulted in a step-function
with varying jump heights depending on the location of each
pixel relative to the off-axis PSF. In practice, the contrast map
resulting from the forward modeling is a form of local deconvo-
lution with a PSF model that takes the field-of-view rotation into
account. This approach is optimized for detecting point sources,
but it also works out of the box. However, because the disk struc-
ture surrounding the host star is complex, it is difficult to locate
uncontaminated reference pixels of the host star PSF to model
the temporal systematics in the data. For our results, each off-
axis PSF pixel light curve (step function) was fit simultaneously
with only a constant factor. Because the instrument is stable, this
provided good results. However, higher-order noise models or
models informed by temporal trends seen in the guide-star obser-
vations may provide better results in the future. Especially when
fitting a forward model that explicitly models the entire scene
including disks and planets, overfitting becomes less of a con-
cern. The TRAP analysis is extremely efficient computationally.
It requires less than 5 seconds on a laptop. The TRAP images
obtained for the F187N and F480M data are shown in Fig. A.1b
and f, respectively.

As a less aggressive alternative, we performed reference
star differential imaging (RDI; e.g., Mawet et al. 2012) using
the PCA algorithm implemented in VIP. We tested RDI using
observed noncoronagraphic PSFs from the MAST archive as ref-
erence library, but this led to strong PSF residuals after subtrac-
tion. It is unclear whether this is due to the field dependence
of the PSF, undersampling effects, a different spectral slope for
the source (for the F480M filter), or a combination of these fac-
tors. We therefore also tested creating reference stars using the
WEBBPSF package (v1.1.1; Perrin et al. 2014) as reference PSFs
to test RDI. In the latter case, we considered the PSF distortion
dependence on the location in the field. We built the synthetic
PSFs considering a 3972 K blackbody (Miiller et al. 2018) as
the stellar spectrum model, anticipating a potential impact of the
spectral slope on the PSF for the F480M filter. We also used
the optical path differences from the day following the observa-
tions, which appear identical to those measured 3 days before
the observations. Upon carefully checking the radial profile of
the WEBBPSF synthetic PSFs and the observed PSF of PDS 70,
we noted a broader core for the observed PSF of PDS 70 and
residual diffuse hexagonal-shape stellar wings after subtraction.
This may suggest a non-negligible contribution from marginally
resolved inner-disk signals. We also tested PCA-RDI with a
library of synthetic PSFs. These were produced separately for
each observed dither position on the detector and considered a
range of subpixel shifts around these dither locations (within
0.5px, with steps of 0.05px). Here, we attempted to emulate
the broader core and undersampling effects. This marginally
improved the results, but still yielded strong PSF wing residu-
als, and hence, poor-quality final images.

As our RDI attempts were unfruitful, we instead focused on
iterative approaches leveraging roll-angle diversity. We imple-
mented an iterative roll (IROLL) subtraction algorithm simi-
lar to the one presented in Heap et al. (2000), and an iterative
principal component analysis algorithm (IPCA; e.g., Pairet et al.
2021). In either case, circumstellar signals estimated in the pro-
cessed image obtained at each iteration (e.g., positive residuals
above a certain threshold) were removed from the pre-processed
images used to create a PSF model (i.e., for each image, those
obtained at the other roll angle) in the subsequent iteration.
IROLL directly uses the images B; obtained at roll angle b as
PSF model for images A; obtained at roll angle a (and vice versa
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Fig. A.1. Images obtained at 1.87um (F187N; top row) and 4.80um (F480M; bottom row) with mean roll subtraction, TRAP, IROLL, and IPCA.
See text for the details of each algorithm. The images correspond to the largest common field of view probed by the dithering pattern employed
during the observation. The plate scale is 31 and 63 mas/pixel for the F187N and F480M images, respectively. A numerical mask with the radius

set to the FWHM of the PSF covers the inner part of the F187N images.
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Fig. A.2. Pearson cross-correlation coefficient calculated between the
FI87N image obtained by IPCA at each iteration and our radiative
outer-disk model. Our disk model is not used by IPCA, but rather as
a diagnostic for the efficiency of the IPCA algorithm. The geometric
biases induced by roll subtraction are corrected within ~200 iterations.

for the roles of A; and B;) and iteratively directly removes the
estimated circumstellar component from the roll images. The
difference in the IPCA algorithm is that for images A;, the prin-
cipal components are learned from images B; and are then pro-
jected onto the A; images to produce PSF models for subtraction
(and vice versa). In practice, we used the first principal compo-
nent with a cube reduced to two images corresponding to the
mean image of each roll-angle observation. Thus, the only dif-
ference between IPCA and IROLL resided in the projection of a
normalized mean PSF (i.e., the projected first principal compo-
nent) in the former case.

While previous IPCA implementations considered all strictly
positive residuals (e.g., Pairet et al. 2021; Juillard et al. 2023),

here, we set an absolute threshold slightly above the noise level
achieved in the roll-subtraction image, namely 10 MJy/sr and
1 MJy/sr in the F187N and F480M data, respectively. An abso-
lute threshold like this should be used with care as it may not
be appropriate for all datasets (e.g., images with a strong radial
dependence on the residual noise level). We realized that this was
relevant given the relatively constant (self-subtracted) noise level
in the image. It was therefore particularly efficient at mitigat-
ing the propagation of ring-like artifacts (observed in Pairet et al.
2021; Juillard et al. 2023).

The estimated circumstellar signal map at each iteration
was smoothed using a thin 2D Gaussian kernel set to a one-
pixel FWHM before its removal from the roll images that were
used to produce the PSF model images at the subsequent iter-
ation. This intends to capture the spatial correlation of neigh-
boring pixels and leads to a better recovery of faint signals that
are originally drowned in the noise level of the roll-subtraction
image. Our IPCA algorithm iteratively corrects not only for self-
subtraction because circumstellar signals are iteratively removed
from the image library that is used to calculate the principal
components, but also for oversubtraction. This is because the
model PSF image that is subtracted is built from the projec-
tion of principal components onto the original images minus
the estimated circumstellar signal map obtained at the previous
iteration.

We implemented an automatic convergence criterion based
on a user-defined relative tolerance (default 1e-4). When all pixel
intensities in the image obtained at the subsequent iteration vary
by less than this relative tolerance, the algorithm stops and con-
siders to have converged onto a final image. While this criterion
worked for our data, likely helped by the high stability of the
PSF, we highlight that there is no mathematical guarantee that
this fix-point algorithm will systematically converge in general
(see also Juillard et al. 2023). Both IROLL and IPCA converged
to a final image within ~1000 iterations. While IROLL recovered
a significant fraction of the self-subtracted signals and yielded a
similar final image as IPCA in the F187N image, this was not
the case for the F480M filter image. In the latter case, it does not
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Fig. A.3. Fiducial model of the circumstellar signals of PDS 70 (d) compared to the image recovered by IPCA (e) using the same reduction
parameters as for the PDS 70 dataset. The different components of the model are shown in panels a-c. This model was injected at two different
roll angles separated by 5.0 °in the NIRCam dataset of HD 135067 at a similar contrast as the circumstellar signals of PDS 70. The protoplanet
locations are indicated with dashed circles in panel e. The recovery of all signals from the model at a similar level as injected casts confidence in

the results obtained with IPCA from the PDS 70 data.

appear to converge onto an image free of geometric biases (see
e.g., Juillard et al. 2022).

As a safety check that the algorithm properly recovered the
outer disk, we show in Fig. A.2 the Pearson cross-correlation
calculated between the F187N image obtained at each iteration
of IPCA and our corresponding radiative transfer model of the
outer disk in a mask encompassing the south part of the outer
disk (i.e., all the signals south of the peak intensity in Fig. B.1a;
see Sec. B for more details about the disk model). We high-
light that this disk model is not used by IPCA, which functions
in an agnostic and automated manner. Most of the geometric
biases are corrected within ~200 iterations. Most of the flux is
also recovered within a similar number of iterations, with only
marginal gains beyond ~200 iterations.

The individual and mean roll subtraction, iterative roll sub-
traction, and iterative PCA algorithms were all implemented in
VIP and are available as of version 1.6.0. The images obtained
with roll subtraction, TRAP, iterative roll subtraction, and itera-
tive PCA are shown in Fig. A.1.

A.3. Reliability of the IPCA

We tested the IPCA method on a fiducial dataset in order to illus-
trate its effectiveness at producing unbiased images of extended
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circumstellar signals, and to validate all our conclusions regard-
ing the flux and morphology of circumstellar signals recovered
in our IPCA images of PDS 70 in this way. For this test, we
considered the only other JWST/NIRCam dataset obtained in
the F187N filter with the NRCB1 detector and SUB64P sub-
array that was publicly available at the time of this study: an
observation of reference star HD 135067 that was obtained on 2
February 2023 (Program 1902). This source does not have any
known resolved circumstellar emission. We directly downloaded
the calibrated i2d images from the MAST archive. While the
number of integrations and the number of groups per integration
were similar to the PDS 70 observation, the main difference was
the adoption of a three-point dither pattern strategy instead of
a five-point dither pattern for the observation of PDS 70. This
results in a higher sensitivity to spatial undersampling effects,
which are expected to be particularly prominent near the core
of the PSF. As a consequence, the results of the test presented in
this section should be considered as a conservative lower limit on
the actual expected performance of IPCA on the PDS 70 dataset.

We designed a toy model for the circumstellar signals of
PDS 70 that was composed of an outer disk, an inner disk, a
spiral-like signal, and three point-source injections correspond-
ing to protoplanets b and c, and candidate d. For the outer disk,
we considered the optimal model described in Appendix B. For
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the inner disk, we considered similar parameters as presented
in Keppler et al. (2018), with the peak of the emission concen-
trated within ~5 au. The two disk components are shown in
Fig. A.3a. For the spiral-like signal, we considered a similar
trace as observed in our F187N images of PDS 70 after subtrac-
tion of the optimal outer-disk model (Fig. A.3b). For the proto-
planets, we considered similar positions and contrasts as inferred
with NEGFC in Appendix C (Fig. A.3c). The sum of all compo-
nents of the model is shown in Fig. A.3d. To create and inject
the fiducial model into the reference cube, we relied on routines
from the fm (forward-modeling) subpackage of VIP, in partic-
ular, its implementation of the Grenoble RAdiative TransfER
tool (Augereau et al. 1999; Milli et al. 2019) for the inner-disk
model, its trace and fake-companion injection routines. Before
injection in the reference cube data, the model was scaled to a
similar contrast with respect to the reference star as the circum-
stellar signals with respect to PDS 70. The signals were injected
at two different angles separated by 5.0 deg in the two sets of
three dithered images (i.e., the same roll-angle difference as in
the PDS 70 observation).

Finally, we ran IPCA on this fiducial dataset using the same
reduction parameters as were used to produce the F187N images
of PDS 70. The algorithm converged within ~ 400 iterations,
resulting in the image shown in Fig. A.3e. To facilitate the com-
parison with the ground-truth injected model, we highlight the
location of the injected protoplanets with dashed circles. Stel-
lar residual artifacts can likely be assigned to small differences
in the core of the PSF and spatial undersampling effects, which
are more prominent when using a three-point instead of a five-
point dither pattern. Apart from theses residuals, we note a satis-
factory recovery of both the morphology and flux level of the
injected circumstellar signals. This makes us confident of the
results obtained with IPCA on the PDS 70 dataset reported in
this paper.

Appendix B: Optimal disk model found with NEGFD

To be able to extract unbiased photometry for the protoplan-
ets, the expected contribution of the disk must be removed.
Our goal in this work is not a full modeling of the disk, as
this would involve a combined SED and disk-image fit (e.g.,
Keppler et al. 2018; Portilla-Revelo et al. 2022, 2023). There-
fore, we decided to rely on the latest radiative transfer models of
the disk produced with MCMax3D (Min et al. 2009) and presented
in Portilla-Revelo et al. (2022, 2023), as they match these com-
bined constraints, and only allow these models to vary to a small
extent so that they are still compatible with ALMA and SPHERE
polarized-intensity constraints. Namely, we allowed (i) the mini-
mum grain size ap, in the grain size distribution to vary between
0.001 and 0.05 wm; (ii) the settling parameter « to vary between
0.001 um and 0.01 um; (iii) spatial and flux scaling of the model
image to vary within a small range around unity; and (iv) small
linear (subpixel) and azimuthal (subdegree) shifts with respect to
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the center of the image, as these parameters are essentially con-
strained by imaging. Small variations in these parameters can
lead to noticeable changes in the model images and therefore,
to significant residuals after subtraction of the model. We pro-
duced a grid of ten disk models in an;, (two explored values)
and « (five explored values), and searched for the optimal model
with a Nelder-Mead algorithm by interpolating model images in
log-space and including free parameters for scaling and shifts.
The model images were produced at the same pixel scale as the
F187N and F480M images, and they were smoothed by con-
volution with the observed PSFE. The optimal model was then
found by minimizing the absolute residuals after subtraction of
the model from the observed images. This procedure, which we
refer to as the negative fake disk technique (NEGFD), is imple-
mented in VIP as of version 1.6.0.

The optimal disk model was found by minimizing the sum of
absolute intensity residuals in a binary mask that encompassed
the location of the outer disk while excluding the location of both
planets (2-FWHM aperture exclusion masks). We considered
two potential masks. The first mask included the whole forward-
scattering (i.e., brighter) side of the disk, and the second map
only included the southwest part of the disk, anticipating excess
signals toward the west (near planet c) and northwest part of the
disk (spiral-like feature) based on previous images of the disk
(Wang et al. 2020; Juillard et al. 2022). As our tests using the
first mask led to a mix of strong positive and negative residuals,
we only consider the results obtained by minimizing residuals in
the second mask, shown in Fig. B.l1c, in the rest of this work. In
practice, we identified the optimal radiative transfer disk model
using the F480M data because of the higher signal-to-noise ratio
of the disk in these data. The optimal an;, and @ values were
found to be 0.001 um and 0.01, respectively, meaning that the
optimal model is in between the radiative transfer models con-
sidered in Portilla-Revelo et al. (2022) and Portilla-Revelo et al.
(2023). These parameters were then used to make a disk model
prediction at 1.87 um. The best F187N and F480M models are
shown in Fig. B.1a and b, respectively.

Figs. C.1b and e show the roll subtraction images obtained
after subtracting the optimal disk model found by NEGFD from
the original images (i.e., before PSF subtraction) for the F187N
and F480M datasets, respectively. These are compared to the
original roll subtraction images (Figs. C.1a and d) using the same
intensity scale. The disk subtraction performs well, in particu-
lar, for the southwest part of the disk, where the residuals reach
a similar level as the residual noise level in the image. Sub-
traction of the optimal disk model clearly highlights the pres-
ence in the F480M image of the arm-like feature characterized
in Juillard et al. (2022) in VLT/SPHERE images. This feature
is indicated with a thick arrow. We also checked how a similar
NEGFD procedure performed on the IPCA images obtained with
both filters by fixing the ay;, and @ to the optimal values found
by NEGFC+roll subtraction. The results are shown in Fig. 1b
and e, and they are discussed in Sec. 3.1.
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Fig. B.1. Best-fit radiative transfer disk models for the (a) F187N and (b) F480M images, and (c) optimization mask used to determine the optimal

F480M disk model.

Appendix C: NEGFC retrieval of planet parameters

The NEGFC technique consists of finding the optimal parame-
ters (radial separation, position angle, and contrast with respect
to the star) of a directly imaged companion through the injec-
tion of fake companions with a negative flux in the input image
cube (i.e., before post-processing), such that residuals are min-
imized in the post-processed image around the location of the
planet. This forward-modeling approach is necessary to avoid
the parameter estimates for the companion to be affected by self-
and oversubtraction effects inherent to the post-processing algo-
rithm used.

We used the Nelder-Mead minimization algorithm imple-
mented in VIP and described in Wertz et al. (2017) to estimate
the parameters for the protoplanets. This NEGFC implementa-
tion offers different options in terms of figure of merit to be used
in the processed image after injection of negative fake compan-
ions to identify the optimal radial separation r,, position angle
PA,, and contrast f, of a given planet, namely minimizing (i) the
sum of absolute intensity residuals in an aperture encompassing
the companion, (ii) the standard deviation of intensity residu-
als in an aperture encompassing the companion, or (iii) the sum
of absolute determinant values of the Hessian matrix calculated
for each of the n; X n, pixels surrounding the planet location.
The latter option is equivalent to minimizing the local absolute
curvature, and it is more appropriate for the extraction of point-
source astrometry and photometry in the presence of underlying
extended signals (e.g., Quanz et al. 2015). We implemented it
for this work and made it available in VIP as of version 1.6.0.
We detail two different approaches below that involve NEGFC
that we tested and compared to retrieve optimal astrometry and
photometry for the protoplanets.

C.1. Classical forward-modeling NEGFC

We first considered the classical forward-modeling NEGFC
approach as described in Lagrange et al. (2010) or Wertz et al.
(2017), combined with roll subtraction, hereafter referred to
as NEGFC+roll. We applied NEGFC+roll to the image cube
where the optimal disk model found by NEGFD was removed
(Appendix B). Regarding the choice of figure of merit, we
note that different figures of merit lead to more or less reliably
retrieved planet parameters depending on the S/N of the compan-
ion, the nature of the local noise, and contamination by residual
extended signals (e.g., inner disk or spiral accretion stream sig-
nal). We therefore determined the optimal figure of merit on a
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case-by-case basis for each planet in each of our two datasets as
follows. We used NEGFC to derive first estimates on the parame-
ters of the companion with each of the three figures of merit, con-
sidering two subcases for the sum and standard deviation, corre-
sponding to their calculation in either I-FWHM or 2-FWHM
size apertures, and three subcases for the Hessian-matrix deter-
minant figure of merit, corresponding to its calculation with ny
setto 1, 2, or 3. Then we injected 360 fake (positive) companions
with the radial separation and contrast inferred by NEGFC, 1°
apart from each other in separate copies of the original datasets,
and individually retrieved their parameters for each NEGFC sub-
case. Finally, we considered the subcase that led to the smallest
deviations between the retrieved and injected fake companion
parameters. These deviations were also used as residual noise
uncertainty on the retrieved parameters.

We did not retrieve the parameters for planet ¢ or candidate
d in the F187N data because they are not detected at a signifi-
cant level in the F187N roll-subtracted image. For all other cases,
namely planet b in the F187N and F480M datasets and planet ¢
in the F480M dataset, we note that the Hessian figure of merit
outperformed the other two figures of merit in terms of accuracy
of the inferred astrometry. It also retrieved better the contrast
of the injected companions than the sum figure of merit, which
tended to overestimate their flux, likely due to residual extended
signals. For planet b in the FA80M data, the Hessian figure of
merit is the only metric that did not significantly underestimate
the radial separation of the planet compared to its expected loca-
tion from the orbital fits presented in Wang et al. (2021b). The
poorer performance of other metrics may be assigned to diffuse
inner-disk emission (see, e.g., the IPCA images in Fig. 1), push-
ing the inferred centroid toward the center. Minimizing the deter-
minant of the Hessian matrix is also particularly appropriate for
planet c because it involves a lower sensitivity to the exactitude
of the disk model inferred with NEGFD, which is subtracted
from the cube before inferring the parameters of the planet. ny
set to 2 or 3 led to consistent results for the Hessian figure of
merit, while n; = 1 was more prone to yielding outlier values.

The final uncertainties combine the residual noise uncertain-
ties estimated with the positive fake companion injection test
in quadrature with systematic uncertainties for r, and PA, and
with photon-noise uncertainties for f,. We considered system-
atic astrometric uncertainties of 6 mas and 2 mas, for the F187N
and F480M data, respectively, based on the JWST user manual.
The uncertainties associated with the stellar flux are negligible in
comparison to the other contributions. The results are reported in
the ‘Roll subtraction’ column of Table C.1.
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Fig. C.1. Images obtained at 1.87um (F187N; top row) and 4.80um (F480M; bottom row) after subtraction of the stellar PSF using roll subtraction
(first column), and after additional subtraction of the best outer-disk model using the negative fake disk technique (second column; details in
Appendix B). The third column shows the residuals after both disk and planet subtraction, using the parameters found with NEGFC (Appendix C).
The circles indicate the predicted location of the two protoplanets based on the orbital fits presented in Wang et al. (2021b).

As a cross check, we examined the roll-subtracted images
obtained after subtraction of both the disk model (NEGFD) and
of the planet signals using the values retrieved by NEGFC. This
is shown in the last column of Fig. C.1. The residuals at the
expected (circled) location of the planets are consistent with the
local noise level.

C.2. Direct NEGFC on the IPCA images

We also considered NEGFC performed directly on the IPCA
images, hereafter NEGFC+IPCA, assuming that self- and over-
subtraction effects are (close to) fully corrected for in these
images because the IPCA images also recovered significant
extended signals. It is unclear what the optimal figure of merit
should be for protoplanet signals from close to or overlapping
with complex extended signals, such as an inclined inner disk
or a spiral accretion stream. The main source of uncertainty
for the parameters of the protoplanets for NEGFC+IPCA is
therefore rather associated with the correct assumption to be
made in terms of the contribution from underlying extended
signals at the location of the protoplanets. We therefore con-
sidered a range of figures of merit and associated parameters,
corresponding to using either the sum, standard deviation, or
Hessian-matrix determinant figures of merit for a source posi-
tion corresponding to either the predicted location based on
Wang et al. (2021b) and M19 orbital fits or the visual loca-
tion of a local maximum in intensity in the image. We consid-
ered two subcases corresponding to using either 1-FWHM or
2-FWHM apertures for the sum and standard deviation figures
of merit, and three subcases for using either ny; = 1, 2, or 3
for the Hessian-based figure of merit. We thus retrieved planet
parameters for 14 cases in total for each protoplanet in each
dataset.

These 14 cases we considered in our estimate of the final
planet parameters were vetted visually upon inspection of the
IPCA image after subtracting a negative planet model with
parameters determined by the different figures of merit. We only
considered visually pleasing results after subtracting the esti-
mated protoplanet parameters from the image considering our
prior knowledge of the disk (e.g., inner and outer-disk geome-
try), such that valid estimates typically were those from which
the local intensity peak was removed while not creating a sig-
nificant hole within the surrounding extended signal distribu-
tion. The selection of different cases depended on the consid-
ered protoplanet and filter because each image and protoplanet
location are affected by more or fewer surrounding circumstellar
signals. We then considered the median of the results obtained
for the cases validated visually and adopted the standard devia-
tion of these results as the uncertainty associated with the con-
tamination by surrounding extended signals. For the classical
NEGFC approach, we added systematic astrometric uncertain-
ties and photon noise uncertainties in quadrature to the uncer-
tainties associated with contamination by surrounding extended
signals. Our results are reported in the ‘IPCA’ column of
Table C.1.

Because of the overlap between the signals of planet ¢, candi-
date d, the spiral accretion stream, and the inner disk signals, we
adopted an iterative joint-fitting strategy to estimate the parame-
ters for planet ¢ and candidate d. We started by estimating the
parameters from ¢ because it is more easily dissociated from
surrounding extended signals, estimated the parameters for d
in the image without the signal of ¢ (similar to Fig. Ic), then
reestimated the parameters for c, this time, in an image from
which the estimated contribution of d was removed, and so on.
This procedure converged to stable estimated parameters for
both sources within five iterations. We conservatively adopted
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Table C.1. Comparison of the properties of the protoplanets inferred from the NIRCam F187N and F480M observations using NEGFC combined
with either roll subtraction or [IPCA, and the predictions made in either Wang et al. (2021b) for b and ¢ and M19 for candidate d.

Parameter Roll subtraction IPCA Final Prediction®
F187N
PDS 70 b
Separation®™ 164.5 £ 12.0 1519 +12.1 1582+ 12.1 1555+ 1.4
PA© 129.0 + 4.1 1294 £ 2.6 129.2 + 4.1 132.6 +0.3
Contrast® (328 +0.78)x 107*  (2.50+0.56)x 107*  (2.89+0.78) x 104  (2.4+0.1)x 107
Flux®© (8.69£2.07)x 10717  (6.62+1.48)x 1077 (7.65+2.07)x 1077 (6.3+0.3)x 107"
PDS 70 ¢
Separation® - 2033 +233 2033 233 2101 = 1.0
PA© - 269.7 + 6.8 269.7 + 6.8 270.1 £0.3
Contrast® - (137+£042)x 107 (137+042)x 10 (4.5+0.4)x 1075
Flux© - (3.63+1.1)x 1077 (3.63+1.11)x 1077 (12+0.1)x 1077
PDS 70 d?
Separation(b) - 110.2 +£23.3 110.2 +£23.3 90.4+£5.9
PA© - 2046 +11.4 2046 +114 284.6 +1.3
Contrast@ - (1.63+£0.69) x 107*  (1.63+0.69)x107* (1.2+0.2)x10™*
Flux© - (431 +£1.83)x 1077 (431+1.83)x107"7 (3.2+0.5) x 107"
F480M
PDS 70 b
Separation®™ 145.6 £ 204 141.6 + 109 143.6 £ 204 1555+ 14
PA© 1304 £ 6.7 127.1 £ 6.7 128.7 £ 6.7 132.6 0.3
Contrast®  (3.93+1.50)x 1073 (2.96+1.02)x 1073 (3.44+1.50)x 1073 (2.8 +0.6) x 1073
Flux© 8.13+£3.1)x 1077 (6.12+1.08) x 1077 (711 +3.11)x 1077 (5.8 +1.1)x 107"
PDS 70 ¢
Separation(b) 216.7 +20.6 219.2+12.7 217.9 +£20.6 210.1+1.0
PA® 272.8 +£3.6 276.8 +3.7 274.8 £3.7 270.1 £ 0.3
Contrast®  (1.55+030)x 1073 (1.39+0.15)x 1073 (147+030)x 103 (1.0 +0.3) x 1073
Flux© (321+0.62)x 1077 (287 +0.62)x 1077 (3.04+0.62)x 1077 (2.1 +0.6) x 10°17

Notes: @ Astrometric and contrast or flux predictions based on orbital fits and best-fit atmospheric models presented in Wang et al. (2021b) and
M19. The contrast value reported for d in M19 is corrected for the expected change in total intensity-scattering efficiency based on the difference
in PA with respect to the 2019 epoch. ®Radial separation in mas. ©Position angle measured east of north in °. Contrast ratio with respect to the

star and unresolved inner disk. *Spectral flux density in Wm™2um™".

for both sources the astrometric uncertainties corresponding to
the largest uncertainty found among the two sources.

As a safety check, we inspected the IPCA images after sub-
tracting the optimal parameters found for the protoplanets with
the direct NEGFC procedure using the image cube from which
the optimal outer-disk model was subtracted (NEGFD) to ensure
that the estimates did not over- or underestimated the flux.

C.3. Final NEGFC results

Table C.1 shows that the astrometry and photometry extrac-
tions using NEGFC+roll and NEGFC+IPCA are consistent in all
cases when retrieval of planet parameters could be made in both
the roll-subtracted and IPCA images (i.e., planet b with both fil-
ters, and planet ¢ in the FA80M data). This suggests that IPCA
recovered most of the self- and oversubtracted flux affecting
roll-subtracted images. Nonetheless, neither approach is devoid
of weakness for the parameter estimation. It is unclear whether
IPCA did recover all the self- or oversubtracted flux for cirum-
stellar signals, including the protoplanets, while on the other
hand, it is unclear how much residual extended signals filtered by
roll subtraction may lead to a misestimation of the NEGFC+roll
planet fluxes. We therefore conservatively consider (presented in
Table 1) the mean of the results obtained with NEGFC+roll and
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NEGFC+IPCA as our final results when both estimates are avail-
able, and we adopt the larger uncertainties of the two approaches.

In general, the visual vetting of NEGFC+IPCA results
rejected the results obtained with the sum figure of merit as it
systematically led to a hole within the surrounding patch of pix-
els, which we interpret as likely overestimating the flux of the
protoplanet alone. Only in the case of planet b in the F187N
data did the results appear visually satisfactory because the pro-
toplanet is located just outward of the inner disk (although the
signals from the two components appear to be connected at the
resolution of our observations). In this case, it was fair to con-
sider the possibilities that either most of the flux at the loca-
tion of b within our flux uncertainties is due to the protoplanet
itself, or that there is nonzero contributing signal from the inner
disk. These possibilities are well captured with the sum and
standard deviation figures of merit, respectively. We therefore
considered the median and standard deviation of the param-
eters retrieved for all corresponding subcases as our reported
NEGFC+IPCA results. We also note that in this case (planet b
in F187N) alone, the Hessian-based figure of merit did not work
properly for NEGFC+IPCA because the flux levels for b and the
adjacent inner-disk signals were similar. In contrast, this figure
of merit worked the best in the NEGFC+roll approach compared
to the sum or standard deviation figures of merit, based on our
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Fig. C.2. Images obtained at 1.87um (F187N; first column) and 4.80pum (F480M; middle and right columns) before (top row) and after (bottom
row) subtraction of point-source models at the location of protoplanets ¢ (first and last column) and b (middle column) using fluxes different than
the optimal ones found with NEGFC. We test whether the predicted flux for planet ¢ with the DRIFT-PHOENIX model presented in Wang et al.
(2021b) could account for the observed flux in the F187N (panels a vs. d) and FA80M (panels c vs. f) images at the location of ¢. We also show the
F480M image obtained after subtracting the lower uncertainty limit from the optimal flux found by NEGFC for planet b (panels b vs. e), which
illustrates our uncertainty associated with the underlying inner-disk signal contribution.

positive fake companion injection tests, which we interpret as
due to the stronger self-subtraction of (the closer-in) inner-disk
signals, which causes the planet signal to stand out from it. Sim-
ilar remarks can be made for planet b in the F480M images,
where the IPCA images recover inner-disk signals better and
therefore tend to provide slightly closer radial separation esti-
mates for the protoplanet due to the bias from the inner disk.

For planet ¢ in the F187N data, the estimated parameters are
affected by large uncertainties because many additional signals
are recovered by IPCA around the planet, including the spiral
accretion stream and candidate d, which makes the estimate of
the contribution from the planet alone difficult. For planet c in
the F480M data, the NEGFC+roll and NEGFC+IPCA results
are very similar. Both approaches lead to visually satisfactory
results in the images obtained after subtracting the respective
optimal planet parameters. We nevertheless note a potential
shift to a larger estimated PA in the F480M data than expected
from orbital fits, which may either reflect contamination by
the spiral accretion stream in this lower angular resolution
image or a misestimation of the orbit from earlier astrometric
measurements.

C.4. Additional tests

To determine excess signals compared to atmospheric model
predictions for the protoplanets (Sec. 3.2), we subtracted a scaled

version of the observed PSF with the appropriate contrast ratio to
match the flux predicted by the best-fit Drift-Phoenix model for
the SED of planet ¢ presented in Wang et al. (2021b) at the pre-
dicted location for the planet based on the orbital fits presented in
Wang et al. (2021b). The position inferred by NEGFC in the pre-
vious sections instead of the predicted location does not change
the conclusion. The results of this safety check are shown in the
left and right columns of Fig. C.2 for PDS 70 c in the F187N and
F480M filter images, respectively. The residual signals observed
at the location of the protoplanet indeed suggest excess emission
compared to predictions from the best-fit atmospheric models
alone.

We performed a similar test for planet b in the F480M data,
shown in the middle column of Fig. C.2. In this case, we sub-
tracted the flux corresponding to the lower uncertainty of the
estimate found with NEGFC (reported in Table 1), which is
roughly midway between the best-fit BT-Settl model with black-
body excess and both the Drift-Phoenix and extinct EXOREM
models without blackbody excess. This test suggests that our
reported uncertainty is sound, and that there is thus tentative
excess compared to predictions from atmospheric models with-
out an additional blackbody contribution representative of cir-
cumplanetary disk emission.

For comparison, the F187N and F480M images obtained
after subtracting protoplanets b and ¢ with the optimal param-
eters found by NEGFC are shown in Fig. 1c and f.
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Appendix D: Predicted and observed spirals

Figure D.1 compares our disk-subtracted F187N and F480M
images (panels b and c) to a simulated IR image predicting the
spiral accretion stream associated with protoplanet ¢ (panel a).
The latter is based on dedicated 3D hydrodynamical simulations
made with the smoothed-particle hydrodynamics code PHAN-
TOM (Price et al. 2018), presented in Toci et al. (2020). The
simulated image corresponds to a radiative transfer prediction
at 2.11 um of the PHANTOM simulation made with the Monte
Carlo radiative transfer code MCFOST (Pinte et al. 2006), where
a proxy for the outer-disk signal was subtracted. This proxy con-
sists of another radiative transfer prediction for a different snap-
shot of the same hydrodynamical simulation, corresponding to
planet ¢ being located at 180 ° from its observed position angle.
We therefore masked the bottom part of the image because it
is affected by strong residuals associated with the spiral accre-
tion stream that was subtracted from that part of the image. We
measured the trace of the spiral accretion stream in the simu-
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b) F187N - IPCA (disk sub.)
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lated image by identifying local radial maxima in the image in
steps of 1°. The trace, shown with white dots, is then also plot-
ted on top of the F187N and F480M images. The correspondence
with the observed spiral-like signal in the F187N image and with
the inner arm of the tentative fork seen in the F480M image is
remarkable (better seen in Fig. le and f)

The arm-like signal identified and characterized in
Juillard et al. (2022) is also shown with orange dots in Fig. D.lc.
This corresponds to the trace inferred from a 2021 H-band
VLT/SPHERE dataset (ESO Program 60.A-9801; see more
details in Juillard et al. 2022). We also note a good agreement
with the outer arm observed in the F480M image, suggesting
that it traces the same feature as observed in VLT/SPHERE
images. The coarse angular resolution of the image and the dif-
ferent wavelength of the observation (compared to prior ground-
based images in which the feature is seen) prevents a meaningful
proper motion analysis of the spiral feature similar to what was
done in Juillard et al. (2022), however.

1.0

0.5
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-0.5
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Fig. D.1. Comparison between the hydrodynamical simulation of the system in Toci et al. (2020), who predicted a spiral accretion stream feeding
planet ¢ (left), and our observations in the F187N (middle) and F480M (right) filters. The trace of the spiral accretion stream is identified as local
radial maxima in the simulation and is shown as white dots in all images. The trace of the outer arm characterized in Juillard et al. (2022) is shown
with orange dots. The part of the simulated image that is affected by subtraction artifacts is masked to show the relevant part of the image.
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Appendix E: Constraints on additional planets
E.1. Signal-to-noise ratio maps

Figure E.1 shows the S/N maps obtained with roll subtraction
on the image cube from which the optimal radiative disk model
and protoplanets b and c were all subtracted with their opti-
mal parameters found with NEGFD (Appendix B) and NEGFC
(Appendix C), respectively. Because the protoplanets share simi-
lar projected radii, the S/N maps are shown without planet ¢ (b) to
evaluate the significance of planet b (¢) in the left (middle) panel.
Both planets are removed in the right panel to assess the S/N of
the residual signals apart from the planets. We do not detect any
additional planet candidate in the outer disk. Only the spiral-like
feature located in the outer wake of planet ¢ stands out at S/N> 5.

E.2. Mass sensitivity curves

Fig. E.2 (left) shows the contrast curves achieved with PCA-roll
(Appendix A.2) and TRAP (Samland et al. 2021) on the image
cube obtained after subtracting the optimal disk and planet mod-
els determined with NEGFD and NEGFC, respectively. A wedge
was defined to encompass PA values between 10 and 160 ° when
calculating the contrast curves to avoid any significant disk resid-
uals, including the arm-like feature, from biasing the contrast esti-
mation.
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We converted the achieved contrasts into mass sensitivities
using the ATMO2020 models (Phillips et al. 2020) with both
equilibrium and nonequilibrium chemistry, and the BEX models
(Linder et al. 2019) assuming an age of 5.4+1 Myr (Miiller et al.
2018). These mass limits are shown in Fig. E.2 (right), in which
the shaded region represents the 1o~ uncertainty on the mass lim-
its due to the uncertainty in target age. The ATM02020 evolu-
tionary models cover masses above 0.524M, and the BEX mod-
els cover masses below 2M ;. There is some scatter in the cal-
culated mass sensitivity based on the different spectra for each
model assumption; models at this young age are also highly
sensitive to initial conditions. The curves show that we would
have been sensitive to planets with a mass < 2M; (50.8M))
at ~0.6” (resp. 21”) separation from the star, according to the
BEX and ATMO (in chemical equilibrium) models; we note that
we reached the bottom of the ATMO grid of models (in chemi-
cal equilibrium) in terms of planet mass. In case of nonequilib-
rium chemistry in the atmosphere, planets as massive as 2-4 M,
may still be present, if unseen, in the outer disk. Even higher-
mass giant planets may be hidden in the outer disk if their signal
is extinct. Nonetheless, multi-Jovian mass giant planets would
likely also have affected the gas density profile, which ALMA
reveals to extend beyond 1”5 (i.e., beyond 170 au) in radius with-
out any additional gaps than the gap that is carved by protoplan-
ets b and ¢ (Keppler et al. 2019).
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Fig. E.1. S/N maps of the F480M images obtained after roll subtraction and after subtraction of the disk and planets using the optimal parameters
found in Appendix B and C. The left (middle) panel shows the S/N map after subtracting the disk and planet c (b) alone, and the right panel shows
the S/N map after removing the disk and both planets. Planets b and ¢ and the spiral-like feature are found at S/N values of ~16.4, ~13.9, and
~5.1, respectively. The color bars cover S/N values ranging from -5 up to the maximum S/N value of each respective map.
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Fig. E.2. 5 o contrast limits (left) and mass sensitivity (right) for the F480M observations. We show both PCA-roll and TRAP (Samland et al.
2021) contrast limits and convert them into masses with a range of evolutionary models. The uncertainty on the mass sensitivity is propagated

based on the uncertainty of the host star.
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Appendix F: F187N excess for planet c

All flux estimates shown in Figs. 2 and 3 except for those from
the NIRCam rely on either a model of the star plus inner disk
or on absolute (spectro-)photometry of the star measured at a
different epoch than the epoch of the observation that allowed
the contrast measurement of the planet with respect to the star
for the scaling of contrasts to absolute fluxes. The stellar vari-
ability plus unresolved inner-disk flux (Casassus & Carcamo
2022; Perotti et al. 2023) can thus result in significant differences
between the actual photometry and the assumed photometry for
the star, and may therefore accordingly affect the protoplanet
flux. To illustrate the amplitude of this bias, we multiplied our
measured contrasts for b and ¢ by the F187N stellar flux inferred
based on the 0.7-2.7um SpeX spectrum of PDS 70 (Long et al.
2018) used in other works. We show the results with light blue
error bars in Figs. 2 and 3. This may thus partly account for the
observed discrepancy.

Another source of misestimation for the flux of planet c is
the bright outer-disk edge for measurements leveraging angular
differential imaging (Marois et al. 2006), and performed without
prior disk model subtraction from the images. Bright disk sig-
nals captured in the model stellar PSF lead to a pair of negative
traces encasing the positive trace of the disk in PSF-subtracted
images, similar to what can be seen in the roll-subtraction images
(Fig. A.la and e). This significantly dampens any other signal
in the negative trace (e.g., planet ¢ and the accretion stream in
Fig. A.la). Classical NEGFC (with the sum figure of merit) or
other point-source forward-modeling approaches are not tailored
to properly account for self- and oversubtraction effects associ-
ated with the bright disk and may underestimate the point-source
flux when it is located in a very negative disk trace like this. The
exact amplitude of this bias is difficult to assess as it depends on
the disk scattering phase function (stronger effect close to PA,
where the disk is brightest), the number of principal components
used for PCA-based reductions (see e.g., Fig. 2 in Juillard et al.
2022), and the wavelength of the observation because the disk is
brighter, hence the effect stronger, at shorter wavelengths. If the
SPHERE/IFS measurements (0.9-1.6 um) are underestimated,
the best-fit models presented in Wang et al. (2021b) may also
underpredict the F187N flux, hence inflate our reported 1.87um
excess.

Another possibility is the inclusion of bright circumplane-
tary signals that are resolved in ground-based observations, but
are unresolved in the lower angular resolution images of our
observations, hence contributing only to our NIRCam measure-
ments. However, the difference in angular resolution between
the longest wavelengths of the SPHERE/IFS observations and
our JWST/NIRCam images is minor, with an estimated FWHM

L1, page 18 of 18

about ~70% smaller for the former compared to the latter. This
hypothesis therefore appears to be unlikely to account alone for
the excess of a factor of 3 + 1 measured in the F187N compared
to atmospheric model predictions.

Alternatively, part of the measured F187N excess may be
assigned to the presence of significant Pa-a line emission.
This hypothesis is discussed in more details in the main text
(Sec. 3.2).

Appendix G: Schematic representation of the
system

In Figure G.1 we summarize our knowledge about and inter-
pretation of the different features of the PDS 70 system,
drawing on Keppleretal. (2018, 2019), Mesaetal. (2019),
Isella et al. (2019), Benisty et al. (2021), Casassus & Carcamo
(2022), Wang et al. (2021b), and this work.

accretion stream

inner disk

CPD

outer disk

Fig. G.1. Schematic summary of our proposed interpretation for the
main features detected in our NIRCam observation, including an accre-
tion stream feeding the circumplanetary disk of planet ¢ and a proto-
planet candidate d at the edge of the inner disk.



