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ABSTRACT

The composition of a planet’s atmosphere is 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 is a compelling target for such
a study due to its 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 is approximately solar within the inner
disk (~0.5) and rises above this in the outer disk (>0.5), as expected across the H2O snowline. The gas-phase sulfur abundance is
depleted by a factor of ~1000, consistent with a number of other protoplanetary disks. Interestingly, the observed SiS emission
near the HD 169142 b protoplanet vastly exceeds chemical model predictions, supporting previous hypotheses suggesting its
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

1 INTRODUCTION

Planets are born within the disks of gas, dust, and ice that surround
young stars. These ingredients serve as the fundamental building
blocks from which newly-forming planets assemble. Insights into the
chemical composition of such disks are vital to unlocking the mys-
teries that surround planetary origins, in our own Solar System and
beyond. Over the past decade, sub-millimetre observations with At-
acama Large Millimeter/submillmeter Array (ALMA) have revealed
protoplanetary disks to be complex environments, with physical and
chemical substructures that vary at small spatial scales (Andrews
et al. 2018; Huang et al. 2018; Öberg et al. 2021; Law et al. 2021).
Rings and gaps are commonly observed in the distribution of gas and
dust, and are often linked to dynamical interactions between the disk
and embedded planets (e.g. Dong et al. 2015; Andrews et al. 2018;
Long et al. 2018). However, a wide range of other mechanisms have
also been proposed to explain such features, which include dead-
zones induced by the magneto-rotational instability (Flock et al.
2015), pebble growth at molecular snowlines (Zhang et al. 2015;
Booth et al. 2017), and photoevaporation (Vallejo & Gómez de Castro
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2021). Drawing links between individual substructures and newly-
forming planets is therefore not straightforward.

The abundance and distribution of volatile elements within these
disks o!er valuable insights into the physical and chemical processes
that govern planetary formation, while also shedding light on the
underlying mechanisms responsible for creating observed substruc-
tures. Multi-wavelength observations have shown that protoplanetary
disks are chemically-rich environments, with a wide range of simple
and complex molecular species having been detected thus far (e.g.
Pontoppidan et al. 2010; Meeus et al. 2012; McGuire 2022; Öberg
et al. 2023). While broad compositional trends have been identi-
fied across the general protoplanetary disk population, the specific
makeup of individual sources can often vary significantly. Various
techniques have been employed to characterise disk chemistry, the
most ubiquitous of which is to place constraints on the carbon-to-
oxygen ratio (C/O). Both carbon and oxygen are among the most
abundant volatile elements in disks and planetary atmospheres, and
the C/O ratio is often treated as a probe of formation location, estab-
lishing a link between the atmospheric composition of a planet and
the region of the disk in which accretion occurred (e.g. Oberg et al.
2011). The gas-phase C/O ratio in disks is often estimated by com-
bining spatially resolved observations of C2H emission with sophis-
ticated chemical models to derive carbon and oxygen abundances.
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Volatile composition of the HD 169142 disk and 
its embedded planet

• 惑星存在が示唆されている HD 169142 円盤に対するガスアーカイブデータを包括的に解析


• 円盤物理モデル + 化学反応計算に基づき，ガス動径分布を再現するガス中の元素存在比 C/O
や S存在比を議論


• CS/SO 比から，C/Oが変化が水Snowlineの内側(~0.5)と外側(>0.5)で違う


• 惑星存在が議論されている位置でのSiSのenhanceはこれまでの化学モデルでは説明できない


• 惑星大気の初期化学組成への示唆を議論（していたがここでは省略）

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



背景，及びHD169142のダスト円盤
• 円盤リングギャップは惑星の兆候だが，惑星
なしの起源も考えられる


• 円盤のvolatile elementsの分布・存在量と惑
星大気の間に関係は複雑


‣ C/O分布（C2Hのモデリングなど）


‣ Snowlineが鍵? 水氷の落下やダスト集積


‣ 他の指標: C/N, N/O, S/N… Sは特に要注目


• HD169142：惑星存在が示唆，S-speciesの
検出が豊富，良いターゲット

2 Luke Keyte

Numerous studies which adopt this method have found C/O to be en-
hanced in the outer regions of disks, often coupled with the depletion
of volatile carbon and oxygen (e.g. Miotello et al. 2019; Bosman et al.
2021). A simple understanding of these findings invokes snowlines
of key molecules, whereby freezeout leads to a radially increasing
gas-phase C/O profile. However, additional mechanisms such as ra-
dial drift, dust trapping, turbulence, and disk/planetesimal evolution
substantially complicate this picture (e.g. Bergin et al. 2016; Booth
et al. 2017; Kr!t et al. 2018; Booth & Ilee 2019; Van Clepper et al.
2022). Connecting atmospheric C/O ratios to precise planet forma-
tion locations therefore remains challenging.

Beyond C/O, other elemental ratios such as C/N, N/O, and S/N,
have proven useful in probing disk chemistry (Turrini et al. 2021).
Sulfur is of particular interest, with sulfur-bearing molecules now
being routinely detected in disks (Dutrey et al. 2011; Guilloteau
et al. 2013; Phuong et al. 2018; Le Gal et al. 2019; Booth et al.
2021; Law et al. 2023; Booth et al. 2024a,b), and observable in ex-
oplanet atmospheres with the James Webb Space Telescope (JWST)
(Rustamkulov et al. 2023; Tsai et al. 2023). Although chemical mod-
els constrained by spectroscopic observations suggest that sulfur is
heavily depleted from the gas phase in planet-forming environments
(Fuente et al. 2010; Le Gal et al. 2019; Le Gal et al. 2021; Keyte et al.
2024), emission from sulfur-bearing species has still been harnessed
as a useful probe of protoplanetary disk gas. The CS/SO ratio, for
example, can be employed as a proxy for the C/O ratio, since CS/SO
varies by many orders of magnitude for small variations in C/O.
Studies that utilise the CS/SO ratio to probe disk gas have revealed
extreme diversity amongst disks, with both oxygen-dominated and
carbon-dominated chemistry having been observed (e.g. Semenov
et al. 2018; Booth et al. 2021; Keyte et al. 2023; Booth et al. 2023a).
Observations of individual species such as SO and SiS have also
found use as tracers of dynamical features such as disk winds (Lee
et al. 2021), probes of shocked gas in the vicinity of nascent planets
(Booth et al. 2023a), and as evidence for dynamical heating (Zhang
et al. 2024). Sulfur-bearing molecules therefore have wide utility as
probes of the complex dynamics and chemistry within planet-forming
environments.

One such system in which a range of sulfur-bearing species have
been detected is the HD 169142 protoplanetary disk. In this paper,
we present thermochemical models of this system, which are con-
strained using a range of high-resolution archival data. Our aim is
to determine the gas-phase abundance of elemental carbon, oxygen,
and sulfur at the small spatial scales relevant to planet formation.
We place particular focus on modelling individual sulfur-bearing
molecules, and investigate links between the molecular emission and
a proposed embedded protoplanet HD 169142 b. The archival obser-
vations are described in Section 2 and the details of the model are
outlined in Section 3. We present our results in Section 4 and discuss
their implications in Section 5. We summarize our conclusions in
Section 6.

2 OBSERVATIONS

2.1 The HD 169142 disk

HD 169142 is a well-studied nearby Herbig Ae star located at a
distance of 𝐿 = 115 pc, with an estimated mass of 𝑀→ = 1.65𝑀↑
(Blondel & Djie 2006; Bailer-Jones et al. 2021; Gaia Collaboration
et al. 2021). The stellar luminosity is 𝑁→ = 10𝑁↑ (Fedele et al. 2017)
and e"ective temperature 𝑂→ = 8400 K (Dunkin et al. 1997). The
star is host to an almost face-on protoplanetary disk, with inclination

Figure 1. ALMA 1.3mm continuum observation of the HD 169142 system
(Pérez et al. 2019), including the inferred location of the HD 169142 b
protoplanet (Hammond et al. 2023). The synthesized beam is indicated by
the white ellipse in the lower left.

𝑃 = (13 ± 1)↓ and position angle PA = (5 ± 5)↓ (Raman et al. 2006;
Pani# et al. 2008).

Observations of dust at infrared and sub-millimeter wavelengths
have revealed a number of well-defined rings and gaps, which have
been linked to ongoing planetary formation in the disk (e.g. Quanz
et al. 2013; Fedele et al. 2017; Macías et al. 2019; Pohl et al. 2017;
Pérez et al. 2019; Bertrang et al. 2018). A wide range of planetary
masses and locations have been proposed in the literature, with par-
ticular attention given to a candidate located in the outer disk between
two dust rings at 𝑄 ↔ 37 au. Hydrodynamic models lend support to the
planetary origin of this gap (Toci et al. 2020), while deviations from
the Keplerian motion of CO gas provide additional evidence (Garg
et al. 2022). Multi-epoch imaging at near-infrared (NIR) wavelengths
revealed a hotspot of emission in the proposed planetary location,
which exhibits clockwise motion consistent with a Keplerian orbit
(Gratton et al. 2019; Hammond et al. 2023). We highlight the ringed
structure of the disk in Figure 1, which shows an ALMA observation
of 0.89 mm continuum emission (Pérez et al. 2019), alongside the
proposed location of the protoplanet HD 169142 b.

The disk is also rich in atomic and molecular line data. A
wide range of species have been detected, including CO (+isotopo-
logues), deuterated and sulfur-bearing molecules, formaldehyde, and
methanol (e.g. Pani# et al. 2008; Meeus et al. 2012; Carney et al.
2018; Yu et al. 2021; Leemker et al. 2022; Booth et al. 2023a). Re-
cent findings include the first detection of SiS in a protoplanetary
disk, which alongside SO, has been proposed to trace shocked gas in
the proximity of the aforementioned protoplanet (Law et al. 2023).

2.2 Archival data

In this study, we make use of a wealth of archival data. This includes
high-resolution continuum observations from ALMA at 0.45 mm
(Leemker et al. 2022), 0.89 mm (Law et al. 2023), and 1.3 mm
(Garg et al. 2022), and spectral line observations from ALMA
covering a range of chemical species: CO(+isotopologues, [CI],
CS(+isotopologues), SO, H2CS, and SiS (Leemker et al. 2022; Garg

MNRAS 000, 1–17 (2024)

d=115pc, M★ = 1.65M⦿，r≈37auに惑星？
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Table A1: Summary of archival observational data used in this study.

Species Transition 𝐿 (GHz) 𝑀 Beam Size Aul (s→1) 𝐿 Eup (K) 𝐿 Project 𝑁 PI Reference

ALMA 12m array

CONT 0.45 mm 670.583700 0.04"↑0.04" (-72↓) - - 2017.1.00727.S J. Szulágyi Leemker et al. (2022)
CONT 0.89 mm 331.000000 0.05"↑0.03" (80↓) - - 2012.1.00799.S M. Honda Law et al. (2023)
CONT 1.3 mm 225.000000 0.04"↑0.02" (73↓) - - 2016.1.00344.S S. Perez Garg et al. (2022)
CO 𝑂 = 2 → 1 230.538000 0.05"↑0.03" (80↓) 6.857 ↑ 10→7 16.6 2016.1.00344.S S. Perez Garg et al. (2022)
CO 𝑂 = 3 → 2 345.795990 0.11"↑0.09" (74↓) 2.476 ↑ 10→6 33.2 2012.1.00799.S / 2015.1.00806.S M. Honda / J.Pineda Law et al. (2023)
13CO 𝑂 = 2 → 1 220.398684 0.05"↑0.04" (78↓) 6.038 ↑ 10→7 15.9 2016.1.00344.S S. Perez Garg et al. (2022)
13CO 𝑂 = 3 → 2 330.587965 0.12"↑0.09" (75↓) 2.181 ↑ 10→6 31.7 2012.1.00799.S / 2015.1.00806.S M. Honda / J.Pineda Law et al. (2023)
13CO 𝑂 = 6 → 5 661.067277 0.06"↑0.05" (86↓) 1.868 ↑ 10→5 111.1 2017.1.00727.S J. Szulágyi Leemker et al. (2022)
C18O 𝑂 = 2 → 1 219.560354 0.07"↑0.06" (-46↓) 6.011 ↑ 10→7 15.8 2016.1.00344.S S.Perez Garg et al. (2022)
[CI] 3𝑃1 →3 𝑃0 492.160651 1.01"↑0.51" (81↓) 7.880 ↑ 10→8 23.6 2016.1.00346.S T. Tsukagoshi Booth et al. (2023a)
CS 𝑂 = 10 → 9 489.750921 0.94"↑0.40" (83↓) 2.496 ↑ 10→3 129.3 2016.1.00346.S T. Tsukagoshi Booth et al. (2023a)
13CS 𝑂 = 6 → 5 277.455405 0.73"↑0.46" (89↓) 4.399 ↑ 10→4 46.6 2018.1.01237.S E. Macias Booth et al. (2023a)
SO 𝑂 = 88 → 77 344.310612 0.19"↑0.14" (89↓) 5.186 ↑ 10→4 87.5 2012.1.00799.S / 2015.1.00806.S M. Honda / J.Pineda Law et al. (2023)
H2CS 𝑂 = 81,7 → 71,6 278.887661 0.73"↑0.46" (89↓) 3.181 ↑ 10→4 73.4 2018.1.01237.S E. Macias Booth et al. (2023a)
SiS 𝑂 = 19 → 18 344.779481 0.19"↑0.14" (84↓) 6.996 ↑ 10→4 165.5 2012.1.00799.S M. Honda Law et al. (2023)

Herschel/PACS

HD 56𝑄m 5331.56195 - 4.860 ↑ 10→7 384.6 DIGIT N.J. Evans Kama et al. (2020)
HD 112𝑄m 2674.98609 - 5.440 ↑ 10→8 128.5 DIGIT N.J. Evans Kama et al. (2020)
[OI] 63𝑄m 4747.77749 - 8.910 ↑ 10→5 227.7 GASPS W.R.F. Dent Meeus et al. (2012)
[OI] 146𝑄m 2061.06909 - 1.750 ↑ 10→5 326.6 GASPS W.R.F. Dent Meeus et al. (2012)

𝐿 Line frequencies, Einstein A coe!cients (Aul), and upper energy levels (Eup) are taken from the Cologne Database for Molecular Spectroscopy (CDMS; Müller et al. 2001; Müller
et al. 2005; Endres et al. 2016) and the Leiden Atomic and Molecular Database (LAMDA; Schöier et al. 2005)
𝑀 Observations listed with two project IDs combined both datasets
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手法：円盤モデルとアーカイブデータを比較
1. 円盤構造を決める


• ガス円盤は通常のpower-law with an exponential taper


• ダスト連続波(SED及び高解像度イメージ）を再現するダスト円盤構造決め
る


• HD 56umと112umの上限値からgas massの最大値を制限，ただ結局大し
た制約は得られず g/d = 100に固定。。。


2. 化学ネットワーク計算の詳細(DALIの拡張）


• CO isotopologuesの同位体分別を引き起こす反応を含めた基本化学反応
ネットワーク　＋ Sulfer 関連反応の大幅な拡張


• 5Myr にわたって計算，分布を求める


3. ガス化学に関連したパラメータサーチ


• C18Oの動径分布や[CI]や[OI]の放射を再現するようO/HやC/Hを振ってみる


• CSやSOなどのデータ（特に両者の比の動径分布）を再現するSのガス存
在比やC/O動径分布を探す

Volatiles in HD 169142 3

et al. 2022; Law et al. 2023; Booth et al. 2023b). We also incorporate
disk-integrated fluxes and upper-limits of HD 56𝐿m/112𝐿m and [OI]
63𝐿m/146𝐿m from Herschel/PACS (Meeus et al. 2012; Kama et al.
2020). The data is outlined in detail in Table A1.

3 MODELLING

We ran source-specific models using the 2D physical-chemical code
!"#$ (Bruderer et al. 2012; Bruderer 2013). The code first requires a
parameterised gas and dust density distribution and an input stellar
spectrum, then uses Monte Carlo radiative transfer to determine the
UV radiation field and dust temperature. This provides an initial
guess for the the gas temperature, which begins an iterative process in
which the chemistry is solved time-dependently. We let the chemistry
evolve to 5 Myr, consistent with recent age estimates for the system
(Vioque et al. 2018). Finally, the raytracing module is used to obtain
spectral image cubes, line profiles, and disk-integrated line fluxes.

In this work, we use the disk parameters from Fedele et al. (2017)
and Carney et al. (2018) as our starting point for refining the model.
Incorporating a wider range of observational constraints, we deter-
mine the total elemental carbon and oxygen abundances, then extend
the model to include a range of sulfur-bearing molecules. Details of
the model are described below.

3.1 Disk structure

The disk structure is fully parameterised, with a surface density that
follows the standard form of a power law with an exponential taper:

ωgas = ωc ·
(
𝑀

𝑁𝐿

)→𝑀
exp

[
→
(
𝑀

𝑁𝐿

)2→𝑀 ]
(1)

where 𝑀 is the radius, 𝑂 is the surface density exponent, ωc is some
critical surface density, and 𝑁c is some critical radius, such that the
surface density at 𝑁c is ωc/𝑃. The scale height is then given by:

𝑄(𝑀) = 𝑄𝐿

(
𝑀

𝑁𝐿

)𝑁
(2)

where 𝑄c is the scale height at 𝑁c, and the power law index of the
scale height, 𝑅, describes the flaring of the disk.

ωgas and ωdust extend from the dust sublimation radius (𝑁sub,
defined as the inner edge of the model domain) to the edge of the disk
(𝑁out). The gas and dust surface densities can be varied independently
within a number of predefined radial regions, using the various 𝑆gas
and 𝑆dust parameters (see Table B1 for a full description).

The gas-to-dust ratio is denoted εg/d. Dust settling is implemented
by considering two di!erent populations of grains: small grains
(0.005𝐿m -1𝐿m) and large grains (0.005𝐿m -1mm). The size dis-
tribution of both populations is proportional to 𝑇→3.5 (where 𝑇 is
the grain size), consistent with the interstellar grain size distribution
(Mathis et al. 1977). The vertical density structure of the dust is such
that large grains are settled towards the midplane, prescribed by the
settling parameter 𝑈:

𝑉dust, large =
𝑊ωdust↑
2𝑋𝑀 𝑈𝑄

exp
[
→ 1

2

(
𝑋/2 → 𝑌

𝑈𝑄

)2]
(3)

𝑉dust, small =
(1 → 𝑊 )ωdust↑

2𝑋𝑀𝑄
exp

[
→ 1

2

(
𝑋/2 → 𝑌

𝑄

)2]
(4)

where 𝑊 is the mass fraction of large grains and 𝑌 is the opening
angle from the midplane as viewed from the central star.

3.2 Stellar parameters

The stellar spectrum is modelled as a blackbody with temperature
𝑍 = 8400 K (Dunkin et al. 1997) and luminosity 𝑎↓ = 10𝑎↔ (Fedele
et al. 2017). The X-ray spectrum was characterised as a thermal
spectrum with a temperature of 7 ↗ 107 K over the 1 to 100 keV
energy range, with an X-ray luminosity of 𝑎𝑂 = 7.94↗1028 erg s→1,
based on observations of similar Herbig Ae/Be systems (Stelzer et al.
2006).

3.3 Chemical networks

To constrain the overall carbon and oxygen abundances, we employ
the CO isotopologue network from Miotello et al. (2016), which is
based on a subset of the UMIST 06 (Woodall et al. 2007) network.
This network includes CO isotopologues, allowing us to take into
account the e!ects of isotope-selective photodissociation, where the
isotope ratios are taken to be [12C]/[13C] = 77 and [16O]/[18O] = 560
(Wilson & Rood 1994). In total, the CO isotopologue network con-
sists of 185 species (including neutral and charged PAHs) and 5755
individual reactions. The code includes H2 formation on dust, freeze-
out, thermal desorption, hydrogenation, gas-phase reactions, pho-
todissociation and photoionisation, X-ray induced processes, cosmic-
ray induced reactions, PAH charge exchange/hydrogenation and re-
actions with vibrationally excited H2. Non-thermal desorption is only
included for a small number of species (CO, CO2, H2O, CH4, NH3).
For grain surface chemistry, only hydrogenation of simple species is
considered (C, CH, CH2, CH3, N, NH, NH2, O, OH). The details of
these processes are described more fully in Bruderer et al. (2012).

Since the CO isotopologue network is missing important sulfur
reactions, we use the network from Keyte et al. (2023) to model the
sulfur-bearing species. This network augments the chemical network
from Bruderer (2013) with additional sulfur-bearing molecules and
reactions. These include gas-phase reactions from UMIST 06, freeze-
out and thermal desorption, photoionisation and photodissociation,
and hydrogenation of S to HS and HS to H2S on grain surfaces.
The network was previously tested against a model incorporating
the full set of gas-phase reactions from the RATE 12 dataset (467
species, 5950 reactions; McElroy et al. 2013) using the %&"’()*+
modelling code (Rawlings 2022, Rawlings, Keto & Caselli, submit-
ted), finding good agreement (see Keyte et al. 2024 for full details).
For this study, we extended the network to include two additional
sulfur-bearing species, S2 and S→ , which were found to play a role
in the production of OCS and SO in our previous study of sulfur
chemistry in the HD 100546 protoplanetary disk (Keyte et al. 2024).
We also implemented non-thermal desorption for all sulfur-bearing
species, where the photodesorption yield is set to 𝑏 = 1.2 ↗ 10→3

for H2S (Fuente et al. 2017), and 𝑏 = 10→3 for all other species (for
which the yields have not been experimentally determined). This
value is consistent with that used in previous studies of photodes-
orption where the yield is not known (e.g. Visser et al. 2011). In
total, the network used for sulfur chemistry consists of 135 individ-
ual species and 1775 individual reactions. To maintain consistency,
we adopt the initial abundances and binding energies from the CO
isotopologue network. A similar approach has previously been used
to model sulfur chemistry in the disk around DR Tau (Huang et al.
2024).

MNRAS 000, 1–17 (2024)
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et al. 2022; Law et al. 2023; Booth et al. 2023b). We also incorporate
disk-integrated fluxes and upper-limits of HD 56𝐿m/112𝐿m and [OI]
63𝐿m/146𝐿m from Herschel/PACS (Meeus et al. 2012; Kama et al.
2020). The data is outlined in detail in Table A1.

3 MODELLING

We ran source-specific models using the 2D physical-chemical code
!"#$ (Bruderer et al. 2012; Bruderer 2013). The code first requires a
parameterised gas and dust density distribution and an input stellar
spectrum, then uses Monte Carlo radiative transfer to determine the
UV radiation field and dust temperature. This provides an initial
guess for the the gas temperature, which begins an iterative process in
which the chemistry is solved time-dependently. We let the chemistry
evolve to 5 Myr, consistent with recent age estimates for the system
(Vioque et al. 2018). Finally, the raytracing module is used to obtain
spectral image cubes, line profiles, and disk-integrated line fluxes.

In this work, we use the disk parameters from Fedele et al. (2017)
and Carney et al. (2018) as our starting point for refining the model.
Incorporating a wider range of observational constraints, we deter-
mine the total elemental carbon and oxygen abundances, then extend
the model to include a range of sulfur-bearing molecules. Details of
the model are described below.

3.1 Disk structure

The disk structure is fully parameterised, with a surface density that
follows the standard form of a power law with an exponential taper:
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where 𝑀 is the radius, 𝑂 is the surface density exponent, ωc is some
critical surface density, and 𝑁c is some critical radius, such that the
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where 𝑄c is the scale height at 𝑁c, and the power law index of the
scale height, 𝑅, describes the flaring of the disk.

ωgas and ωdust extend from the dust sublimation radius (𝑁sub,
defined as the inner edge of the model domain) to the edge of the disk
(𝑁out). The gas and dust surface densities can be varied independently
within a number of predefined radial regions, using the various 𝑆gas
and 𝑆dust parameters (see Table B1 for a full description).

The gas-to-dust ratio is denoted εg/d. Dust settling is implemented
by considering two di!erent populations of grains: small grains
(0.005𝐿m -1𝐿m) and large grains (0.005𝐿m -1mm). The size dis-
tribution of both populations is proportional to 𝑇→3.5 (where 𝑇 is
the grain size), consistent with the interstellar grain size distribution
(Mathis et al. 1977). The vertical density structure of the dust is such
that large grains are settled towards the midplane, prescribed by the
settling parameter 𝑈:
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where 𝑊 is the mass fraction of large grains and 𝑌 is the opening
angle from the midplane as viewed from the central star.

3.2 Stellar parameters

The stellar spectrum is modelled as a blackbody with temperature
𝑍 = 8400 K (Dunkin et al. 1997) and luminosity 𝑎↓ = 10𝑎↔ (Fedele
et al. 2017). The X-ray spectrum was characterised as a thermal
spectrum with a temperature of 7 ↗ 107 K over the 1 to 100 keV
energy range, with an X-ray luminosity of 𝑎𝑂 = 7.94↗1028 erg s→1,
based on observations of similar Herbig Ae/Be systems (Stelzer et al.
2006).

3.3 Chemical networks

To constrain the overall carbon and oxygen abundances, we employ
the CO isotopologue network from Miotello et al. (2016), which is
based on a subset of the UMIST 06 (Woodall et al. 2007) network.
This network includes CO isotopologues, allowing us to take into
account the e!ects of isotope-selective photodissociation, where the
isotope ratios are taken to be [12C]/[13C] = 77 and [16O]/[18O] = 560
(Wilson & Rood 1994). In total, the CO isotopologue network con-
sists of 185 species (including neutral and charged PAHs) and 5755
individual reactions. The code includes H2 formation on dust, freeze-
out, thermal desorption, hydrogenation, gas-phase reactions, pho-
todissociation and photoionisation, X-ray induced processes, cosmic-
ray induced reactions, PAH charge exchange/hydrogenation and re-
actions with vibrationally excited H2. Non-thermal desorption is only
included for a small number of species (CO, CO2, H2O, CH4, NH3).
For grain surface chemistry, only hydrogenation of simple species is
considered (C, CH, CH2, CH3, N, NH, NH2, O, OH). The details of
these processes are described more fully in Bruderer et al. (2012).

Since the CO isotopologue network is missing important sulfur
reactions, we use the network from Keyte et al. (2023) to model the
sulfur-bearing species. This network augments the chemical network
from Bruderer (2013) with additional sulfur-bearing molecules and
reactions. These include gas-phase reactions from UMIST 06, freeze-
out and thermal desorption, photoionisation and photodissociation,
and hydrogenation of S to HS and HS to H2S on grain surfaces.
The network was previously tested against a model incorporating
the full set of gas-phase reactions from the RATE 12 dataset (467
species, 5950 reactions; McElroy et al. 2013) using the %&"’()*+
modelling code (Rawlings 2022, Rawlings, Keto & Caselli, submit-
ted), finding good agreement (see Keyte et al. 2024 for full details).
For this study, we extended the network to include two additional
sulfur-bearing species, S2 and S→ , which were found to play a role
in the production of OCS and SO in our previous study of sulfur
chemistry in the HD 100546 protoplanetary disk (Keyte et al. 2024).
We also implemented non-thermal desorption for all sulfur-bearing
species, where the photodesorption yield is set to 𝑏 = 1.2 ↗ 10→3

for H2S (Fuente et al. 2017), and 𝑏 = 10→3 for all other species (for
which the yields have not been experimentally determined). This
value is consistent with that used in previous studies of photodes-
orption where the yield is not known (e.g. Visser et al. 2011). In
total, the network used for sulfur chemistry consists of 135 individ-
ual species and 1775 individual reactions. To maintain consistency,
we adopt the initial abundances and binding energies from the CO
isotopologue network. A similar approach has previously been used
to model sulfur chemistry in the disk around DR Tau (Huang et al.
2024).
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(𝑁out). The gas and dust surface densities can be varied independently
within a number of predefined radial regions, using the various 𝑆gas
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The gas-to-dust ratio is denoted εg/d. Dust settling is implemented
by considering two di!erent populations of grains: small grains
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To constrain the overall carbon and oxygen abundances, we employ
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based on a subset of the UMIST 06 (Woodall et al. 2007) network.
This network includes CO isotopologues, allowing us to take into
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isotope ratios are taken to be [12C]/[13C] = 77 and [16O]/[18O] = 560
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out, thermal desorption, hydrogenation, gas-phase reactions, pho-
todissociation and photoionisation, X-ray induced processes, cosmic-
ray induced reactions, PAH charge exchange/hydrogenation and re-
actions with vibrationally excited H2. Non-thermal desorption is only
included for a small number of species (CO, CO2, H2O, CH4, NH3).
For grain surface chemistry, only hydrogenation of simple species is
considered (C, CH, CH2, CH3, N, NH, NH2, O, OH). The details of
these processes are described more fully in Bruderer et al. (2012).

Since the CO isotopologue network is missing important sulfur
reactions, we use the network from Keyte et al. (2023) to model the
sulfur-bearing species. This network augments the chemical network
from Bruderer (2013) with additional sulfur-bearing molecules and
reactions. These include gas-phase reactions from UMIST 06, freeze-
out and thermal desorption, photoionisation and photodissociation,
and hydrogenation of S to HS and HS to H2S on grain surfaces.
The network was previously tested against a model incorporating
the full set of gas-phase reactions from the RATE 12 dataset (467
species, 5950 reactions; McElroy et al. 2013) using the %&"’()*+
modelling code (Rawlings 2022, Rawlings, Keto & Caselli, submit-
ted), finding good agreement (see Keyte et al. 2024 for full details).
For this study, we extended the network to include two additional
sulfur-bearing species, S2 and S→ , which were found to play a role
in the production of OCS and SO in our previous study of sulfur
chemistry in the HD 100546 protoplanetary disk (Keyte et al. 2024).
We also implemented non-thermal desorption for all sulfur-bearing
species, where the photodesorption yield is set to 𝑏 = 1.2 ↗ 10→3

for H2S (Fuente et al. 2017), and 𝑏 = 10→3 for all other species (for
which the yields have not been experimentally determined). This
value is consistent with that used in previous studies of photodes-
orption where the yield is not known (e.g. Visser et al. 2011). In
total, the network used for sulfur chemistry consists of 135 individ-
ual species and 1775 individual reactions. To maintain consistency,
we adopt the initial abundances and binding energies from the CO
isotopologue network. A similar approach has previously been used
to model sulfur chemistry in the disk around DR Tau (Huang et al.
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Table B1. Fiducial HD 169142 disk model parameters.

Parameter Description Fiducial

𝐿sub Sublimation radius 0.2 au
𝐿gap Inner disk size 0.4 au
𝐿gas.cav Gas cavity inner radius 13 au
𝐿cav Dust cavity radius 21 au
𝐿dust.gap.in Dust gap inner radius 32 au
𝐿gas.gap.in Gas gap inner radius 32 au
𝐿dust.gap.out Dust gap outer radius 56 au
𝐿gas.gap.out Gas gap outer radius 56 au
𝐿L.dust.out Maximum radius of large dust grains 83 au
𝐿out Disk outer radius 180 au
𝐿𝐿 Critical radius for surface density 100 au
𝑀gas Gas depletion factor inside 𝐿gas.cav 10→10

𝑀gas.cav.edge Gas depletion factor between 𝐿gas.cav - 𝐿cav 10→3

𝑀gas.ring Gas depletion factor between 𝐿cav- 𝐿dust.gap.in 1.0
𝑀L.dust Large dust grain depletion factor inside 𝐿cav 10→10

𝑀S.dust Small dust grain depletion factor inside 𝐿cav 10→10

𝑀L.dust.ring Large dust grain depletion factor between 𝐿cav- 𝐿dust.gap.in 0.27
𝑀S.dust.ring Small dust grain depletion factor between 𝐿cav- 𝐿dust.gap.in 0.27
𝑀L.dust.gap Large dust grain depletion factor between 𝐿dust.gap.in - 𝐿dust.gap.out 10→10

𝑀S.dust.gap Small dust grain depletion factor between 𝐿dust.gap.in - 𝐿dust.gap.out 10→2

𝑁 Power law index of surface density profile 1.0
𝑂 Dust settling parameter 0.2
𝑃 Large-to-small dust mixing parameter 0.85
ω𝐿 ωgas at 𝐿𝐿 8.125 g cm→2

𝑄𝐿 Scale height at 𝐿𝐿 0.07 rad
𝑅 Power law index of scale height 0.0
εg/d Gas-to-dust mass ratio 100
𝑆↑ Stellar luminosity 10 𝑆↓
𝑇↑ Stellar temperature 8400 K
𝑆𝑀 Stellar X-ray luminosity 7.94 ↔ 1028 erg s→1

𝑇𝑀 X-ray plasma temperature 7.0 ↔ 107 K
𝑈cr Cosmic ray ionization rate 1.26 ↔ 10→17 s→1

𝑉gas Disk gas mass 2.83 ↔ 10→2 𝑉↓
𝑉dust Disk dust mass 1.11 ↔ 10→4 𝑉↓
𝑊chem Timescale for time-dependent chemistry 5 Myr

Table B2. Fiducial HD 169142 disk model initial abundances and range of values covered by the model grid.

Species Abundance (X/H) Range

H 1.0 -
He 7.59 ↔ 10→2 -
C 1.00 ↔ 10→4 2 ↔ 10→5 to 2 ↔ 10→4

O 1.00 ↔ 10→4 2 ↔ 10→5 to 2 ↔ 10→4

N 2.14 ↔ 10→5 -
S 4.00 ↔ 10→8 1 ↔ 10→12 to 1 ↔ 10→5

Mg 1.00 ↔ 10→11 -
Si 1.00 ↔ 10→11 -
Fe 1.00 ↔ 10→11 -
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Figure B1. Density and temperature structure of the fiducial model. Top row: Gas number density (left) and temperature (right). Bottom row: Dust number
density (left) and temperature (right). The 20 K and 150 K temperature contours are denoted by the dotted white lines, marking the approximate locations of the
CO and H2O snowlines.

Figure B2. Continuum radial intensity profiles and spectral energy distribution (SED). Observations are shown in black and fiducial model in blue.

Figure B3. CS, SO, and H2CS 2D abundance maps extracted from our composite model (where C/O = 0.5 inside 𝐿 < 56 au and C/O = 1.1 outside this region).
The white contours denote where 80% of the emission originates for the CS 𝑀 = 10 → 9, SO 𝑀 = 88 → 77, and H2CS 𝑀 = 81,7 → 71,6 transitions.
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Figure 2. Radial intensity profiles for the CO (+isotopologues) and [CI] line listed in Table A1. Observations are in black, with uncertainties shaded in grey.
Models with varying C/O ratios are shown as coloured lines. Each model uses a fixed initial oxygen abundance of 2 → 10↑4, with the C/O ratio controlled by
variations in C/H. The models are otherwise identical. All models are convolved with a beam to match the observations, where the beam size is indicated by the
green bar in the top right of each panel. Shaded blue regions denote dust rings locations.

Figure 3. Radial intensity profiles for the CO (+isotopologues) and [CI] line listed in Table A1. Observations are in black, with uncertainties shaded in grey.
Models with varying C/H shown as coloured lines. Each model uses a fixed C/O ratio of 1.0, where O/H is varied in step with C/H. The models are otherwise
identical. All models are convolved with a beam to match the observations, where the beam size is indicated by the green bar in the top right of each panel.
Shaded blue regions denote dust rings locations.

4 RESULTS

4.1 Baseline model

Our fitting procedure follows the approach of Kama et al. (2016) and
Keyte et al. (2023). We begin by constraining the dust distribution
by jointly fitting the spectral energy distribution and high-resolution
continuum observations. Using a grid of ↓ 2500 models, we vary
the parameters 𝐿, 𝑀c, ωg/d, 𝑁, 𝑂 , adopting the values from Fedele

et al. (2017) as a starting point. We also include variations in the
parameters that define the radial location of the dust rings and the
level of dust depletion within the gaps. At this stage, εgas is kept
fixed at an arbitrary value such that changes to ωg/d are equivalent
only to changes in the dust mass.

The results for our best-fitting model are illustrated in Figure B2.
The best-fitting parameter values are consistent with Fedele et al.
(2017), with the only di!erence being that our model incorporates a

MNRAS 000, 1–17 (2024)



COデータの再現(2): C/O=1としてC/Hを振ってみる

4 Luke Keyte

Figure 2. Radial intensity profiles for the CO (+isotopologues) and [CI] line listed in Table A1. Observations are in black, with uncertainties shaded in grey.
Models with varying C/O ratios are shown as coloured lines. Each model uses a fixed initial oxygen abundance of 2 → 10↑4, with the C/O ratio controlled by
variations in C/H. The models are otherwise identical. All models are convolved with a beam to match the observations, where the beam size is indicated by the
green bar in the top right of each panel. Shaded blue regions denote dust rings locations.
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4 RESULTS

4.1 Baseline model

Our fitting procedure follows the approach of Kama et al. (2016) and
Keyte et al. (2023). We begin by constraining the dust distribution
by jointly fitting the spectral energy distribution and high-resolution
continuum observations. Using a grid of ↓ 2500 models, we vary
the parameters 𝐿, 𝑀c, ωg/d, 𝑁, 𝑂 , adopting the values from Fedele

et al. (2017) as a starting point. We also include variations in the
parameters that define the radial location of the dust rings and the
level of dust depletion within the gaps. At this stage, εgas is kept
fixed at an arbitrary value such that changes to ωg/d are equivalent
only to changes in the dust mass.

The results for our best-fitting model are illustrated in Figure B2.
The best-fitting parameter values are consistent with Fedele et al.
(2017), with the only di!erence being that our model incorporates a
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全部を満足するモデルはないが，C/O=1.0, C/H=1✖10-4 として，C18Oが合うようにGas depletion を議論 :  

過去の研究と異なり，inner ring (r=21-32au)ではさほどgas depletion なし(gas depletion factor = 1.0) 
gap (32-56 au)では gas depletion factor = 0.02 (論文中であまりちゃんと説明していないので良くわからない)



CS, 13CS, SO, H2CSからS/Hを議論
S/H ~ 10-8くらいに激しくdepleteしてないと，輝線強度の絶対値が再現できない6 Luke Keyte

Figure 5. Radial intensity profiles for the CS 𝐿 = 10 → 9, 13CS 𝐿 = 6 → 5, SO 𝐿 = 88 → 77, and H2CS 𝐿 = 81,7 → 71,6 transitions (observations in black and
models in color). Blue shaded regions denote the location of dust rings. Top row: Models with varying initial elemental sulfur abundance S/H = 2 ↑ 10→8 to
10→7, where C/O is fixed at 0.9 and C/H = 10→4. Middle row: Models with varying C/O ratio (0.3 to 0.9), where the total elemental sulfur abundance is fixed
at S/H = 4 ↑ 10→8. Bottom row: Composite models, where C/O=0.5 inside of the outer dust ring (𝑀 = 56 au), and C/O varies outside this region according to
the legend. The total elemental sulfur abundance is again fixed at S/H = 4 ↑ 10→8. No change is seen in the SO profile, since the C/O variations are only present
beyond 𝑀 = 56 au where the SO emission is e!ectively zero.

set of parameters from our fiducial model are listed in Table B1.
The initial chemical abundances for the fiducial model and range of
values tested in our model grid are listed in Table B2.

4.2 CS, 13CS, SO, and H2CS modelling

Next, we use the CS, 13CS, SO, and H2CS data to constrain the total
gas-phase elemental sulfur abundance S/H. We opt to treat the SiS
separately in the next section, since the emission is thought to be trac-
ing shocks in the vicinity of a protoplanet and therefore significantly
enhanced from the ’background’ level (Law et al. 2023). Using the

gas and dust density structures determined in the previous section,
we ran models covering a wide range of initial sulfur abundances
(S/H = 10→12 to 10→5) and C/O ratios (0.3 to 1.1). In each case, the
total elemental carbon abundance was fixed at the fiducial value C/H
= 1 ↑ 10→4.

Figure 5 illustrates a subset of the results. The top row shows
the modelled CS 𝐿 = 10 → 9, 13CS 𝐿 = 6 → 5, SO 𝐿 = 88 → 77,
and H2CS 𝐿 = 81,7 → 71,6 radial intensity profiles, where the initial
sulfur abundance is varied and the C/O ratio is fixed at C/O=0.9. The
results indicate that total elemental sulfur is heavily depleted from
the gas phase by ↓ 3 orders of magnitude compared to the cosmic
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C/O に依存して CSとSOの変化の仕方が少し変わる



CS/SO比を再現するにはcomposite model 
内側でC/O = 0.5, 外側でC/O>0.5が必要

6 Luke Keyte

Figure 5. Radial intensity profiles for the CS 𝐿 = 10 → 9, 13CS 𝐿 = 6 → 5, SO 𝐿 = 88 → 77, and H2CS 𝐿 = 81,7 → 71,6 transitions (observations in black and
models in color). Blue shaded regions denote the location of dust rings. Top row: Models with varying initial elemental sulfur abundance S/H = 2 ↑ 10→8 to
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Next, we use the CS, 13CS, SO, and H2CS data to constrain the total
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separately in the next section, since the emission is thought to be trac-
ing shocks in the vicinity of a protoplanet and therefore significantly
enhanced from the ’background’ level (Law et al. 2023). Using the

gas and dust density structures determined in the previous section,
we ran models covering a wide range of initial sulfur abundances
(S/H = 10→12 to 10→5) and C/O ratios (0.3 to 1.1). In each case, the
total elemental carbon abundance was fixed at the fiducial value C/H
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Figure 7. CS and SO column densities, and CS/SO column density ratios. Observations in black, with uncertainties shaded in grey. Models in color. All column
densities have been convolved with a beam of size matching the CS observation (green bar). Panel (a): CS column densities for models with varying C/O ratio.
Panel (b): SO column densities for models with varying C/O ratio. Panel (c): CS/SO column density ratios for models with varying C/O ratio. Panel (d): CS/SO
for our composite models using a radially varying C/O ratio. In all cases, S/H is fixed at 4 → 10↑8 and C/H is fixed at 10↑4.

same e!ect. By varying S/H radially, it is possible to better match
the emission morphology of a single species, but at the expense
of others. For example, adopting a relatively high sulfur abundance
of S/H = 3 → 10↑7 in the outer disk, while maintaining a lower
abundance in the inner disk, allows us to better match the morphology
and absolute flux of the CS J=10-9 radial intensity profile. However,
this leads to significant over-prediction of SO emission in the outer
disk, while the H2CS emission remains under-predicted. It is not
possible to simultaneously balance the emission morphology of the
CS, 13CS, SO, and H2CS profiles in this manner. Only through
radially varying the C/O ratio are we able to simultaneously improve
the fit to the intensity profiles of all species.

We explored varying the radial location at which the two models
are spliced together and find that the general morphology can repro-
duced so long as the splice point lies inside the dust gap (𝐿 ↓ 32 to 56
au). The precise location within the gap makes has little impact, since
the level of gas depletion in the gap is extremely high and does not
significantly contribute to the emission of any of the sulfur-bearing
molecules.

As an additional point of comparison, we processed the com-
posite model line image cubes using the CASA tasks simobserve
and simanalyze to create simulated ALMA observations, using
parameters matching the observations. The processed cubes were
collapsed to generate moment-zero integrated intensity maps, which
we show alongside the observations in Figure 6. These highlight that
the emission from species in the composite model provide a close
morphological match to the observations, when taking into account
the uv-coverage and noise associated with the ALMA data.

4.3 CS/SO ratio

The CS/SO ratio has been proposed as a tracer of the overall gas-
phase C/O ratio in disks, since CS and SO are both highly sensitive
to the elemental gas-phase carbon and oxygen abundance (Semenov
et al. 2018; Le Gal et al. 2021) . Booth et al. (2023a) derived the
CS/SO ratio for this disk by calculating the CS and SO radial column
densities, assuming a fixed temperature of 60 K, finding CS/SO
= 0.9 ± 0.2 at 10 au, increasing to > 10 in the outer disk at 100
au. While these results should be treated with caution due to the
assumption of a fixed temperature, comparison with our models can
still yield insights into important trends.

We extracted CS and SO radial column densities from a range of
models spanning C/O = 0.3 to 1.1. In each case, the initial gas-phase
sulfur abundance was fixed at S/H = 4 → 10↑8, which was chosen
since it provides the best match to the SO emission morphology and
peak flux, and a close match to the peak fluxes of the other species

(albeit not their morphology). We then convolved both column den-
sities to the same angular resolution, matching the beam size of the
CS observation (since it is the larger of the two beams). The re-
sults are illustrated in Figure 7(a,b), alongside the column densities
inferred from the observations by Booth et al. (2023a). The CS is
best matched by the model using C/O = 0.9 and exhibits a similar
radial morphology to the observations. The SO column densities are
under-predicted by a factor of a few in all cases, but broadly match
the morphology of the observations.

The modelled N(CS)/N(SO) ratios are shown in Figure 7(c). The
observed profile is best fit with a model using C/O=0.9, which pro-
vides an excellent match beyond ↓ 50 au, but over-predicts CS/SO
by a factor of ↓ 2 in the inner disk. Increasing the modelled C/O
above unity dramatically over-predicts CS/SO by at least one order
of magnitude throughout the entire disk.

Finally, we show the results the for composite models described
in the previous section in Figure 7(d). For each model, the C/O ratio
is fixed at C/O = 0.5 inside the outer dust ring (𝐿 = 56 au), and is
elevated beyond this region. The observations are again best-fit by
a model using C/O = 0.9 in the outer disk, but this time provide a
slightly closer match in the inner disk compared to models which
use a single C/O ratio throughout. Composite models which use
C/O↭ 1 in the outer disk over-predict CS/SO by at least one order of
magnitude.

As an aside, we also investigated the influence of sulfur abundance
on the CS/SO ratio by comparing our fiducial models to those in
which S/H is increased by an order of magnitude (Figure C1). This
analysis demonstrates that variations in the sulfur abundance have
a minimal e!ect, typically altering the CS/SO ratio by less than a
factor of 1.5 for a factor 10 increase in S/H. This suggests that the
CS/SO ratio is primarily dependent on the C/O ratio, with variations
in the sulfur abundance producing only secondary e!ects.

Our models therefore robustly constrain the C/O ratio in the outer
disk (𝐿 ↔ 56 au) to be close to, but not exceeding, unity. The large
beam size (↓ 80 au) limits our ability to precisely constrain the
C/O ratio in the inner disk beyond an upper limit of < 1. However,
composite models incorporating an enhancement of volatile oxygen
in the inner disk region provide the closest match to the observed
CS/SO ratio profile.

4.4 SiS modelling

SiS emission traces a highly asymmetric azimuthal arc between two
dust rings (𝐿 ↓ 32 to 56 au), and includes an emission ’hotspot’
cospatial with the location of the proposed protoplanet HD 169142b.
Law et al. (2023) propose that this emission is the result of a giant
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Cが多ければCSは増える 
Oが増えてもSOはさほど
増えない(SO2になる) 

この点は先行研究 
でも指摘あり 

(Semenov+ 2018;  
Le Gal+ 2021など) 

水Snowlineの内外で 
C/Oは変化している



SiS分布：既存の円盤化学モデルでは説明できないほど
enhance → Protoplanetへの降着流？
Volatiles in HD 169142 9

embedded planet which produces su!ciently strong shocks to drive
a significant amount of silicates into the gas phase. This view is
supported by the kinematics, which reveal the SiS emission to be
substantially blue-shifted, consistent with a planet-driven outflow.

In the previous section, we showed that elemental sulfur is highly
depleted from the gas phase, finding a best-fit abundance of S/H=
4 → 10↑8. Here, we use our model to determine the SiS 𝐿 = 19 ↑ 18
emission that might be expected under ‘normal’ (i.e., planet-free)
disk conditions. We compare this to the observed flux and attempt
to quantify the increase in gas-phase SiS due to the protoplanet. For
simplicity, we begin by focusing only on the component of emission
in the direct vicinity of the planet, measuring the observed flux
density contained within one beam (Figure 8, top panel). We then
extract an SiS 𝐿 = 19↑18 image cube from the !"#$ model, collapse it
to produce an integrated intensity map, and convolve it with the same
beam size as the observations. We measure the flux in this region
and find a flux density that is many orders of magnitude higher than
the model (↓ 7.5 mJy km/s compared to ↓ 10↑10 mJy km/s).

Next, we test the e"ects of increasing the gas-phase silicon and
sulfur abundances on the modelled SiS emission. We increase both
Si/H and S/H in lockstep, following the ratio of their cosmic abun-
dances [Si/H]/[S/H] = (3.55 → 10↑5)/(1.86 → 10↑5) ↔ 1.91 (Savage
& Sembach 1996). Because silicon is a refractory element, its abun-
dance in disk gas is expected to be strongly depleted with respect
to its nominal cosmic value, which (based on solar abundances) is
already a factor of 2.5 lower than that of sulfur (Asplund et al. 2009).
Since the initial silicon abundance in our model is lower than the
initial sulfur abundance, we reach a point at which S/H is equal to the
cosmic abundance, while Si/H is still lower than the cosmic abun-
dance. At this stage, we continue to increase Si/H, keeping S/H fixed,
until Si/H is also equal to the cosmic abundance. The results are
illustrated in Figure 8 (lower panel). When the gas phase silicon and
sulfur abundances both reach their cosmic abundance, the modelled
SiS 𝐿 = 19 ↑ 18 emission is still ↓ 5 orders of magnitude lower that
the observed value.

These results highlight the fact that the observed SiS emission
is significantly higher than what would be expected under typical
conditions in this system. In the model, SiS in the same location as
the protoplanet is primarily formed through the following neutral-
neutral gas-phase reactions:

Si + SH ↗ SiS + H (5)
Si + SO ↗ SiS + O (6)

where Equation 5 is the fastest, with a rate coe!cient of ↓ 2.5 →
10↑10 cm3 s↑1 at the local gas temperature. Our chemical network
includes all SiS formation reactions from the UMIST 06 database,
supplemented by additional reactions from recent literature (Zanchet
et al. 2018; Mota et al. 2021; Galvão et al. 2023). While it’s possible
that the network may be missing other important formation reactions,
these are unlikely to significantly impact our results, as any additional
SiS formed would need to increase the flux density by ↓ 5 orders
of magnitude to match the observations. We further explore this in
Section 5.2, where we investigate whether the SiS emission could be
related to emission from a circumplanetary disk or shocked gas in
the vicinity of a protoplanet.

Figure 8. Top: SiS 𝐿 = 19↑18 integrated intensity map. Dotted white ellipses
denote peaks of the dust rings. The light blue ellipse encompasses the area in
which the flux density was measured. The beam size is denoted by the solid
grey ellipse in the lower left. Bottom: Observed vs. modelled SiS 𝐿 = 19↑18
flux density, as measured in vicinity of the protoplanet (light blue ellipse in
top panel). The models span a range of total elemental Si and S abundances,
starting at the fiducial value and increasing up to the cosmic abundance.

5 DISCUSSION

5.1 Elemental abundance of volatiles

5.1.1 Carbon and oxygen

We have demonstrated that the HD 169142 disk likely exhibits only
moderate depletion of volatile carbon and oxygen compared to their
interstellar abundances, with our best-fit model indicating C/H and
O/H ↓ 10↑4. We now aim to place this system in context within the
broader protoplanetary disk population.

High levels of carbon and oxygen depletion have been inferred
across a diverse range of disks. Modelling of the IM Lup disk by
Cleeves et al. (2018), for example, showed that observations of C2H
are best-fit by a model in which a significant fraction of oxygen is
removed from the gas, achieved by depleting H2O by a factor of
↓ 50 in the warm molecular layer. Later studies by Zhang et al.
(2021) and Bosman et al. (2021) inferred substellar O/H and C/H in
the outer disks of AS 209, HD 163296, and MWC 480, with oxygen
similarly depleted by factors ranging from 20 to 50. Even higher
levels of depletion (↭ 100) have been inferred in the outer disks of
the T-Tauri systems TW Hya (Kama et al. 2016) and DL Tau (Sturm
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Discovery of interstellar 1-cyanopyrene: a four-ring 
polycyclic aromatic hydrocarbon in TMC-1

• 4環芳香族であるピレンのシアン化物の1-
シアノピレンの回転遷移をTMC-1で検出


• 柱密度の導出，Carbon-budgetの0.03-
0.3%を占める


• 固体成分の見積もりも合わせると1%? 
“Island of stability”


• Ryuguサンプルのピレン同位体分析の結
果（冷たい環境起源を示唆）と整合的
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Polycyclic aromatic hydrocarbons (PAHs) are expected to be the most abun-

dant class of organic molecules in space. Their interstellar lifecycle is not well

understood, and progress is hampered by difficulties detecting individual PAH

molecules. Here, we present the discovery of CN-functionalized pyrene, a 4-
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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↑ 1012 cm→2, and from

this estimate that the un-substituted pyrene accounts for up to 0.03↓ 0.3%

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-

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-

tent in the pre-stellar materials compared to comets, which represent the most

pristine material in the solar system. We estimate that solid state pyrene can

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-

terstellar PAH chemistry and suggests a potential cold molecular cloud origin

of the carbon carried by PAHs that is supplied to forming planetary systems,

including habitable worlds such as our own.

Unidentified infrared (UIR) bands have been observed for decades, dominating the infrared

spectra of many dust-rich astronomical objects in our galaxy and beyond (1). It is widely ac-

cepted that the carriers of this emission are a particular class of exceptionally stable molecules,

polycyclic aromatic hydrocarbons (PAHs) (2–4). PAHs are thought to be present at many stages

of the stellar life cycle and their stability against ultraviolet (UV) radiation makes them promis-

ing candidates to survive even under harsh interstellar conditions (5). The UIR bands that

have been assigned to vibrational modes of PAHs are found predominantly in regions illu-

minated by hot stars or the interstellar radiation field. Recent James Webb Space Telescope

(JWST) observations of these photon-dominated regions (PDRs) (6) have studied the UIRs at

high sensitivity and spectral resolution (7). While no individual PAHs have been identified

2



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

• シアノピレンの異性体（2-シアノピレン, 
4-シアノピレン）回転遷移をTMC-1で検出


• 柱密度の導出，異性体間の存在比はCNの
同等な位置の割合と合致，低温環境下で
の速度論的制御のもとでCNのダイレクト
な付加で生成


• PAHs中のH:CNやPAHsの生成機構につい
ても議論

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-
ies, such as aromatic nitriles. We report the detection of 2- and 4-cyanopyrene, isomers of
the recently detected 1-cyanopyrene. We find that these isomers 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 isomers 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

Main
Polycyclic aromatic hydrocarbons (PAHs) are the likely carriers of the unidentified infrared
(UIR) bands that dominate the spectra of most galactic and extragalactic objects [1]. These
bright features, specifically at 3.3, 6.2, 7.7, 8.6, 11.2, and 12.7µm, are generally associated
with vibrational modes of PAHs that undergo infrared (IR) fluorescence after having been
electronically excited by absorbing far-ultraviolet photons [2, 3]. In the astronomical objects
where UIR bands are observed, PAHs are highly abundant (→10

→7 relative to hydrogen [1])
and therefore significantly impact the physics and chemistry of the interstellar medium (ISM).
In particular, they play a key role in determining the ionization balance in molecular clouds,
thus influencing ion-molecule chemistry [4] and contributing to the neutral gas heating due
to the photoelectric effect [5]. Despite their perceived importance, little is known about the
nature of individual PAH molecules in the ISM. While the presence and abundance of PAHs
in space is strongly supported by IR observations using, e.g., the Infrared Space Observa-
tory (ISO) [6], the Spitzer Space Observatory [7], and the recently launched James Webb
Space Telescope (JWST) [8], the spectra obtained in the mid-IR are a convolution of many
different hot PAH molecules that all contain similar functional groups. Due to this spectral
congestion, identification of individual PAHs in the ISM has not yet been achieved using their
vibrational fingerprints. However, significant efforts to compare spectral variations across
multiple astronomical objects have constrained the PAH families present in these astrophys-
ical environments [9–11], including recently with unprecedented spatial resolution using
JWST [8].

While extraterrestrial PAHs have been found in carbonaceous chondrites such as Murchi-
son and Orgueil [12, 13] and in samples returned from comet 81P/Wild 2 during the Stardust
mission [14], their recent discovery in return samples from asteroid Ryugu shines new
light on potential formation pathways [15, 16]. Carbon-13 isotopic analysis of the PAHs
found in Ryugu showed that the 3-ring species such as anthracene and phenanthrene were
formed at high temperatures (>1000K). Meanwhile, the 2- and 4-ring PAHs naphthalene,
fluoranthene, and pyrene (the most abundant PAH in Ryugu) must have formed via a kinet-
ically controlled route at low temperatures (→10K). Indeed, 2- and 4-ring PAHs have been

2



ピレンとシアノピレン
C16H10 

PAHの基本的なユニットの1つ 
対称分子なので回転遷移検出困難 

1-シアノピレン 

Hの代わりにCNがくっつく 
回転遷移が検出可能に

2-シアノピレン，4-シアノピレン 
CN基がつく場所で区別

unambiguously detected in the cold, dark molecular cloud TMC-1 by radio astronomical
observations [17–21].

In contrast to the hot, broad UIR bands, each molecule possessing a permanent dipole
moment has a distinct rotational spectrum with narrow emission lines that can be observed
using radio astronomy. Most PAHs considered in the literature are large (more than 30 car-
bon atoms), highly symmetric, and unsubstituted (“pure” hydrocarbons) for which models
predict a viable chance of survival under the harsh interstellar conditions [22]. However,
due to their high symmetry, these PAHs often possess only a small or null dipole moment.
Thus, despite their ubiquity, only five individual PAHs have been detected by radio astron-
omy to date [17–21]. The rotational emission from these unambiguously detected PAHs has
been observed toward TMC-1 and originates from CN-functionalized PAHs (nitriles), with
the exception of the asymmetric, pure PAH indene. It has been proposed that, owing to their
large dipole moments, nitrile-substituted PAHs can be used as observational proxies for pure
PAHs [23, 24]. Extracting quantitative abundances of unsubstituted PAHs from these prox-
ies, however, relies on knowledge of the kinetics of their dominant formation and destruction
pathways [25].

Here, we present the interstellar detection of two additional CN-functionalized PAHs,
2- and 4-cyanopyrene, isomers of the recently discovered 1-cyanopyrene in TMC-1, using
broadband radio astronomical observations and enhancing the statistical evidence for their
detections with a stacking and matched filtering analysis. The discovery of 2- and 4-
cyanopyrene completes the set of all possible singly CN-substituted pyrene isomers, allowing
us to explore their potential formation routes by comparing their abundances to each other,
and to further constrain the abundance of pure pyrene in TMC-1.

CN

CN
CN

1-cyanopyrene

2-cyanopyrene

4-cyanopyrene

Fig. 1 Structures of the cyanopyrene isomers. CN-functionalization of pyrene (C17H9N) forms three possible
isomers, namely 1-cyanopyrene (1-CN–C16H9), 2-cyanopyrene (2-CN–C16H9), and 4-cyanopyrene (4-CN–C16H9).
Equivalent sites are shown with colored circles.

Discovery of 2- and 4-cyanopyrene in GOTHAM observations toward
TMC-1
The GOTHAM – GBT Observations of TMC-1: Hunting Aromatic Molecules – project
is a high-sensitivity, high-spectral resolution broadband line survey of TMC-1 with near-
continuous coverage from approximately 8 to 36GHz [26]. The data were collected with the

3



GOTHAM surveyによるcyanopyreneの検出

• The GOTHAM – GBT 
Observations of TMC-1: 
Hunting Aromatic Molecules


• Rotational Spectroscopy との
組み合わせ

A.2 Rotational spectra and GOTHAM coverage

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 7.87K, 7.90K, and 8.27K, 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.

25



GOTHAM surveyによる1-cyanopyreneの検出

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 is overplotted in violet using source-dependent molecular pa-
rameters as reported in Table S4. The quantum numbers of each transition, ignoring 14N nu-
clear electric quadrupole splitting, are reported. Each line contains multiple closely spaced
K-components of each transition which are denoted ω, ε, ϑ, ϖ = {0, 1}, {1, 2}, {2, 3}, {3, 4}.

Discovery of 1-cyanopyrene in the GOTHAM survey of TMC-1

We analyzed a high-sensitivity, high-spectral resolution broadband line survey of TMC-1 with

near-continuous coverage from approximately 8 to 36GHz collected with the 100-m Robert

C. Byrd Green Bank Telescope (GBT) as part of the GBT Observations of TMC-1: Hunting

Aromatic Molecules (GOTHAM) project (32). Multiple new interstellar species have been

discovered with the GOTHAM data set, including the unambiguous detection of the 1- and

2-cyanonaphthalene isomers (21), indene (22), and 2-cyanoindene (24). A permanent dipole

is a prerequisite for detection with rotational spectroscopy, a technique that has been used to

discover more than 90% of interstellar species (33). PAHs, due to their symmetry and delo-

5
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GOTHAM surveyによる1-cyanopyreneの検出

速度軸で揃えた
スタッキング

A B

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 is shown yielding a significance of 14.3 ω for the
1-cyanopyrene detection (B).

are given in Table S5. Despite its size, cyanopyrene is more abundant than any of the CN-

substituted aromatic/cyclic dienes, with the exception of benzonitrile, which is roughly equal in

abundance. For comparison, the observed abundance of carbon in the cyanopolyynes (HCnN,

n = 3 → 11) in TMC-1 is ↑0.1 ppm; thus pyrene locks up at least 20% and up to double the

amount of carbon as the cyanopolyynes. The abundance of pyrene relative to other molecules

in TMC-1 suggests there may be a substantial reservoir of larger PAHs in the ISM.

The abundance of carbon locked up in PAHs has been estimated previously from the UIR

bands from bright PDRs and the diffuse interstellar medium. A total carbon abundance of

14 ppm has been derived for PAHs with less than 100 carbon atoms (1). Assuming these PAHs

consist of an average of 50 carbon atoms, the PAH abundance is ↑ 3 ↓ 10
→7. If the PAH

population from dense molecular clouds is inherited during star formation, gas-phase pyrene

may account for ↑1% of all PAHs in the presolar nebula. It is clear that there is a reservoir of

carbon in TMC-1, in the form of PAH molecules that have yet to be observed.

Since we are only detecting gas-phase (cyano)pyrene, we are blind to the amount condensed
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2-cyanopyrene, 4-cyanopyreneの検出
速度軸で揃えた
スタッキング

100-m Robert C. Byrd Green Bank Telescope from 2018 to 2022, and the dataset used in this
work was described previously [20, 21, 27].

First, the laboratory rotational spectra of pure samples of 2- and 4-cyanopyrene (see Fig. 1
for their structures) were measured between approximately 7 and 18GHz using a cavity-
enhanced Fourier transform microwave spectrometer. To determine the rotational constants,
762 and 318 (individual or partly blended) transitions of 2- and 4-cyanopyrene, respec-
tively, were fit to a standard asymmetric top rotational Hamiltonian (see Methods). The
derived spectroscopic constants, which are reported in Supplementary Table A1, allowed us
to calculate the rotational rest transition frequencies up to →25GHz with an accuracy of
→2 kHz. Searches for the radio emission features of 2- and 4-cyanopyrene toward TMC-1
were performed by simulating their rotational spectra under TMC-1 conditions (→5.8 km s

→1,
5↑ 10K) and comparing them to the GOTHAM data (see Supplementary Fig. A1). Compar-
ing the simulated rotational spectra to the root-mean-square (RMS) noise of our GOTHAM
data depicted in Supplementary Fig. A1, we identify only a few spectral windows in which the
4-cyanopyrene features might be > 1ω (above the noise, but ↓ 3ω), while the 2-cyanopyrene
lines are even weaker. These spectral windows are plotted in Supplementary Figs. A2 and A3
for 2- and 4-cyanopyrene, respectively.

2-cyanopyrene

4-cyanopyrene

CN

CN

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 8.0ω and 12.9ω 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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MCMCによる柱密度の導出
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 NT Tex !V

No. [km s
→1] [↑↑] [1011 cm→2] [K] [km s

→1]

1 5.603+0.012
→0.012 50 4.15+0.62

→0.59

7.87+0.43
→0.40 0.150+0.016

→0.013
2 5.747+0.010

→0.011 50 5.81+0.68
→0.61

3 5.930+0.016
→0.026 49 3.75+0.70

→1.21

4 6.036+0.046
→0.042 49 1.49+1.38

→0.71

NT (Total) : 1.52+0.18
→0.16 → 10

12
cm

→2

2-cyanopyrene
Component vlsr Size NT Tex !V

No. [km s
→1] [↑↑] [1011 cm→2] [K] [km s

→1]

1 5.603+0.005
→0.005 49 0.78+0.36

→0.30

7.90+0.53
→0.48 0.191+0.018

→0.019
2 5.751+0.005

→0.005 49 3.52+0.52
→0.46

3 5.928+0.005
→0.005 50 1.60+0.48

→0.51

4 6.038+0.005
→0.005 50 2.51+0.50

→0.44

NT (Total) : 8.41+0.94
→0.87 → 10

11
cm

→2

4-cyanopyrene
Component vlsr Size NT Tex !V

No. [km s
→1] [↑↑] [1011 cm→2] [K] [km s

→1]

1 5.601+0.005
→0.004 50 3.94+0.46

→0.42

8.27+0.46
→0.44 0.179+0.016

→0.015
2 5.752+0.005

→0.005 50 3.49+0.53
→0.51

3 5.925+0.005
→0.005 50 5.20+0.62

→0.56

4 6.036+0.005
→0.005 50 0.66+0.41

→0.25

NT (Total) : 1.33+0.10
→0.09 → 10

12
cm

→2

28

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

th, 50th, and 84
th confidence intervals (corresponding to ±1ω for a Gaussian posterior distribution) are

shown as vertical lines on the diagonal.
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2-cyanopyreneの場合

4つの速度成分に対する

サイズ，柱密度，vlsr，
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MCMCによる柱密度の導出
• 1-cyanopyrene の柱密度 1.5×1012 cm-2


‣ Hに対する存在度は1.5×10-10 !


• Pure vs. CN-substituted = H:CN ratioは(10-
100):1（次ページ：他の関連分子の値から
→ pyreneの存在度は(0.15-1.5) × 10-8と推
定。これはcarbon budgetの0.03-0.3%に当
たる。


• 柱密度の比が2:1:2。同等なC原子の場所の
数に比例→低温環境下での速度論的制御の
もとでCNのダイレクトな付加で生成

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 NT Tex !V

No. [km s
→1] [↑↑] [1011 cm→2] [K] [km s

→1]

1 5.603+0.012
→0.012 50 4.15+0.62

→0.59

7.87+0.43
→0.40 0.150+0.016

→0.013
2 5.747+0.010

→0.011 50 5.81+0.68
→0.61

3 5.930+0.016
→0.026 49 3.75+0.70

→1.21

4 6.036+0.046
→0.042 49 1.49+1.38

→0.71

NT (Total) : 1.52+0.18
→0.16 → 10

12
cm

→2

2-cyanopyrene
Component vlsr Size NT Tex !V

No. [km s
→1] [↑↑] [1011 cm→2] [K] [km s

→1]

1 5.603+0.005
→0.005 49 0.78+0.36

→0.30

7.90+0.53
→0.48 0.191+0.018

→0.019
2 5.751+0.005

→0.005 49 3.52+0.52
→0.46

3 5.928+0.005
→0.005 50 1.60+0.48

→0.51

4 6.038+0.005
→0.005 50 2.51+0.50

→0.44

NT (Total) : 8.41+0.94
→0.87 → 10

11
cm

→2

4-cyanopyrene
Component vlsr Size NT Tex !V

No. [km s
→1] [↑↑] [1011 cm→2] [K] [km s

→1]

1 5.601+0.005
→0.004 50 3.94+0.46

→0.42

8.27+0.46
→0.44 0.179+0.016

→0.015
2 5.752+0.005

→0.005 50 3.49+0.53
→0.51

3 5.925+0.005
→0.005 50 5.20+0.62

→0.56

4 6.036+0.005
→0.005 50 0.66+0.41

→0.25

NT (Total) : 1.33+0.10
→0.09 → 10

12
cm

→2
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H:CNの見積もりとC budget

ranging from 10:1 to 100:1, we derive an estimated abundance of pyrene of →0.15–1.5 ↑ 10
→8.

Table S5 shows the fraction of carbon locked up in select molecules observed in TMC-1,

including other aromatic compounds detected in the GOTHAM and QUIJOTE (Q-band Ultra-

sensitive Inspection Journey to the Obscure TMC-1 Environment (67)) surveys, for comparison

to that locked up in 1-cyanopyrene.

The column densities of the 1-, 2-, and 4-ring CN-substituted aromatics do not vary signifi-

cantly with the number of carbon atoms, all lying within an order-of-magnitude of one another

(→0.2↓ 2↑ 10
12
cm

→2). One explanation for this trend is the possibility of top-down formation

from an extended reservoir of larger PAHs in the ISM. The abundance of carbon locked up

in 1-cyanopyrene is larger than for any other CN-substituted aromatic, including benzonitrile.

Since cyanopyrene has three distinct isomers, the total cyanopyrene column density may yet be

even larger (24).

Table S5: Column densities of select carbon-bearing molecules observed in TMC-1. The
abundance of carbon in each molecule (fC) in ppm is found by multiplying the abundance,
n(X)/n(H), with the number of carbons in the molecule (NC). Unfunctionalized hydrocarbons
are shown in bold.

Molecule NC Column Density fC Reference
[1012 cm→2] [ppm]

C5H6 5 12+3

→3
6 ↑ 10→3 (23)

1-C5H5CN 6 0.827+0.09

→0.10
5 ↑ 10→4 (68)

2-C5H5CN 6 0.189+0.018

→0.015
1 ↑ 10→4 (68)

C6H5CN 7 1.73+0.85

→0.10
1 ↑ 10→3 (21)

C9H8 9 9.04+0.96

→0.96
8 ↑ 10→3 (24)

2-C9H7CN 10 0.210+0.060

→0.046
2 ↑ 10→4 (24)

1-C10H7CN 11 0.735+0.330

→0.463
8 ↑ 10→4 (21)

2-C10H7CN 11 0.705+0.450

→0.323
8 ↑ 10→4 (21)

1-C16H9CN 17 1.52+0.18

→0.16
3 ↑ 10→3 This work

C16H10* 16 15–150 2 (↑ 10→2 – 10→1) This work

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

Our observations probe the gas-phase abundance of cyanopyrene, but it is likely that some

15

The observed H:CN ratios  
14.5:1 (C5H6:1-C5H5CN), 43:1 (C9H8:2-C9H7CN) and 63:1 (C5H6:2-C5H5CN).

CN

CN

CNCN

CN

CN

CN

cyclopentadiene
(C5H6) 2-cyanocyclopentadiene

(2-C5H5CN)

1-cyanocyclopentadiene
(1-C5H5CN)

benzonitrile
(C6H5CN)

indene
(C9H8)

2-cyanoindene
(2-C9H7CN)

1-cyanonaphthalene
(1-C10H7CN)

2-cyanonaphthalene
(2-C10H7CN)

1-cyanopyrene
(1-C16H9CN)

pyrene
(C16H10)

Figure S9: Chemical structures, common names and condensed formulae for the molecules
in Table S4.

cyanopyrene (as well as other PAHs) is present in the solid phase on dust grains due to the

low gas and dust temperature in TMC-1. To estimate the abundance of solid-state pyrene, we

consider its depletion time (tdep) under TMC-1 conditions,

16



MCMCによる柱密度の導出
• 1-cyanopyrene の柱密度 1.5×1012 cm-2


‣ Hに対する存在度は1.5×10-10 !


• Pure vs. CN-substituted = H:CN ratioは(10-
100):1（次ページ：他の関連分子の値から
→ pyreneの存在度は(0.15-1.5) × 10-8と推
定。これはcarbon budgetの0.03-0.3%に当
たる。


• 柱密度の比が2:1:2。同等なC原子の場所の
数に比例→低温環境下での速度論的制御の
もとでCNのダイレクトな付加で生成

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 NT Tex !V

No. [km s
→1] [↑↑] [1011 cm→2] [K] [km s

→1]

1 5.603+0.012
→0.012 50 4.15+0.62

→0.59

7.87+0.43
→0.40 0.150+0.016

→0.013
2 5.747+0.010

→0.011 50 5.81+0.68
→0.61

3 5.930+0.016
→0.026 49 3.75+0.70

→1.21

4 6.036+0.046
→0.042 49 1.49+1.38

→0.71

NT (Total) : 1.52+0.18
→0.16 → 10

12
cm

→2

2-cyanopyrene
Component vlsr Size NT Tex !V

No. [km s
→1] [↑↑] [1011 cm→2] [K] [km s

→1]

1 5.603+0.005
→0.005 49 0.78+0.36

→0.30

7.90+0.53
→0.48 0.191+0.018

→0.019
2 5.751+0.005

→0.005 49 3.52+0.52
→0.46

3 5.928+0.005
→0.005 50 1.60+0.48

→0.51

4 6.038+0.005
→0.005 50 2.51+0.50

→0.44

NT (Total) : 8.41+0.94
→0.87 → 10

11
cm

→2

4-cyanopyrene
Component vlsr Size NT Tex !V

No. [km s
→1] [↑↑] [1011 cm→2] [K] [km s

→1]

1 5.601+0.005
→0.004 50 3.94+0.46

→0.42

8.27+0.46
→0.44 0.179+0.016

→0.015
2 5.752+0.005

→0.005 50 3.49+0.53
→0.51

3 5.925+0.005
→0.005 50 5.20+0.62

→0.56

4 6.036+0.005
→0.005 50 0.66+0.41

→0.25

NT (Total) : 1.33+0.10
→0.09 → 10

12
cm

→2

28



PAHのformation pathwaysの諸問題
• 高温環境生成 vs. 低温環境生成


‣ 低温 ISMに4環芳香族が豊富に存在


‣ 太陽系内試料分析：13C置換体からの示唆


- Ryuguサンプル中の2環と4環PAHs (ナフタレン，
フルオランテン，ピレン)は低温星間環境生成?


- マーチソン隕石の3環PAHs(フェナントレン, アン
トラセン）やピレンは高温環境下での生成を示
唆：星周エンベロープでの形成 or 母天体におけ
る変換？


• Bottom-up vs. Top-down

In situ Formation?
Cold chemistry?
Gas/ice/grain?

Diffuse ISM
Interstellar UV radiation
Pyrene survival?

Dense ISM
T ~ few K
UV shielded

Planetesimals
Asteroids
Coma of comets

PDRs UIR bands

Meteorites

Ionization fronts
Dissociation fronts

Disks
PAH fate unknown
11.3 µm observed

AGB Star Outflows
T ~ few 1000s K
Formation via HACA

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
11.3µm 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.
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3, 4
François Ménard,

4
Marshall D. Perrin,

5

Christophe Pinte,
6, 4

Schuyler G. Wolff,
7
Ryo Tazaki,

4
and Deborah L. Padgett

2

1
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ABSTRACT

We present JWST broadband images of the highly inclined protoplanetary disk SSTc2d J163131.2-
242627 (Oph163131) from 2.0 to 21µm. The images show a remarkable evolution in disk structure
with wavelength, quite di!erent from previous JWST observations of other edge-on disks. At 2.0 and
4.4µm, Oph163131 shows two scattering surfaces separated by a dark lane, typical of highly inclined
disks. Starting at 7.7µm 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 HST 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 0.6µm and 4.4µm which indicates that the surface
layers of Oph163131 lack grains larger than 1µm.

Keywords: Protoplanetary disks (1300); Planet formation (1241); Radiative transfer (1335); Dust
continuum emission (412)

1. INTRODUCTION

Planets are built from the growth of sub-micron sized
particles that evolve to larger bodies within protoplan-
etary disks. A full understanding of this process re-
quires a detailed characterization of the radial and ver-
tical structure of disks. Indeed, the level of dust con-
centration within a disk plays an important role on the
local grain growth (e.g., Birnstiel et al. 2012) and plan-
etesimal formation e”ciency (e.g., Youdin & Lithwick
2007; Lambrechts & Johansen 2012). Pressure max-
ima can trap and concentrate dust radially, while size-

marion.villenave@unimi.it

dependent vertical settling concentrates dust vertically.
These mechanisms can provide favorable conditions for
rapid grain growth but remain to be fully characterized.
Protoplanetary disks viewed edge-on provide a unique

opportunity to study their vertical structure, since it is
directly visible. Previous observations with the Hub-
ble Space Telescope (HST ) revealed that, in the optical
and near-infrared, edge-on protoplanetary disks appear
as two reflection nebulae separated by a dark lane (e.g.,
Burrows et al. 1996; Watson et al. 2007). When observed
at multiple scattered light wavelengths, the thickness of
the dark lane can provide insight into the dust properties
and disk vertical structure. Pioneering studies in three
edge-on disks observed between 0.6µm and 5µm (HH 30,
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• Edge-on disk Oph163131 のJWSTを使った多波長撮像（+HSTデータ）


• 2.0-4.4umでは，ダークレーンで区切られた2つの散乱表面あり。ダークレーンの厚みは波長が長くなるほど薄くなる。上空には小さなダスト
のみ存在として再現


• 7.7umで突如，形状が変わる：外側円盤が光学的に薄くなり内側のコンパクトな成分が見え始めることで良く再現
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Figure 1. HST/ACS (0.6µm, 0.8µm) and JWST/NIRCam (2.0µm, 4.44µm) 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
the third panel, the faint white contours correspond to 15 MJy/sr and 100 MJy/sr levels in the 2.0µm NIRCam image.

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 2.0µm NIRCam image (same
as in Fig. 1), and the dark cross shows the location of the brightest pixel at 7.7µm. The resolution of the observations is shown
as white ellipses in the bottom left corner.

F1280W, and F2100W, respectively. For the MIRI im-
ages, we also performed an additional 2D background
subtraction step using the Background2D function in the
photutils python package.
For the F444W observations, we obtained the uncal-

ibrated data from the archive and re-ran each pipeline
step using pipeline version 1.11.1.dev16+gb79a88af.
In order to recover saturated pixels, we set
suppress one group = False in the ramp fit step
of phase 1. This allows us to suppress the ramp fit in
the case when only the 0th group is unsaturated. We
use the default pipeline values in phase 2 and 3, except
for the skymatch step where we subtract the back-

ground. The subtracted background level in F444W
was 0.65 MJy/sr.
Finally, we resampled and aligned each image to the

NIRCAM F200W pixel size and position. We adopt
the reproject python package to resample the images,
and align them using a background galaxy visible in all
fields and previously anchored to its position, as given
in the GAIA DR3 catalog (Gaia Collaboration et al.
2021) accessed through the Aladin sky atlas (Bonnarel
et al. 2000; Baumann et al. 2022). We visually checked
that the alignment does not require a rotation; it only
includes a shift in right ascension and declination. The
final images are presented in Fig. 1, Fig. 2, and a 3-color
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Figure 3. JWST 3-color composite image of Oph163131;
the full field of view spans 10→6→→. The 2.0, 4.44, and 7.7
µm images are rendered (using a logarithmic stretch) in the
blue, green, and red channels, respectively.

composite image is displayed in Fig. 3.

In this work, we also use the ACS/WFC images from
the HST Archive (program 12514, PI: K. Stapelfeldt).
The HST observations were obtained using filters
F606W and F814W (0.6µm, 0.8µm) and observed on
March 4, 2012. They were previously published by Wol!
et al. (2021).

3. RESULTS

In Fig. 1, we show the NIRCam and HST observa-
tions of Oph163131 (0.6 → 4.44µm). At these wave-
lengths, the disk shows two scattered light nebulae sep-
arated by a darklane, typical of edge-on protoplanetary
disks. We adopt the methodology previously employed
by Duchêne et al. (2024) and Villenave et al. (2024) to
fit the two scattering surfaces and quantify disk param-
eters. In short, this method finds a “spine” for the two
disk scattering surfaces. To do so, it first derives the
vertical position of the scattering surfaces as a function
of radius (i.e., distance from symmetry axis) defined as
the peaks in cuts along the minor axis direction. Those
are then fitted by a polynomial function to define the
spines. We refer to these works for the full description
of the methodology. We infer the darklane thickness
(dneb), radial full width half maximum (RFWHM ), and
the radial full width at 10% of the peak (R10%) of each
spine. In addition, we also estimate the integrated flux
ratio between the top and bottom nebulae, using aper-
ture photometry. The results are summarized in Table 1.
We find that the dark lane thickness dneb of

Oph163131 decreases by a factor of two between 0.6µm
and 4.44µm. While the radial extent of the top and
bottom nebula are similar within 3ω, both become more
centrally peaked at 4.44µm. The integrated flux ratio
between the top and bottom nebulae increases with

wavelength.

We show the observations obtained with MIRI, from
7.7µm to 21µm, in Fig 2. The morphology of the source
is dramatically di!erent at these wavelengths. Fig. 3
shows a 3-color composite image highlighting the major
changes in the appearance of the source between NIR-
Cam and MIRI wavelengths. At the longer wavelengths,
the two disk scattering surfaces become invisible, and in-
stead the images display a bright central source resolved
along the disk major axis. We measured the size of this
central source by fitting a 2D Gaussian using the IDP3
routines in IDL, comparing the observed source size to
WebbPSF models (Perrin et al. 2014) for a point source
in each of the three MIRI filters. After subtracting in
quadrature the telescope beam size, also assumed to be
Gaussian, we find that the intrinsic size of the central
source is distinctly larger than the telescope beam size
and increases with wavelength along the disk major axis
(see Table 2). This is a unique behavior among edge-on
disks, where in some cases the central star peers through
the disk in the near-infrared but appears as an unre-
solved source.
In addition, at 7.7µm and 12.8µm, the images show

spatially extended di!use emission extending up to
radii twice that of the scattered light seen with HST
and NIRCam. We assessed whether an optical problem
or systematic issue might contribute to the extended
appearance of the system at 7.7µm. A JWST opti-
cal problem can be ruled out as the origin of this for
several reasons. First and most simply, the numer-
ous background stars observed in the field surrounding
Oph163131 have normal, sharply focused point spread
function (PSF) morphology in all filters. Secondly, the
JWST wavefront sensing measurements taken on the
days before and after these science observations confirm
the telescope mirrors were in excellent alignment during
this time period (65 nm rms telescope wavefront error in
the measurement closest in time to these observations).
Thirdly, the extended nebula seen at 7.7µm and 12.8µm
is not aligned with JWST’s PSF hexagonal di!raction
spikes, nor with MIRI’s detector short-wavelength cru-
ciform artifact. Thus we can rule out that any optical
issue caused the extended di!use/flu!y appearance in
these 7.7µm and 12.8µm MIRI data; the observed mor-
phology has to be astrophysical.

Finally, we use aperture photometry to determine the
flux of the source at the di!erent wavelengths. For all
filters, we use a large aperture (7.→→5↑ 4.→→5) that encom-
passes all the emission from the source. In addition, for
MIRI wavelengths, we also consider a smaller aperture
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Table 1. Oph163131 morphological properties

ω dneb FRintegrated RFWHM RFWHM RFW10% RFW10%

(µm) (”) T/B B (”) T (”) B (”) T (”)

0.6 0.42± 0.01 3.0 0.93± 0.11 0.82± 0.11 1.88± 0.08 1.86± 0.05

0.8 0.40± 0.01 3.3 0.99± 0.12 0.92± 0.12 2.00± 0.04 1.94± 0.04

2.00 0.34± 0.01 3.5 1.12± 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± 0.12 1.84± 0.07 1.33± 0.08

Note—The dark lane thickness (dneb), radial full width half maximum (RFWHM ), and the radial full width at 10% of the
peak (R10%) are inferred from fitting polynomial spines to the two scattering surfaces. The uncertainties correspond to the
statistical error for the di!erent 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”).

Table 2. FWHM of the central source at MIRI wavelengths,
along the disk major axis

ω Observed WebbPSF Deconvolved

(µm) (→→) model (→→) (→→), (au)

7.7 0.44 0.24 0.37, 54

12.8 0.65 0.45 0.47, 70

21.0 1.09 0.71 0.83, 122

Table 3. Photometry of Oph163131

ω F
7.→→5↑4.→→5 F2→→↑2→→

(µm) (mJy) (mJy)

2.0 6.5± 0.2 →
4.44 2.5± 0.1 →
7.70 2.9± 0.1 1.6± 0.1

12.8 3.2± 0.1 1.9± 0.1

21.0 35.2± 1.1 28.5± 0.9

Note—We assume absolute flux calibration uncertainties
of ↑3% based on the JWST user documentation.

(2” → 2”), to illustrate the contribution from the cen-
tral source. The results are reported in Table 3. The
fluxes are in general agreement with the values reported
in Wol! et al. (2021), but at 7.7µm and 12.8µm our
JWST fluxes are slightly higher than previous estimates
from Spitzer and WISE.

4. DISCUSSION

4.1. Chromaticity of the Dark Lane from 0.6-4.4 µm

In Sect 3, we showed that the dark lane thickness
decreases by a factor 2 between 0.6µm and 4.4µm in
Oph163131 (see Table 1). This result contrasts signif-
icantly with previous JWST observations of edge-on
disks showing minimal variation in darklane thick-
ness between the near- and mid-infrared (2 ↑ 21µm;
Tau042021, IRAS04302, L1527; Duchêne et al. 2024;
Villenave et al. 2024). However, other optical to near
infrared scattered light observations have also identified

disks with large darklane thickness variations between
wavelengths (e.g., HK Tau B, HV Tau C, summarized
in Fig. 3 of Duchêne et al. 2024; McCabe et al. 2011;
Duchêne et al. 2010). This suggests diversity in the
structure and grain properties in protoplanetary disks,
which we aim to investigate further in this section.

To interpret the wavelength variation of the dark lane
thickness in Oph163131, we produce a suite of radiative
transfer models with di!erent properties, following the
approach of Duchêne et al. (2024). The main model pa-
rameters correspond to those of model A of Wol! et al.
(2021), which reproduce well the scattered light (HST)
observations of the disk. That model includes an incli-
nation of 84.5→, a gas scale height of 7.2au at a radius of
100au, a flaring exponent of 1.5, and a surface density
exponent of 1.01. Following Duchêne et al. (2024), we
adopt the DIANA dust composition (Woitke et al. 2016)
and use the Distribution of Hollow Spheres method (Min
et al. 2016) to mimic compact dust aggregates. We also
note that the high flaring exponent assumed here (based
on previous parametric modeling of the source) should
not significantly a!ect our qualitative analysis, as it pro-
vided the correct vertical extent at the disk outer edge,
which is of interest here, in combination with the other
disk parameters such as the surface density profile.
We produce 6 di!erent models which are distributed

in three main families (“standard”, “settled”, “only
small grains”). The standard model includes well
mixed grains, with sizes following a power-law such that
n(a)da ↓ a

↑p
da, with p = 3.5 and a maximum grain

size of 1mm. Three models include parametric dust
vertical settling, such that grains with size a > amix

have a reduced scale height of h(a) ↓ (a/amix)ωsettl ,
with ωsettl = 0.5. We implement three scenarios, where
grains larger than amix = 10µm, 1µm, and 0.1µm are
a!ected by vertical settling. Finally, we produce two
models in the “only small grain” category. In the first
one, we implement a pristine dust model with similar
properties to that of Duchêne et al. (2024, see their

3

Figure 1. HST/ACS (0.6µm, 0.8µm) and JWST/NIRCam (2.0µm, 4.44µm) 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
the third panel, the faint white contours correspond to 15 MJy/sr and 100 MJy/sr levels in the 2.0µm NIRCam image.

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 2.0µm NIRCam image (same
as in Fig. 1), and the dark cross shows the location of the brightest pixel at 7.7µm. The resolution of the observations is shown
as white ellipses in the bottom left corner.

F1280W, and F2100W, respectively. For the MIRI im-
ages, we also performed an additional 2D background
subtraction step using the Background2D function in the
photutils python package.
For the F444W observations, we obtained the uncal-

ibrated data from the archive and re-ran each pipeline
step using pipeline version 1.11.1.dev16+gb79a88af.
In order to recover saturated pixels, we set
suppress one group = False in the ramp fit step
of phase 1. This allows us to suppress the ramp fit in
the case when only the 0th group is unsaturated. We
use the default pipeline values in phase 2 and 3, except
for the skymatch step where we subtract the back-

ground. The subtracted background level in F444W
was 0.65 MJy/sr.
Finally, we resampled and aligned each image to the

NIRCAM F200W pixel size and position. We adopt
the reproject python package to resample the images,
and align them using a background galaxy visible in all
fields and previously anchored to its position, as given
in the GAIA DR3 catalog (Gaia Collaboration et al.
2021) accessed through the Aladin sky atlas (Bonnarel
et al. 2000; Baumann et al. 2022). We visually checked
that the alignment does not require a rotation; it only
includes a shift in right ascension and declination. The
final images are presented in Fig. 1, Fig. 2, and a 3-color



ダークレーンの厚みの波長依存性の再現： 
ダストサイズ分布を変化させた輻射輸送計算との比較
• 上空に大きなダスト(a≈1mm)が存在するモデル
は波長依存性が緩すぎ合わない


• 大きなダストがないか，あっても高度に沈殿し
ていれば定性的に波長依存性を説明可能


• ただし完全に観測を再現できるケースはない


• Edge-on円盤の多様性あり
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Figure 4. Comparison of data and radiative transfer mod-
els of the dark lane thickness as a function of wavelength.
The models with grains of 1µm or more present in the up-
per layers do not show su!cient variation with wavelength
to reproduce the observations.

layers suggest that the overall vertical turbulence ω of
this disk is particularly low, even at high altitude above
the midplane. Alternatively, the Stokes number of par-
ticles of 1µm and larger may be particularly high. This
could be the case if the gas surface density is very low
in the upper layers of the disk, or potentially if grains
are porous, as such grains have larger cross sections for
the same mass, therefore increasing their Stokes number.

This result di!ers from those of previous studies on
the variation of dark lane thickness of younger edge-on
disks using JWST observations. Indeed, those showed
that 10µm grains can be present in the upper layers of
disks, even in the Class 0 stage (Duchêne et al. 2024;
Villenave et al. 2024, Tau042021, IRAS04302, L1527),
indicative of a higher ω/St ratio in these disks than
in Oph163131, for particles of similar sizes. All of
these disks have also been studied at millimeter wave-
lengths, revealing di!erent levels of vertical concentra-
tion of these large dust particles. The younger L1527
and IRAS04302 appear vertically thick and not a!ected
by settling (van’t Ho! et al. 2023; Lin et al. 2023; Vil-
lenave et al. 2023). This suggests no significant decou-
pling of particles up to →1mm. At the other end, in the
more evolved Class II Tau042021, dust appears settled
at millimeter wavelengths (Villenave et al. 2020). This
indicates that large grains eventually decouple from the
gas, but for significantly larger particles (a ↭ 10µm)
than in the case of Oph163131 (a ↫ 1µm), possibly due
to either lower turbulence, lower gas surface density, or
di!erent grain properties in Oph163131. Further statis-

tical studies of disks at di!erent evolutionary stages are
needed to test whether such characteristics are common
or if Oph163131 is an exception.

4.2. The Transition in Disk Appearance Beyond 4.4µm

As shown in Sect. 3, the disk appearance undergoes
a sharp transition beyond 4.4µm. Beyond this wave-
length, the two reflection nebulae are not clearly visible,
and the disk appearance becomes dominated by a bright
central source and extended flu!y emission. The central
source at MIRI wavelengths is also centered onto the top
scattered light nebula (see Fig. 2).
The appearance of a bright and compact central

source is not expected in a smooth disk, even at the
inclination of Oph163131 (→ 85→). To illustrate this
point, we computed the smooth model A of Wol! et al.
(2021) at all JWST wavelengths and show the images
in Fig. 5. The two scattered light surfaces are domi-
nating the source appearance up to 21µm, even though
they are vertically unresolved at wavelength larger than
12.8µm. This model does not become dominated by a
bright central source starting at 7.7µm, contrary to the
data.

To explain the significant change of morphology with
wavelengths, several configurations are possible. For in-
stance, a drastic change in the dust scattering proper-
ties, leading to almost exclusively forward scattering at
7.7µm, might lead to such an important change in the
disk morphology. This might for example happen if the
observations at 7.7µm probe significantly larger grains
than those seen at 4.4µm but it is di”cult to reconcile
with our current understanding of dust properties and
dust settling. Alternatively, the inner disk could become
suddenly very bright at 7.7µm and directly visible such
that it dominates over the outer disk brightness. This
can be expected if the inner disk is tilted above the outer
disk or in the case of a very vertically and optically thick
inner disk, which could be seen through the outer disk
as the latter became optically thin. In this section, we
produce a toy model using radiative transfer to test this
second option.
The goal of our toy model is to test whether a ver-

tically and optically thick inner disk could produce the
observed change in morphology, and specifically, the ap-
pearance of a compact source and the disappearance of
the scattering nebulae starting from 7.7µm. We modi-
fied model A from Wol! et al. (2021) such that the inner
10au contain as much mass as the outer 100au of the disk
(Mdust = 5 10↑4 M↓), and such that the scale height is
→ 4 times larger within 10au than at larger radii. This
transition radius roughly corresponds to the size of the
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Table 4. Summary of Model Exploration

Model Grain Size Distribution Settling Total Dark Lane

p amin amax ωsettl amix Dust Mass Thickness

(µm) (µm) (µm) (10→4 M↑)

Standard 3.5 0.03 1000 None 3.94 →
Dust Settling (10) 3.5 0.03 1000 0.5 10 4.59 →
Dust Settling (1) 3.5 0.03 1000 0.5 1 7.10 →
Dust Settling (0.1) 3.5 0.03 1000 0.5 0.1 1400 (↭)

Pristine Dust 3.0 0.03 0.35 None 1.94 (↭)

1.5 0.35 100

Only small grains 3.5 0.03 0.5 None 0.43 (↭)

Note—The symbols in the last column describe the degree to which a given model matches observations: a (↭) indicates a
qualitatively better match, while a → symbol points to a large shortcoming of the model.

Table 3 and Appendix).This model includes two power-
laws for the grain sizes. Grains of sizes ranging from
0.03 to 0.35µm, follow a power-law exponent of p = 3,
while grains from 0.35 to 100µm have a power-law ex-
ponent of p = 1.5. The power-laws are normalized
such that 80% of the total mass is in the large grains
component. The second model of this group consists of
well mixed grains, with a maximum size of 0.5µm. A
summary of model parameters is presented in Table 4.
All models are convolved by a JWST PSF obtained
from the WebbPSF software (Perrin et al. 2014), and
the dust mass of each model is adjusted so that its dark
lane thickness at 2µm matches that of the observations.
The comparison of the models and the data are shown
in Fig 4.

As previously shown by Duchêne et al. (2024), we find
that if grains of 10µm (or more) are present in the upper
layers of the disk, the models show only modest chro-
maticity. These models do not match the observations
of Oph163131. Moreover, even the models where grains
larger than 1µm are a!ected by settling do not show
su”cient chromaticity to reproduce the steep decrease
in dark lane thickness between 0.6µm and 4.4µm.
On the other hand, the model with pristine dust, the

model including no grains larger than 0.5µm, or the
model where grains larger than 0.1µm are a!ected by
settling reproduce better the observations. They show
a steeper curve between 0.8µm and 4.4µm. This explo-
ration suggests that the surface layers of Oph163131 are
largely depleted of grains larger than 1µm.
Yet, we note that none of the models perfectly fit the

evolution of the dark lane thickness with wavelength.
Settling of grains larger than 1µm needs to be extremely
e”cient in the disk to reproduce the observations, but
also, a few of those grains might still be present in the
upper layers, because neither the pristine dust nor the

small grain only model perfectly match the observed
chomaticity. This could suggest that the settling pre-
scription used here is too simplistic.
Finally, we also found that none of the models repro-

duce the lateral intensity profile seen in the data, namely
that the top nebula becomes more centrally peaked at
4.4µm than at shorter wavelengths (Fig. 1). The model
where grains larger than 0.1µm are settled partially
fits the chromaticity, but in this case, we found that the
lateral intensity profile is much broader than what is ob-
served. In this model, the surface is mostly dominated
by grains smaller than the observed wavelength, and
consequently, each grain shows nearly isotropic scat-
tering with a bluish extinction opacity (Rayleigh-like
scattering). To explain the observations, dust parti-
cles that exhibit forward scattering and a bluish dust
opacity simultaneously would be needed. We speculate
that flu!y dust aggregates consisting of small monomer
grains might help, as these particles appear to have
the required optical properties (Tazaki et al. 2019), but
more detailed studies need to be performed to draw a
robust conclusion.

The modeling of Oph163131 indicates that 1µm grains
are mostly absent from the upper layers of the disk, and
are at most only located below its ω = 1 surface. In
other words, this indicates that grains of 1µm and
larger are decoupled from the gas in that region. This
implies that the ratio ε/St, where ε represents the
turbulence level and St the Stokes number, is very
low in the upper layers of the disk for these particles.
Oph163131 is a well known disk in which extremely low
level of midplane turbulence has been identified, based
on the radiative transfer modeling of its millimeter
emission (hmm/hg < 10, εmid → 10→5; Villenave et al.
2022). The low midplane turbulence level of Oph163131
and the absence of micron sized particles in its upper
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Table 1. Oph163131 morphological properties

ω dneb FRintegrated RFWHM RFWHM RFW10% RFW10%

(µm) (”) T/B B (”) T (”) B (”) T (”)

0.6 0.42± 0.01 3.0 0.93± 0.11 0.82± 0.11 1.88± 0.08 1.86± 0.05

0.8 0.40± 0.01 3.3 0.99± 0.12 0.92± 0.12 2.00± 0.04 1.94± 0.04

2.00 0.34± 0.01 3.5 1.12± 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± 0.12 1.84± 0.07 1.33± 0.08

Note—The dark lane thickness (dneb), radial full width half maximum (RFWHM ), and the radial full width at 10% of the
peak (R10%) are inferred from fitting polynomial spines to the two scattering surfaces. The uncertainties correspond to the
statistical error for the di!erent 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”).

Table 2. FWHM of the central source at MIRI wavelengths,
along the disk major axis

ω Observed WebbPSF Deconvolved

(µm) (→→) model (→→) (→→), (au)

7.7 0.44 0.24 0.37, 54

12.8 0.65 0.45 0.47, 70

21.0 1.09 0.71 0.83, 122

Table 3. Photometry of Oph163131

ω F
7.→→5↑4.→→5 F2→→↑2→→

(µm) (mJy) (mJy)

2.0 6.5± 0.2 →
4.44 2.5± 0.1 →
7.70 2.9± 0.1 1.6± 0.1

12.8 3.2± 0.1 1.9± 0.1

21.0 35.2± 1.1 28.5± 0.9

Note—We assume absolute flux calibration uncertainties
of ↑3% based on the JWST user documentation.

(2” → 2”), to illustrate the contribution from the cen-
tral source. The results are reported in Table 3. The
fluxes are in general agreement with the values reported
in Wol! et al. (2021), but at 7.7µm and 12.8µm our
JWST fluxes are slightly higher than previous estimates
from Spitzer and WISE.

4. DISCUSSION

4.1. Chromaticity of the Dark Lane from 0.6-4.4 µm

In Sect 3, we showed that the dark lane thickness
decreases by a factor 2 between 0.6µm and 4.4µm in
Oph163131 (see Table 1). This result contrasts signif-
icantly with previous JWST observations of edge-on
disks showing minimal variation in darklane thick-
ness between the near- and mid-infrared (2 ↑ 21µm;
Tau042021, IRAS04302, L1527; Duchêne et al. 2024;
Villenave et al. 2024). However, other optical to near
infrared scattered light observations have also identified

disks with large darklane thickness variations between
wavelengths (e.g., HK Tau B, HV Tau C, summarized
in Fig. 3 of Duchêne et al. 2024; McCabe et al. 2011;
Duchêne et al. 2010). This suggests diversity in the
structure and grain properties in protoplanetary disks,
which we aim to investigate further in this section.

To interpret the wavelength variation of the dark lane
thickness in Oph163131, we produce a suite of radiative
transfer models with di!erent properties, following the
approach of Duchêne et al. (2024). The main model pa-
rameters correspond to those of model A of Wol! et al.
(2021), which reproduce well the scattered light (HST)
observations of the disk. That model includes an incli-
nation of 84.5→, a gas scale height of 7.2au at a radius of
100au, a flaring exponent of 1.5, and a surface density
exponent of 1.01. Following Duchêne et al. (2024), we
adopt the DIANA dust composition (Woitke et al. 2016)
and use the Distribution of Hollow Spheres method (Min
et al. 2016) to mimic compact dust aggregates. We also
note that the high flaring exponent assumed here (based
on previous parametric modeling of the source) should
not significantly a!ect our qualitative analysis, as it pro-
vided the correct vertical extent at the disk outer edge,
which is of interest here, in combination with the other
disk parameters such as the surface density profile.
We produce 6 di!erent models which are distributed

in three main families (“standard”, “settled”, “only
small grains”). The standard model includes well
mixed grains, with sizes following a power-law such that
n(a)da ↓ a

↑p
da, with p = 3.5 and a maximum grain

size of 1mm. Three models include parametric dust
vertical settling, such that grains with size a > amix

have a reduced scale height of h(a) ↓ (a/amix)ωsettl ,
with ωsettl = 0.5. We implement three scenarios, where
grains larger than amix = 10µm, 1µm, and 0.1µm are
a!ected by vertical settling. Finally, we produce two
models in the “only small grain” category. In the first
one, we implement a pristine dust model with similar
properties to that of Duchêne et al. (2024, see their
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Figure 1. HST/ACS (0.6µm, 0.8µm) and JWST/NIRCam (2.0µm, 4.44µm) 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
the third panel, the faint white contours correspond to 15 MJy/sr and 100 MJy/sr levels in the 2.0µm NIRCam image.

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 2.0µm NIRCam image (same
as in Fig. 1), and the dark cross shows the location of the brightest pixel at 7.7µm. The resolution of the observations is shown
as white ellipses in the bottom left corner.

F1280W, and F2100W, respectively. For the MIRI im-
ages, we also performed an additional 2D background
subtraction step using the Background2D function in the
photutils python package.
For the F444W observations, we obtained the uncal-

ibrated data from the archive and re-ran each pipeline
step using pipeline version 1.11.1.dev16+gb79a88af.
In order to recover saturated pixels, we set
suppress one group = False in the ramp fit step
of phase 1. This allows us to suppress the ramp fit in
the case when only the 0th group is unsaturated. We
use the default pipeline values in phase 2 and 3, except
for the skymatch step where we subtract the back-

ground. The subtracted background level in F444W
was 0.65 MJy/sr.
Finally, we resampled and aligned each image to the

NIRCAM F200W pixel size and position. We adopt
the reproject python package to resample the images,
and align them using a background galaxy visible in all
fields and previously anchored to its position, as given
in the GAIA DR3 catalog (Gaia Collaboration et al.
2021) accessed through the Aladin sky atlas (Bonnarel
et al. 2000; Baumann et al. 2022). We visually checked
that the alignment does not require a rotation; it only
includes a shift in right ascension and declination. The
final images are presented in Fig. 1, Fig. 2, and a 3-color

PSFより有意に広がり， 
長波長側ほどサイズが大きい 

中心星の放射ではない
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Figure 5. Model A from Wol! 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 7.7µm and does not include extended emission
at 7.7µm and 12.8µm. The fields of view of the panels 7.7µm, 12.8µm, and 21µm are twice smaller than those in Fig 2.

Figure 6. Toy model including a very massive and vertically thick inner region, allowing to reproduce a sharp transition in the
source appearance beyond 4.4µm. The fields of view of the panels 7.7µm, 12.8µm, and 21µm are twice smaller than those in
Fig 2. The compact source appearing at 7.7µm and longer wavelengths is not centered on the position of the star in the model,
but o!set by 20mas or more toward the upper nebulae.

very bright inner region detected in millimeter wave-
lengths (↭ 5 times brighter than the rest of the disk).
In the modeling of the ALMA observations, Villenave
et al. (2022) obtained a surface density more than one
order of magnitude higher in that inner region than in
the rest of the disk, providing support to the toy model
scenario presented here. The millimeter dust height in
this region was however not constrained with ALMA.
The model images are convolved by the JWST PSF and
are shown in Fig. 6.
We find that this model is able to produce a sharp

transition in the shape of the source between 4.4µm and
7.7µm. At 4.4µm, in addition to the two scattering neb-
ulae, there is a hint of the di!raction from the PSF,
suggesting that a bright source starts to shine through,
which is also seen in the data. Then, starting at 7.7µm,
the emission becomes dominated by the inner top scat-
tering surface which starts to scatter significantly. In-
deed, at all wavelengths the brightest pixel in the model
image is o!set by more than 20mas from the position
of the star, which shows that the bright central emis-
sion does not correspond to the star itself. Consistent
with observations, the spectral energy distribution of

the model shows a sharp rise beyond 10µm, while the
main morphological changes occur between 4.44µm and
7.7µm, which also supports this interpretation.
Enhancing both the mass and scale height of the in-

ner disk in the model creates a sharp transition at 10au,
where photons from the inner disk must first scatter
very high up above the midplane before being directed
towards the outer disk. The line of sight from the ob-
server to that location goes through relatively little col-
umn density in the outer disk, and that line of sight be-
comes optically thin between 4.4µm and 7.7µm, hence
the behavior of the model images. In other words, the
compact central source can be interpreted as emission
from the star and the inner disk that is not seen di-
rectly, but which instead is able to progressively prop-
agate through the disk to greater distances at longer
wavelengths.
Finally, we note that the central source in the model is

not resolved, nor does its size increase with wavelengths,
as seen in the data. The apparent deconvolved size of
the central source in the data, along the major axis of
the disk, goes from 54au to 122au between 7.7µm and
21µm (Table 2), which roughly corresponds to the loca-

中心にmassiveで
コンパクトな成分

なし

中心にmassiveで 
コンパクトな成分 

あり 

短波長側では 
外側が光学的に厚く 
隠されていたのが 

長波長側では光学的に薄く 
なり見通せる？


