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Volatile composition of the HD 169142 disk and
Iits embedded planet

Luke Keyte, Mihkel Kama, Alice S. Booth, Charles J. Law, Margot Leemker

ABSTRACT

The composition of a planet’s atmosphere 1s intricately linked to the chemical makeup of the protoplanetary disk in which it
formed. Determining the elemental abundances from key volatiles within disks is therefore essential for establishing connections
between the composition of disks and planets. The disk around the Herbig Ae star HD 169142 1s a compelling target for such
a study due to 1ts molecule-rich nature and the presence of a newly-forming planet between two prominent dust rings. In this
work, we probe the chemistry of the HD 169142 disk at small spatial scales, drawing links between the composition of the disk
and the planet-accreted gas. Using thermochemical models and archival data, we constrain the elemental abundances of volatile
carbon, oxygen, and sulfur. Carbon and oxygen are only moderately depleted from the gas phase relative to their interstellar
abundances, with the inner ~60 au appearing enriched in volatile oxygen. The C/O ratio 1s approximately solar within the inner
disk (~0.5) and rises above this 1n the outer disk (>0.5), as expected across the H,O snowline. The gas-phase sulfur abundance 1s
depleted by a factor of ~1000, consistent with a number of other protoplanetary disks. Interestingly, the observed Si1S emission
near the HD 169142 b protoplanet vastly exceeds chemical model predictions, supporting previous hypotheses suggesting 1ts
origin in shocked gas or a localised outflow. We contextualise our findings in terms of the potential atmospheric composition of
the embedded planet, and highlight the utility of sulfur-bearing molecules as probes of protoplanetary disk chemistry.

Key words: protoplanetary disks — exoplanets — planets and satellites: formation — submillimetre: planetary systems
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Table Al: Summary of archival observational data used in this study.

Species  Transition v (GHz) ¢ Beam Size Ay (s~He Eyp (K) ¢ Project b PI Reference

ALMA 12m array
CONT  0.45 mm 670.583700 0.04"x0.04" (-72°) - - 2017.1.00727.S J. Szulagyi Leemker et al. (2022)
CONT  0.89 mm 331.000000 0.05"x0.03" (80°) - - 2012.1.00799.S M. Honda Law et al. (2023)
CONT 1.3 mm 225.000000 0.04"x0.02" (73°) - - 2016.1.00344.S S. Perez Garg et al. (2022)
CO J=2-1 230.538000 0.05"x0.03" (80°)  6.857x 1077 16.6 2016.1.00344.S S. Perez Garg et al. (2022)
CO J=3-2 345.795990  0.11"x0.09" (74°) 2476 x107% 332 2012.1.00799.S / 2015.1.00806.S M. Honda / J.Pineda Law et al. (2023)
B3co J=2-1 220.398684  0.05"x0.04" (78°)  6.038 x 107 15.9 2016.1.00344.S S. Perez Garg et al. (2022)
3co J=3-2 330.587965 0.12"x0.09" (75°)  2.181x 10~ 31.7 2012.1.00799.S / 2015.1.00806.S M. Honda / J.Pineda Law et al. (2023)
Bco J=6-5 661.067277 0.06"x0.05" (86°) 1.868 x 107> 111.1 2017.1.00727.S J. Szulagyi Leemker et al. (2022)
Ccl30 J=2-1 219.560354  0.07"x0.06" (-46°) 6.011x 10”7 15.8 2016.1.00344.S S.Perez Garg et al. (2022)
[CI] 3p; =3 Py 492.160651 1.01"x0.51" (81°)  7.880x 1078  23.6 2016.1.00346.S T. Tsukagoshi Booth et al. (2023a)
CS J=10-9 489.750921  0.94"x0.40" (83°)  2.496x 1073  129.3 2016.1.00346.S T. Tsukagoshi Booth et al. (2023a)
3¢s J=6- 277.455405  0.73"x0.46" (89°)  4.399 x 10~*  46.6 2018.1.01237.S E. Macias Booth et al. (2023a)
SO J=8g—77 344310612  0.19"x0.14" (89°)  5.186x 10™* 87.5 2012.1.00799.S / 2015.1.00806.S M. Honda / J.Pineda Law et al. (2023)
H>CS J=817-T16 278887661 0.73"x0.46" (89°)  3.181 X 1074 734 2018.1.01237.S E. Macias Booth et al. (2023a)
SiS J=19-18 344779481  0.19"x0.14" (84°)  6.996 x 10~%  165.5 2012.1.00799.S M. Honda Law et al. (2023)

Herschel/PACS

HD 56 um 5331.56195 - 4.860 x 10~7  384.6 DIGIT N.J. Evans Kama et al. (2020)
HD 112um 2674.98609 - 5440 x 1078 128.5 DIGIT N.J. Evans Kama et al. (2020)
[OI] 63um 474777749 - 8.910x 107> 227.7 GASPS W.R.F. Dent Meeus et al. (2012)
[OI] 146 um 2061.06909 - 1.750 x 107> 326.6 GASPS W.R.F. Dent Meeus et al. (2012)

¢ Line frequencies, Einstein A coeflicients (Ay;), and upper energy levels (E,p) are taken from the Cologne Database for Molecular Spectroscopy (CDMS; Miiller et al. 2001; Miiller
et al. 2005; Endres et al. 2016) and the Leiden Atomic and Molecular Database (LAMDA; Schoier et al. 2005)

b Observations listed with two project IDs combined both datasets
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Table B1. Fiducial HD 169142 disk model parameters.

Parameter Description Fiducial
Rgup Sublimation radius 0.2 au
Rgap Inner disk size 0.4 au ]
Rgas.cav Gas cavity inner radius 13 au
R.ay Dust cavity radius 21 au
R ust.gap.in Dust gap inner radius 32 au
Rgas oap.in Gas gap inner radius 32 au
Rgust.gapout ~ Dust gap outer radius 56 au
R gas.gap.out Gas gap outer radius 56 au
R dust out Maximum radius of large dust grains 83 au
Rout Disk outer radius 180 au
Rc Critical radius for surface density 100 au
Sas Gas depletion factor inside Rgqs cay 10-10 Table B2. Fiducial HD 169142 disk model initial abundances and range of values covered by the model grid.
Ogas.cavedge  Gas depletion factor between Rgas cav - Reay 1073
Ooas.rin Gas depletion factor between R av- Rdust.oap.in 1.0 .
6idustg Large dust grain depletion factor inside Rg;al:, 10~10 Sp601es Abundance (X/ H) Range
OS dust Small dust grain depletion factor inside R,y 10~10
OL dust.ring Large dust grain depletion factor between Rcay- Raust.gap.in 0.27 H 1.0 -
O dust.ring Small dust grain depletion factor between Rcay- Rdust.gap.in 0.27 o)
) L d : : . -10 He 7.59 X ]O =
L.dust.gap arge dust grain depletion factor between Rust.gap.in - Rdust.gap.out 10
0S.dust.gap Small dust grain depletion factor between Rust.gap.in - Rdust.gap.out 1072 C 1.00 x ]0_4 2 X 10_5 to 2 X 10_4
0% Power lav&./ index of surface density profile 1.0 O 1.00 % 10_4 7% 10~ 5 t0 2 X 10_4
X Dust settling parameter 0.2
f Large-to-small dust mixing parameter 0.85 N 2.14 X 10_5 -
e Zpas At Re 8.125 g om™ S 4.00 x 1078 1 x 10712 to1 x 1073
he Scale height at R, 0.07 rad
13 Power law index of scale height 0.0 Mg 1.00 x 10~ 1 -
Ag/d Gas—to—dusF mass ratio 100 Si 1.00 x 10~ 11 _
L. Stellar luminosity 10 Lg _11
T Stellar temperature 8400 K Fe 1.00 x 10 -
Lx Stellar X-ray luminosity 7.94 x 10%8 erg s~ !
Tx X-ray plasma temperature 7.0x 10" K
Lot Cosmic ray ionization rate 1.26 x 10717 571
M gy Disk gas mass 2.83 x 1072 Mg
M guse Disk dust mass 1.11 x 10™* Mg

fchem Timescale for time-dependent chemistry 5 Myr
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Figure B2. Continuum radial intensity profiles and spectral energy distribution (SED). Observations are shown in black and fiducial model in blue.
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Discovery of interstellar 1-cyanopyrene: a four-ring
polycyclic aromatic hydrocarbon in TMC-1

Gabi Wenzel, lisa R. Cooke, P. Bryan Changala, Edwin A. Bergin, Shuo Zhang et al.

Polycyclic aromatic hydrocarbons (PAHs) are expected to be the most abun-

dant class of organic molecules in space. Their interstellar lifecycle is not well ® 4_{%% %ﬁlg_i —Z“‘ a% % to I/ ‘\/ 0) \\/ 7 ‘\/ 'f ttl:% 0) 1 -

understood, and progress is hampered by difficulties detecting individual PAH

molecules. Here, we present the discovery of CN-functionalized pyrene, a 4- \\/ 7 / Ko I/ \/ 0) = $ﬁ %% % TM C— 1 —C\-\*ﬁ |I::||

ring PAH, in the dense cloud TMC-1 using the 100-m Green Bank Telescope.

We derive an abundance of 1-cyanopyrene of ~1.52 x 1012 cm 2, and from
N~

this estimate that the un-substituted pyrene accounts for up to 0.03 — 0.3 % o *EE I'_I_Lll_l‘ Jg O) ﬁ Il::ll : CarbO N- b U d g et 0) O _ 03-

of the carbon budget in the dense interstellar medium which trace the birth

sites of stars and planets. The presence of pyrene in this cold (~10 K) molecu- O . 3 % % @ %

lar cloud agrees with its recent measurement in asteroid Ryugu where isotopic

clumping suggest a cold, interstellar origin. The direct link to the birth site of

our solar system is strengthened when we consider the solid state pyrene con- ® E 12]: }jy é]\ O) Jo E :15 D :15 I/:|_\ b —i- % t 1 % ?

tent in the pre-stellar materials compared to comets, which represent the most
“Island of stability”
pristine material in the solar system. We estimate that solid state pyrene can S an O S a I I y

account for 1 % of the carbon within comets carried by this one single organic

molecule. The abundance indicates pyrene is an “island of stability” in in- o Ryu g U -|j- \/ 73} l/ 0) to l/ \/ IEJ 11'[ 17_l§ ﬁj\ 1;)_?. 0) %‘:él:

terstellar PAH chemistry and suggests a potential cold molecular cloud origin

of the carbon carried by PAHs that is supplied to forming planetary systems, ;I% (;% 7’: L \ E% :l:% fi;}g % /__l_—\ uﬁ) t %IE.& |/:|.—\ E/\]

including habitable worlds such as our own.




Detections of interstellar 2-cyanopyrene and
4-cyanopyrene in TMC-1

Gabi Wenzel, Thomas H. Speak, P. Bryan Changala, Reace H. J. Willis, Andrew M. Burkhardt et al.

Abstract

Polycyclic aromatic hydrocarbons (PAHs) are among the most ubiquitous compounds in
the universe, accounting for up to ~25 % of all interstellar carbon. Since most unsub-
stituted PAHs do not possess permanent dipole moments, they are invisible to radio
astronomy. Constraining their abundances relies on the detection of polar chemical prox-
1es, such as aromatic nitriles. We report the detection of 2- and 4-cyanopyrene, isomers of
the recently detected 1-cyanopyrene. We find that these 1somers are present in an abun-
dance ratio of ~2:1:2, which mirrors the number of equivalent sites available for CN
addition. We conclude that there is evidence that the cyanopyrene 1somers formed by direct

CN addition to pyrene under kinetic control in hydrogen-rich gas at 10 K and discuss
constraints on the H:CN ratio for PAHs in TMC-1.

Keywords: interstellar medium, polycyclic aromatic hydrocarbons, molecular clouds, astrochemistry
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Fig. A1 Frequency coverage of TMC-1 in the GOTHAM data set. Rotational spectra of 1-cyanopyrene (top
panel), 2-cyanopyrene (center panel), and 4-cyanopyrene (bottom panel) simulated at the MCMC derived excitation
temperatures of 7.87 K, 7.90 K, and 8.27 K, respectively, are depicted in black. The lines that are covered by the
GOTHAM data are depicted in color. The grey shaded areas indicate the averaged noise level of the observation in
each data chunk.
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Figure 2: GOTHAM spectra showcasing several 1-cyanopyrene lines detected in TMC-1
observations. The original GOTHAM observational data for which one channel corresponds
to 1.4 kHz were smoothed with a Hanning window to a resolution of 14 kHz, depicted in black.
The spectrum of 1-cyanopyrene 1s overplotted in violet using source-dependent molecular pa-
rameters as reported in Table S4. The quantum numbers of each transition, ignoring “N nu-

clear electric quadrupole splitting, are reported. Each line contains multiple closely spaced
K -components of each transition which are denoted «, 3,v,0 = {0,1},{1,2},{2,3}, {3,4}.
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Figure 3: Velocity-stacked spectra and matched filter response of 1-cyanopyrene. The
stacked GOTHAM observations (black) are overlaid with the 1-cyanopyrene stacked spectrum
(violet) for the 150 brightest SNR 1-cyanopyrene lines (A). The corresponding impulse re-
sponse for the matched filtering analysis 1s shown yielding a significance of 14.3 o for the
1-cyanopyrene detection (B).
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Fig. 2 Velocity-stacked spectra and matched filter responses of 2- and 4-cyanopyrene. The stacked GOTHAM
observations (black) are overlaid with the simulated stacked spectrum of 2- and 4-cyanopyrene (blue and pink, respec-
tively), each consisting of the 150 brightest SNR lines (left panels). Marginalized posterior parameters were used
in both simulations, as reported in Supplementary Table A3. The corresponding impulse response for the matched
filtering analysis is shown, yielding a significance of 8.0 0 and 12.9 o for the 2- and 4-cyanopyrene detections,
respectively (right panels). The small features in the stacked simulated spectrum (pink) in the bottom left panel result
from the densely populated 4-cyanopyrene lines (see Fig. A3) that add up in the stack.
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Table A3 MCMC fit parameters for 1-cyanopyrene as reported in ref. [21], and 2- and
4-cyanopyrene (this work) using the priors reported in Supplementary Table A2.

1-cyanopyrene

Component Vlsr Size N Tex AV
No. [km s 1] 1 [1011 cm—2] [K] [kms—1]
+0.012 +0.62
1 5'60318'8%% 50 415;8'23
2 5'74718'8% 50 5'8118'% 7'871_8:3?) 0-150j8:812
3 5'93018:84218 49 3.75:&:§515
4 6.036" 5 510 49 1.497 5=
Np(Total) : 1.521018 x 1012 cm =2
2-cyanopyrene
Component Vlsr Size N Tex AV
No. [km s~ 1] [T [10'! cm—2] [K] [kms—1]
+0.005 +0.36
1 560318'88? 49 O.78J_r8_gg
2 5.75118:88g 49 3.52;8:?Ig 7'90t8222 0.191418:8153
3 5.92818'882 50 1.6018'%
4 6.038" 4 005 50 251574
Nr(Total) : 8.414:8:2? x 1011 ecm =2
4-cyanopyrene
Component Vlsr Size N Tex AV
No. [kms—1] 1 [1011 em—2?] K] [kms—1]
+0.005 +0.46
1 560118'88% 50 3.94;8.gg
2 5.752J_r8:(())8g 50 3049181%% 8'271_8:32 0.1797:8:812
3 5.92518'882 50 5.20182?
4 6.036 ", 005 50 0.66° 555

Np(Total) : 1.331009 x 10'2 cm—2
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Fig. A4 Corner plot of MCMC analysis for 2-cyanopyrene. This shows the parameter covariances on the off-
diagonal and marginalized posterior distributions considered in the marginalized posterior distributions on-diagonal.
The 16", 50", and 84" confidence intervals (corresponding to +1 o for a Gaussian posterior distribution) are
shown as vertical lines on the diagonal.



1-cyanopyrene

Component Vlsr Size N AV
[kms™ 1] /] [10' cm—2?] [kms™1]
1 56037003 50 4151082
2 ST %0 SSLggl rarigd 0as0thgis
> SO%eme O 3Thom
) —0.042 : —0.71

Np(Total) : 1.521018 x 1012 cm =2
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Component Vlsr Size N AV
[km s~ 1] 1  [101 cm—2] [kms—1]

+0.005 +0.36

1 5.60318.882 49 O.78J_r8_gg

2 5.751;8:88g 49 3.52J_r8:fIg 7'9Ot8'25§ 0.1914:8.8]15

3 5.928;8:88g 50 1.6018226

4 6.038" 5 go5 50 251574
Nr(Total) : 8.41J_r8:g$ x 1011 ecm =2
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Table A3 MCMC fit parameters for 1-cyanopyrene as reported in ref. [21], and 2- and
4-cyanopyrene (this work) using the priors reported in Supplementary Table A2.
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Table S5: Column densities of select carbon-bearing molecules observed in TMC-1. The
abundance of carbon in each molecule (fz) in ppm is found by multiplying the abundance,
n(X)/n(H), with the number of carbons in the molecule (/N¢). Unfunctionalized hydrocarbons

=56 D &£C budget
oo Q eg

i cyclopentadiene 1-cyanocyclopentadiene benzonitrile
are shown 1n bold. (CsHe) (1-CsHsCN)  2-cyanocyclopentadiene (C6HsCN)
Molecule  Nc Column Density fo Reference (2-C5HsCN)
[10"* cm 7] [ppm]
CsHg 5 12J_r§ 6 x 1077 (23)
1-CsHsCN 6 0.827159 5% 1074 (68)
0001108 mdene 2- cyanomdene
CeHsCN 7 1.7370% 1 x 1073 21) e
CoHg 9 9.0410 50 8 x 1073 (24) N
2-CoH,CN 10 0.2100 05 2 x 1074 (24)
1-C;o)H,CN 11 0. 735+§ %%% 8 x 107* 21)
- —4
2_C10H7CN 1 0705;8%823 8 X 10_3 (2]) 1-cyanonaphthalene 2-cyanonaphthalene
1-CicHoCN 17 1.527516 3 x 10 This work (1-C1oH7CN) (2-C1oH7CN)
Ci6Hyio* 16 15-150 2(x 1072 =107 This work

* estimated using the 1-cyanopyrene abundance and taking a H:CN ratio of 10:1 — 100:1.

The observed H:CN ratios

14.5:1 (CsHe6:1-CsHsCN), 43:1 (CoHs:2-CoH7CN) and 63:1 (CsHs:2-CsHsCN).

pyrene
(C16H10)

CN

1-cyanopyrene
(1-C16HgCN)
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Table A3 MCMC fit parameters for 1-cyanopyrene as reported in ref. [21], and 2- and
4-cyanopyrene (this work) using the priors reported in Supplementary Table A2.
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Figure 4: Ubiquitous presence of PAHs closely connected to the star and cosmic dust lifecy-
cles. After PAHs are formed in circumstellar envelopes of AGB stars (19, 53), they are ejected
and seed the diffuse ISM. Here, PAHs are photoprocessed by the interaction with ultraviolet
(UV) photons of the interstellar radiation field, which models have shown efficiently destroys
PAHs with fewer than 50 carbon atoms (54). These astronomical objects are also sources of
strong UIR emission (7). While we detect 1-cyanopyrene in the cold, dense ISM as a proxy for
the radio astronomically invisible pyrene, we cannot explain its high relative abundance through
current inheritance or bottom-up formation mechanisms. This necessitates the exploration of
possible in situ formation routes at low temperatures. Recently, evidence for PAH emission at
11.3 ym has been found in a low-mass protoplanetary disk (55), from which finally planetesi-
mals form. Identification of PAHs in carbonaceous chondrites, asteroids, and comets concludes
the evidence of the ubiquitous presence of PAHs throughout the ISM.



JWST imaging of edge-on protoplanetary disks
lll. Drastic morphological transformation across the mid-infrared in Oph163131

Marion Villenave, Karl R. Stapelfeldt, Gaspard Duch’ene, Franc ois M'enard, Marshall D. et al.

ABSTRACT

We present JWST broadband images of the highly inclined protoplanetary disk SST'c2d J163131.2-
242627 (Oph163131) from 2.0 to 21um. The images show a remarkable evolution in disk structure
with wavelength, quite different from previous JWST observations of other edge-on disks. At 2.0 and
4.4pm, Ophl63131 shows two scattering surfaces separated by a dark lane, typical of highly inclined
disks. Starting at 7.7um however, 1) the two linear nebulosities flanking the dark lane disappear; 2)
the brighter nebula tracing the disk upper surface transitions into a compact central source distinctly
larger than the JWST PSF and whose intrinsic size increases with wavelength; and 3) patches of
extended emission appear at low latitudes, and at surprisingly large radii nearly twice that of the
scattered light seen with H ST and NIRCam, and of the gas. We interpret the compact central source
as thermal emission from the star and the inner disk that is not seen directly, but which instead is able to
progressively propagate to greater distances at longer wavelengths. The lack of sharp-edged structures
in the extended patchy emission argues against the presence of shocks and suggests photoexcitation or
stochastic heating of material smoothly flowing away from the star along the disk surface. Finally, the
dark lane thickness decreases significantly between 0.6pum and 4.4pum which indicates that the surface
layers of Oph163131 lack grains larger than 1pum.

 Edge-on disk Oph163131 DJWSTZ{# > e ZFERRE (+HSTT—%)
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Figure 1. HST/ACS (0.6pm, 0.8um) and JWST/NIRCam (2.0pm, 4.44pm) images of Oph163131, rotated so that the brighter
South-East nebula is up. The white ellipse in the bottom left of each panel represents the resolution of the observations. On
' ‘n the third panel, the faint white contours correspond to 15 MJy/sr and 100 MJy/sr levels in the 2.0um NIRCam image.
MJy/sr MJy/sr MJy/sr

AY (arcsec)

AX (arcsec) AX (arcsec) AX (arcsec)
Figure 2. JWST/MIRI images of Oph163131. While the orientation is the same as in Fig. 1, the field of view is twice as large.
On the leftmost panel, the white contours correspond to 15 MJy/sr and 100 MJy/sr levels in the 2.0upm NIRCam image (same
as in Fig. 1), and the dark cross shows the location of the brightest pixel at 7.7um. The resolution of the observations is shown

as white ellipses in the bottom left corner.
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Figure 3. JW{ST 3-color composite image of Ophl63131;
the full field of view spans 10x6”. The 2.0, 4.44, and 7.7

um images are rendered (using a

ogarithmic stretch) in the

blue, green, and red channels, res:

pectively.



R RAITORRELL - Y=L —2D

Table 1. Oph163131 morphological properties

A dneb FRintegrated  RrFwHM RrwaM Rrwi10% Rrwi10%
(pm) (") T/B B (7) T () B (7) T ()
0.6 0.42 £+ 0.01 3.0 0.93=0.11 0.82=x=0.11 1.88+0.08 1.80=x0.05
0.8 0.40 £ 0.01 3.3 0.99+0.12 0.92=+0.12 2.004+£0.04 1.94+0.04
2.00 0.34+=0.01 3.0 1.124+0.10 0.76 £0.07 2.17+0.03 1.83=£0.07
4.44  0.21 £0.01 3.8 0.71+£0.07 0.62=x=0.12 1.84 £0.07 1.33 x=0.08

NoTE—The dark lane thickness (dnes), radial full width half maximum (Rrwiar), and the radial full width at 10% of the
peak (Rq0%) are inferred from fitting polynomial spines to the two scattering surfaces. The uncertainties correspond to the
statistical error for the different spine averaging. The FRintegrated column instead indicates to the integrated fluxe ratio
between both nebula obtained using aperture photometry. We refer to the top (resp. bottom) nebula as “T” (resp. “B”).
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Table 4. Summary of Model Exploration
Model Grain Size Distribution Settling Total Dark Lane
P Amin Amax Msettl Gmix Dust Mass  Thickness
(pm)  (pm) (pm) (107" M)

Standard 3.5 0.03 1000 None 3.94 X
Dust Settling (10) 3.5 0.03 1000 0.5 10 4.59 X
Dust Settling (1) 3.5 0.03 1000 0.5 1 7.10 X
Dust Settling (0.1) 3.5 0.03 1000 0.5 0.1 1400 (V')

Pristine Dust 3.0 0.03 0.35 None 1.94 (V')
1.5 0.35 100
Only small grains 3.5 0.03 0.5 None 0.43 (V')
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Figure 4. Comparison of data and radiative transter mod-
els of the dark lane thickness as a function of wavelength.
The models with grains of 1um or more present in the up-
per layers do not show sufficient variation with wavelength
to reproduce the observations.
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Table 2. FWHM of the central source at MIRI wavelengths,

along the disk major axis PSFJ: D ﬁ%‘:rﬁ 3 D |
A Observed WebbPSF Deconvolved . N .
(pm) (") model (") ("), (au) E;&Eﬁu ‘i t "j"f Zb‘kg L)
7.7 0.44 0.24 0.37, 54
12.8 0.65 0.45 0.47, 70 ~ < 7= ~
21.0 1.09 0.71 0.83, 122 qzlb\gd)mgjr ‘17&‘)\

MJy/sr MJy/sr MJy/sr
0 1 2 1 2

AY (arcsec)

AX (arcsec) AX (arcsec) AX (arcsec)
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Figure 5. Model A from Wolff et al. (2021), including only one smooth disk region, computed at JWST wavelengths. Contrary
to the data, this model does not become dominated by a central source starting at 7.7um and does not include extended emission
at 7.7um and 12.8um. The fields of view of the panels 7.7um, 12.8um, and 21um are twice smaller than those in Fig 2.
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Figure 6. Toy model including a very massive and vertically thick inner region, allowing to reproduce a sharp transition in the
source appearance beyond 4.4um. The fields of view of the panels 7.7um, 12.8um, and 21um are twice smaller than those in
Fig 2. The compact source appearing at 7.7um and longer wavelengths is not centered on the position of the star in the model,
but offset by 20mas or more toward the upper nebulae.



