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Abstract

The planet-forming disk of HD 142527 is known for its azimuthally asymmetric
dust trap, shadows, and spiral arms. In this work, we use new observations of
the Atacama Large Millimeter/submillimeter Array to investigate the molecular
composition and to determine the ongoing chemical processes and the origin of its
asymmetric chemistry, and to infer possible effects of dust continuum obscuration.
The observations cover a wide variety of molecular species over a large frequency
range, enlarging the known molecular inventory of this system. Strikingly, the
emission of H,CO, CN, and C;H is dominated by spiral-like features peaking in
the southern region of the disk, opposite to the large dust trap, while no relation
is found between the observed asymmetries and the shadows seen in the scattered
light due to the misaligned inner disk. We attribute these features to late infalling,
atomic carbon-rich material that locally enhances the C/O-ratio and, subsequently,
facilitates the gas-phase formation of these species. Azimuthal offsets between the
peak emission of HoCO and that of CN and CoH are possibly due to a delay of
a few hundred years in the gas-phase formation of HoCO. As opposed to the
emission of HyCO, CN, and CyH, the emission of C*7O and the HCO" J=1-0
transition is aligned with the large dust trap, likely due to an enhancement in the
surface density. Differences between the two observed C'7O transitions may be
due to freeze-out and dust obscuration effects. The latter effect is not expected to
affect molecular emission at 3 millimetres, given the lower optical depth of the dust
trap. The four observed transitions of CS display different azimuthal extents and
strengths, with the lines with lower upper level energies appearing more ring-like.
An analysis of the '*CO brightness temperature yields no significant temperature
variations across the disk’s azimuth. Therefore, we propose that the observed
CS transitions trace two different reservoirs. A cold reservoir that resides on a
Keplerian orbit and a second, hotter reservoir of CS that is facilitated by the
infalling material and resides in a higher atmospheric layer of the disk. A single
weak transition of SO is observed, which may be explained by weak shocks induced
by the spirals observed in the scattered light that liberate sulphur. Future higher-
resolution, multi-line observations of species such as HoCO, CS, CN, and C,H are
needed to investigate the role and importance of late infalling material in setting
the chemical composition of planet-forming disks.
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7.1 Introduction

As giant planets accrete their atmospheres from the gaseous reservoirs of planet-
forming disks, understanding the molecular composition and, in particular, the
processes that set this composition is of great importance for our understanding of
planet formation. The Atacama Large Millimeter /submillimeter Array (ALMA)
yields unique insights to study the chemistry in the cold outer disks with unprece-
dented sensitivity and resolution. Recent programs have unveiled the chemical
inventories in both individual disks (see, for example Qi et al[2013; Oberg et al.
[2015} Bergin et al2016} [Walsh et al.|[2016}; [Cleeves et al|2018} [Kastner et al.|2018;
Loomis et al2018}; [Semenov et al|2018}; [Facchini et al.|[2021}; [Booth et al|2024alb,
2025; [Rampinelli et al.||2024)) and larger samples (see, for example, [Le Gal et al.
2019; Oberg et al.[2021; Booth et al.|2026). However, the dominant processes that
set the observable chemistry are still far from being fully understood.

One disk that can improve our understanding of the dominant processes in
planet-forming disks is that around the young star HD 142527. This system is
located at a distance of 159.26 pc (Gaia Collaboration et al.|2023) and consists of
a young F6 star (Fairlamb et al.2015), an M-dwarf companion (Biller et al.|2012;
ILacour et al[2016; Balmer et al. 2022} |Stolker et al.|[2024), and a massive planet-
forming disk (Mgas=(1.6+0.6)x10~% M; Temmink et al|2023). The mass of the
host star is, however, uncertain, as recent papers yield a range of stellar masses
from 1.69 Mg to 2.40 Mg, (Fukagawa et al.|2006; Verhoeff et al.2011; Arun et al.|
2019; Francis & van der Marel|[2020). In this work, we assume the recent value
from [Vioque et al. (2026) (M. ~2.24 Mg) as their astrometry results also yield a
mass of the M-dwarf companion (~158 Mjy, or ~0.15 Mg) that is dependent on
the mass of the host star. The importance of this moderately inclined (i ~28°)
disk stems from the various key features it hosts (see Figure : an asymmetric
dust trap (Fujiwara et al|[2006; [Ohashi 2008} [Casassus et al|[2013), spiral arms in
both the scattered light and the *CO molecular emission (Avenhaus et al.2014;
[Christiaens et al.|2014}; |Garg et al[2021)), and shadows due to a misaligned inner
disk (Marino et al|2015b; Bohn et al.|2022). The hydrodynamical models of
et al| (2018) show that all these features can be attributed the M-dwarf compan-
ion. A thorough investigation of the molecular emission may reveal unique insights
into the importance of these features in setting the observable chemistry.

Disks with asymmetries, both in the dust and in the gas, are unique labora-
tories to study the role of the dust in setting the observable chemistry. This has
become most apparent in the case of Oph-IRS 48 (AO-type star), the most asym-
metric system known to date (van der Marel et al|2013), where the molecular
emission, except CO, is approximately co-spatial with the dust continuum emis-
sion located at ~60 au (van der Marel et al.|[2021a; Booth et al.||2021a; Brunken|
let al.|[2022; Leemker et al.[2023; Booth et al.|2024b)). As the emission of both sim-
ple and more complex species is co-spatial with the continuum, the dust trap has
been proposed to be an ice trap, where radial and vertical transport leads to the
sublimation of the icy mantles coating the dust grains. In addition, a more recent
work also discusses the role of photodissociation and the subsequent gas-phase
reactions involving the dissociation products in setting the observable molecular
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Figure 7.1: Continuum emission (left), scattered light (left central; H-band with
SPHERE/IRDIS, [Hunziker et al|[2021), peak intensity map of the *CO J=2-1 tran-
sition (right central; see also [Christiaens et al.|2014; (Garg et al|[2021)), and integrated
intensity map of the HoCO J=51 5-41,4 transition (right) within the disk of HD 142527.
The '2CO map has been imaged using a square-root scaling scheme for the colour map.
Additionally, the scattered light image has been scaled using the radial-distance squared,
accounting for the drop off in stellar flux. We note that a few imaging artefacts are visi-
ble in the scattered light image. The arrows point, respectively, to the shadows observed
in the scattered light and the dark emission lanes due to cloud absorption in the 2CO
image.

composition (Temmink et al.[2025a).

Aside from dust traps, asymmetries may also be related to decoupled dust dy-
namics surrounding a binary-carved cavity (Price et al.|2018), azimuthal variations
in the gas density, the temperature, and the incident ultraviolet (UV) radiation. A
change in the temperature and UV radiation follows most likely from shadowing
effects, which are often observed in the scattered light (see Benisty et al.||2023
for a recent review) and are attributed to misaligned inner disks and/or warps
(Marino et al.||2015b; Bohn et al.|2022)). Recent modelling work has shown that
an azimuthally varying temperature structure yields asymmetric column densities
(Young et al.[2021)). Extended structures, such as spirals and streamers, may also
influence the observable chemistry and locally enhance the emission, for example,
through shocks. Recently, two studies suggest a potential connection between ob-
served SO emission and the spiral arms in the disks of AB Aur (Speedie et al.
2025)) and MWC 758 (Zagaria et al.[2025). Additionally, [Ilee et al.| (2017 studied
the influence of gravitational instabilities on the chemistry in protoplanetary frag-
ments, finding that certain molecular species (e.g., HoO, HsS, SO) are abundant
in the fragments, while others (such as CO, CHy, CN, CS, and HoCO) are more
abundant in spiral shocks. Streamers (or late infalling material), on the other
hand, may replenish the disk with fresh material that locally alters the elemental
and molecular abundances, leading to molecular asymmetries.

In this work, we use new ALMA observations to study the molecular emission
of HD 142527 and to expand upon the known molecular inventory (Casassus et al.
2013; [van der Plas et al.|2014; [Temmink et al.|2023)). Using these observations, we
propose various scenarios that may explain the observed molecular morphologies
and try to answer the question of what sets the asymmetric molecular emission in
the disk of HD 142527.
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This paper is structured as follows: the observations and self-calibration pro-
cess are described in Section while we report our (weak) detected molecular
species and non-detections in Section Section [7.4] contains the analysis and
discussion of the observed molecular species, including various scenarios to explain
the origins of the emission. Finally, we summarise our findings and conclusions in
Section

7.2 Observations and self-calibration

A6 [']

Figure 7.2: Integrated intensity maps of the dust continuum at 1.3 mm and key molecu-
lar species detected in the disk of HD 142527. To increase the S/N-ratio of the respective
integrated intensity maps, the images of the C'70 J=1-0, CoH and CN were created by
stacking the detected transitions (two, four, and three transitions, respectively). Addi-
tionally, the displayed images of C!"O J=1-0 and CS J=2-1 transitions were created
using a robust value of 2.0. The resolving beams are shown in the lower-left corner of
each image.

The disk of HD 142527 was observed in two separate Cycle 10 and 11 ALMA
programs, 2023.1.00628.S and 2024.1.00446.S (PI: M. Temmink). The first pro-
gram covers two spectral settings in Band 3 and one spectral setting in Band 4,
while the second program consists of one spectral setting in Band 7. Both pro-
grams have been taken in the C3 and C6 configurations, allowing for high spatial
resolution observations of ~0.15-0.20". The spectral windows in Band 3 have
resolutions of 70.56 kHz and 564.45 kHz, resulting in velocity resolutions of, re-
spectively, ~0.22 km s~! (at 97.98 GHz) and ~1.96 km s~! (at 86.43 GHz). Those
in Band 4 have spectral resolutions of 141.113 kHz (~0.29 km s~! at 146.95 GHz)
and 564.453 kHz (~1.17 km s~! at 144.52 GHz). Finally, the Band 7 spectral win-
dows have resolutions of 141.113 kHz and 1.129 MHz, yielding velocity resolutions
of ~0.12 km s~! at 349.36 GHz and ~0.96 km s~! at 351.55 GHz, respectively.
The observations were reduced with the provided pipeline scripts using the spec-
ified Common Astronomy Software Applications (CASA; McMullin et al.2007;
|CASA Team et al|[2022). Self-calibration and imaging have, on the other hand,
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been carried out with CASA versions 6.4.1.12 and 6.5.4. Further details on the
observations can be found in Table Furthermore, we make use of the fol-
lowing archival programs: 2011.1.00318.S (PI: M. Fukagawa), 2011.0.00465.S (PI:
S. Casassus), 2012.1.00631.S (PI: M. Fukagawa), 2013.1.00305.S (PI: S. Casassus),
2015.1.00805.S (PI: S. Casassus), and 2015.1.01137.S (PI: T. Tsukagoshi).

To increase the signal-to-noise ratio (S/N-ratio) of the observations, we employ
similar self-calibration techniques as used in various successful ALMA programs
(Andrews et al.[[2018; (Czekala et al.|2021} [Loomis et al.[|2025; |[Leemker et al.|2025)).
To summarise, we performed the self-calibration routine on the short-baseline ob-
servations before combining the short- and long-baseline observations and perform-
ing the routine on the combined dataset. If an observation consists of multiple
execution blocks, a single round of phase-only self-calibration was performed on
each execution block before the execution blocks were aligned (if needed) and
combined. The self-calibration routine consists of multiple rounds of phase-only
self-calibration, using solution intervals given in the weblog of the observations, fol-
lowed by a single round of phase-amplitude self-calibration (SOLINT="‘inf’). During
the rounds of phase-only self-calibrations, the models used in the self-calibration
process were created by cleaning the emission down to a conservative 60 noise
level. For the phase-amplitude round, the model was created by cleaning down to
a lo noise level to include as much flux as possible in the model for the ampli-
tude calibration. All rounds of self-calibration (phase-only and phase-amplitude)
were performed for the short-baseline observations of all spectral settings and the
combined data of the Band 7 observations. For the combined datasets, no self-
calibration was performed for the Band 3 spectral settings, as many solutions
were flagged. Following the same reasoning, self-calibration of the combined Band
4 observations was stopped after three rounds of phase-only self-calibration. Ta-
ble lists the starting and final S/N-ratio of the continuum emission in all
spectral settings.

We used the CASA task TCLEAN to extract spectra and search for molecular
emission of known transitions in the Cologne Database for Molecular Spectroscopy
(CDMS; Miiller et al.[2001,|2005). Before imaging, we performed a continuum sub-
traction using the UVCONTSUB-task of CASA, selecting line-free regions and using
a fit-order of unity. The images were created using the ‘Briggs’ weighting scheme
and robust parameters of +0.5 in the case of strong detections, and +2.0 in the
case of weak detections. As the velocity resolution changes between the different
spectral settings and programs, the molecular transitions were imaged with resolu-
tions of 0.30 km s~! in Bands 3 and 4, and 0.15 km s~ in Band 7. For transitions
located in continuum spectral windows, which were observed in the ‘Frequency
Domain Mode’, we used velocity resolutions of 2.0 km s~!, 1.20 km s~!, and
1.00 km s~ 1.
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7.3 Molecular emission

In case of a detected molecular species, we used a Keplerian mask (see |Teague
2020) to clean the emission down to a level of 3x the noise in the dirty image.
The Keplerian mask, using an outer radius of 2.5" for the molecular emission, was
defined using a central mass of 2.39 M (host star plus companion mass; |[Vioque
et al.[2026)), a distance of 159.26 pc, and a disk inclination and position angle of,
respectively, 28.3°and 162.5°(see Section for more details). Furthermore, we
used the Python package GOF1sH (Teague|2019b)) to confirm the detection of weak
molecular emission. By accounting for the Keplerian rotation of the disk, GOF1sH
can improve the S/N-ratio for lines by aligning and stacking spectra taken from
different sides of the disk (see also[Yen et al.|[2016). Weakly detected species and
non-detections are discussed in Section [[.C.1l

7.3.1 Detected molecular species and azimuthal distribu-
tions

Figure displays the key detected molecular species for our analysis, while
contains the expanded molecular inventory of the disk around HD 142527. Using
the new ALMA observations, we report strong detections of 6 molecular species:
two transitions of C'70, two additional transitions of CS, one transition of SO,
three transitions of CN, four transitions of CoH, and one additional transition of
H,CO. Molecular transitions of C*70, SO, CN, and C,H are detected for the
first time in the disk of HD 142527. Furthermore, we report the detection of one
additional transition of HCO™" (J=1-0) that was found in archival Band 3 observa-
tions. The integrated intensity (or moment-0) maps of these transitions are shown,
together with previously observed molecular species (Casassus et al.|[2013; van der
Plas et al.|[2014; | Temmink et al./[2023), in Figure [7.C.1} Further information on
the observed transitions, their line properties (all taken from CDMS), and peak
fluxes are listed in Table [.C1l

As can be seen in both Figure [7.2] and Figure the molecular emission,
except for the more abundant CO isotopologues, is dominated by asymmetric fea-
tures. However, these molecular asymmetries are distributed differently through-
out the disk. While the emission of C*7O and the HCO" J=1-0 transition is
co-spatial with the continuum emission, the emission of CS is most prominent in
the south-western side of the disk. Even though the emission of HoCO, CN, and
CoH peaks in a similar region as the CS transitions, their morphology displays a
spiral-like feature. We discuss these different asymmetric features and their po-
tential origins in Section [7.4.3]

While the molecular emission is dominated by asymmetries, we highlight that
many molecular transitions display evidence for Keplerian motion. Although weak,
these rings are visible in the molecular emission of the CS transitions (except for
the J=10-9 transition), the stacked images of CN and CoH transitions, and that
of the HoCO J=51 5-41 4 transition. This suggests that, even though the asym-
metries dominate the emission, the molecules are fully distributed along the disk’s
azimuth and are (partially) captured on Keplerian orbits.
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7.4 Analysis and discussion

7.4.1 Inclination and position angle
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Figure 7.3: Rotational velocity map, resulting model, and residuals of the C170Q J=3-2
transition. The used mask is shown in black. The greyed-out regions have not been used
in the fitting process.

Using the C'7O J=3-2 transition, we reanalyse the inclination, position angle,
and system velocity (vis,) for the disk of HD 142527. As the C'"0 is a rare isotopo-
logue, this transition has the benefit of the emission originating from close to the
disk’s midplane. Therefore, we fit the rotational velocity maps, created with the
BETTERMOMENTS code (clipping all <50 data; Teague & Foreman-Mackey|2018)),
using the thin disk model implemented in eddy (Teague|2019a)). As the inclination
and stellar mass are degenerate, we fix the stellar mass to the total summed mass
of the host star and the companion (M;ot=2.39 Mp).

While fitting the rotational velocities, we noticed strong super-Keplerian resid-
uals in the northern side of the disk. The western side of the disk was, on the
other hand, dominated by sub-Keplerian residuals (see the right panel of Figure
. To ensure these regions did not impact the Keplerian models, we excluded
them, through trial and error, when creating the rotational velocity maps. Figure
shows the full rotational map, model and residuals for completion. This fit
yields an inclination of i=28.3°, a position angle of PA=162.5°, and a velocity
of v15,=3.67 km s~!. Uncertainties are found to be very small, well below <1%,
for all parameters. The derived value for the inclination closely represents that
found by [Fukagawa et al.| (2013) (i ~27°and PA ~160°), yet it is significantly
lower compared to that derived by Bohn et al.| (2022), following from their lower
assumed stellar mass of 1.75 Mg.

7.4.2 Brightness temperature

One potential explanation for the different observed molecular distributions could
be azimuthal variations in the temperature. We investigate the brightness temper-
ature of the **CO J=2-1 transition. Since the **CO emission is dominated by the
various spirals and affected by the continuum absorption (Christiaens et al.[2014}
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Figure 7.4: Brightness temperature map of the "*CO J=2-1 transition (left panel) and
the azimuthal peak temperature profile between 0.5" and 2.0" (right panel). The location
of the shadows is indicated by the red shaded areas, whereas the location of the strongest
emission of the dust continuum is indicated by the blue shaded areas.

Garg et al|2021), and the C'®0 emission was found to be moderately optically
thick (7ciso ~0.7; Temmink et al|[2023), the optically thick "*CO emission yields
the best opportunity to directly study the gas temperature across the disk’s radial
and azimuthal extent.

The left panel of Figure [7.4] shows the brightness temperature map, while the
azimuthal peak temperature profile, taken between radial distances of 0.5" and
2.0" with azimuthal increments of §¢=3°, is shown in the right panel. Uncertain-
ties on the integrated intensity map have been estimated following the method
described in [Leemker et al| (2022). The red shaded areas indicate approximately
the location of the shadows seen in the scattered light, while the blue shaded
areas indicate the azimuthal increment in which the continuum is the strongest.
We find that the temperature of the "*CO emission is fairly constant, with max-
imum differences of ~5 K, and we obtain a median peak brightness temperature
of Tmcd,13CO ~34.9 K.

7.4.3 Molecular asymmetries and structures

In the following sections, we discuss the various asymmetries and substructures
seen in the molecular emission. We tackle different subsets of molecular species
and propose scenarios that may explain the origins of these morphologies.

7.4.3.1 Enhanced surface density: C'70O and HCO™

The emission of both C'7O transitions is strikingly coincidental with the dust
trap, which is in contrast with that of the main isotopologues of CO, which are
distributed throughout the disk’s full azimuth. As opposed to the (moderately)
optically thick emission from the main isotopologues, the C*7O emission is very
likely optically thin, assuming that the isotopic ratio of **0 / 170~3.6 for the local
interstellar medium holds locally in the disk. While optically thick
emission traces the gas temperature (see Section , the optically thin C'7O
emission will trace the surface density of the gas. As the emission is coincidental
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with the continuum emission, this suggests that there could be an enhancement
in the surface density at the location of the dust trap.

There is one striking difference between the emission of the C'70 J =1 —0
and J=3-2 transitions. While the overall weaker J=1-0 transition is only located
at the exact location of the dust trap, the stronger J=3-2 is more azimuthally ex-
tended and, crucially, lacks emission in the northern side of the disk. Two potential
explanations for this decrement could be considered: continuum oversubtraction
effects or freeze-out. Continuum oversubtraction effects can arise in two different
ways (Boehler et al.[[2017; [Weaver et al.|2018} Nazari et al.|2023)). First, in the case
of optically thick line emission, the molecules block the thermal continuum emis-
sion originating from the disk’s midplane. In this case, continuum oversubtraction
techniques remove line emission instead of continuum emission. Second, in the
case of optically thin line emission but optically thick continuum emission, the
optically thick continuum will block emission originating from the disk’s backside.
This second scenario can effectively remove up to half the line flux. As the disk has
a relatively low inclination (i=28.3°), the decrement in emission may be the result
of this second scenario. The lack of a such a decrement in the J=1-0 transition
may be due to a difference in optical depth between the Band 3 (3 millimetre) and
Band 7 (0.9 millimetre) continuum observations. |Guidi et al.| (2022)) showed that
the continuum emission of the disk around HD 163296 is still optically thin (7 <1)
in the Band 3 observations, while it became optically thick (7 >1) in Band 7.
Detailed modelling of the dust optical depth at both 3 mm and 0.9 mm is required
to confirm this notion.

Freeze-out, on the other hand, is possible in the cold outer regions of the disk,
where the dust temperature has dropped down to approximately 20 K or lower,
the freeze-out temperature of CO. [Temmink et al.| (2023) have proposed that
the CO snowline is located at the outer edge of the dust trap (Router >200 au
or >1.25") following the weak detection of the DCO" J=4-3 and a RADMC-
3D model. Higher-resolution and sensitivity observations of DCO™" and, ideally,
NoH " are needed to further confirm this notion. We further note that the bright-
ness temperature of the band 7 continuum observations peaks at T}, 9.9mm ~29 K
(see Figure , which is consistent with a temperature of 20 K being located
at the outer edge of the dust trap. Therefore, we propose that both scenarios -
continuum optical depth at higher frequencies and freeze-out - or a combination
of the two, can be viable explanations for the observed decrement in the emission
of the C*70 J=3-2 transition.

Similar to the C'7O emission, the HCO" J=1-0 transition is co-spatial with
the dust continuum. A simple explanation can be found in the main gas-phase
formation reaction governing the HCO™ abundances in disks (Herbst & Klemperer
1973; |Leemker et al.[2021]):

CO +Hz" — HCO™ + H,. (7.1)

This reaction involves gas-phase CO and, therefore, the same enhanced surface
density as seen for the C'7O transitions may be the cause of the HCO™ J=1-0
transition being co-spatial with the dust continuum.

One clear difference between the HCO" J=1-0 and J=4-3 transitions is that
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the former is dominated by emission that peaks co-spatially at the location of the
dust trap, while the latter reveals emission along the disk’s full azimuth. However,
the J=4-3 transition is dominated by a bright central spot, which was also seen
for the J=8-7 transition (Temmink et al|2023). |Casassus et al.| (2013 proposed
that this bright spot is connected to the outer disk and must be the result of
inflowing material. It is, however, also possible that the emission connecting the
bright inner spot with the outer disk is due to beam smearing effects. Furthermore,
HCO" emission from the central regions can potentially be affected by X-ray flares,
where gas-phase cations (including HCO™) are most strongly affected, and their
abundance can be temporarily enhanced (Waggoner & Cleeves [2022; [Waggoner]
. To confirm the role of a potential X-ray flare in temporarily increasing
the HCO™ abundance, the molecular emission may need to be investigated per
observation scan and/or re-observing the J=4-3 transition may reveal the lasting
emission of this bright spot.

7.4.3.2 Spirals or late infall: H,CO, C;H, and CN

_CN stack C.H

(. L

Figure 7.5: Integrated intensity maps of the HoCO J=5; 5-41,4 transition and the
stacked CN and CoH transitions. Overlaid are the traced spiral features from the ?CO
brightness temperature channel maps (see Appendix . The white, dashed contours
indicate the continuum emission at flux levels of 25%, 50%, and 75%.

We now turn to the distribution of Ho,CO, CoH, and CN, all of which peak
opposite to the dust trap. Since temperature and surface density variations are
excluded, another process must be at work. A possible explanation lies in the pres-
ence of spiral arms, of which large-scale structures have already been identified in
the emission of '*CO and 'CO (Christiaens et al.[2014; |Garg et al.2021; [Wolfer|
. However, similar structures were not seen in the emission of other
molecular species, with, for example, [van der Plas et al.| (2014)) reporting that no
counterpart of these spiral structures was seen in the CS J=7-6 and HCN J=4-3
transitions. Our new ALMA observations create a new perspective, as spiral-like
features are clearly visible in the emission of the HoCO J=5; 5-4; 4 transition, the
stacked transitions of CoH and CN (see Figure[7.F]), and even the selected channel
maps of the stacked c-C3Hy transitions (see bottom row of Figure [7.C.3)). Figure
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@ displays the channel maps of the HyCO J=5; 5-4; 4 transition together with
overlaying contours of the dust continuum. These channels reveal that the spiral-
like features are real and not an artefact due to, for example, the optically thick
continuum. Additionally, we have distinguished between the contribution from the
disk and that of the spiral-like feature. Using these new observations as guidance,
we report that weak hints for similar structures can also be seen in the CS J=7-6
and the HCN and HCO™ J=4-3 transitions (see Figure [7.C.1]).

The first question to address is whether the observed spiral-like features in the
emission of the H,CO, CN, and CoH transitions align with the known spiral arms
observed in the '2CO J=2-1 transition. To test the alignment, we have traced
the spiral arms in the 2CO (see Section for more details) and overlaid the
resulting spirals on top of the integrated intensity maps of HoCO, CN, and CoH
(see Figure . The traced spirals appear to align rather well with those seen in
the other molecular species. Offsets between the observations may be due to the
lower spatial resolution of the 12CO emission.

As the molecular emission now appears to be directly intertwined with the
presence of these spiral features, another question must be posed: how are these
structures influencing the observable chemistry in the disk of HD 1425277 Both
CN and CsH are linked to UV-chemistry, following the need for atomic carbon
in their gas-phase formation pathways. Similarly, CN is also known to be the
photodissociation product of HCN (Sternberg & Dalgarno|/1995). A direct role of
UV-driven chemistry in setting the observable emission morphologies is, however,
not evident. As the molecular emission is found at a large distance (>150 au) with
respect to the host star, and small dust grains are present along the disk’s entire
azimuth (see Figure , we consider it unlikely that UV radiation dominates the
observable chemistry at one specific location outside of the shadows.

Aside from UV-chemistry, a locally varying carbon-to-oxygen ratio (C/O-ratio)
can also affect the formation efficiency of CoH, CN, and ¢-C3H;. Models have
shown that a strong reservoir of hydrocarbons, such as CoH, requires a C/O-ratio
larger than unity (Bergin et al.|2016; Kama et al. 2016} [Miotello et al|[2019).
The emission of CN is similarly impacted by an increasing C/O-ratio. However,
the effects are weaker compared to CoH: when increasing the C/O-ratio from 0.3
to 1.5, the CoH abundance was shown to increase up to an order of magnitude,
while that of CN only increases by a factor of two (Cazzoletti et al.|2018; Miotello
et al.|2019)). As our observed peak fluxes of CoH are stronger than those of CN
(see Table , a locally enhanced C/O-ratio may be the cause of the observed
emission.

We propose that the observed spiral-like features are the result of late in-
fall material or streamers replenishing the disk with fresh atomic carbon. [Lesur
et al| (2015) has shown that infalling material can yield long-lived spiral arms
in planet-forming disks, and can result in efficient radial transport of angular mo-
mentum. Another scenario could be a locally depleted oxygen abundance following
the freeze-out of oxygen-bearing species. This latter scenario is less likely, as the
majority of the millimetre-sized dust grains are trapped on the opposite side of
the disk. It must be noted that the southern side of the disk is not completely
void of large dust grains and that the small dust grains are distributed along the
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disk’s full azimuth. Therefore, freeze-out cannot be fully ruled out, but it is alone
unlikely to explain the observed CoH and CN emission peaking at a specific az-
imuthal location.

The detection of HyO-ice confirms that freeze-out takes place in the disk of
HD 142527 (Honda et al.[|2009; [Min et al.|2016; Tazaki et al.[2021). Furthermore,
Min et al.| (2016) used observations of the Herschel Photodetector Array Camera
and Spectrometer (PACS) instrument to conclude that 80% of the available oxy-
gen atoms must be locked up in the HyO-ice. Since the RADMC-3D model of
Temmink et al.| (2023) yields dust temperatures of 40-50 K at the location of the
dust trap, it is not surprising that oxygen-bearing species such as HoCO (binding
energy of Eping >3300 K; [Penteado et al.[2017; |Minissale et al. [2022) and HoO
and CH3OH (both have binding energies of Eping 25600 K; [Fraser et al. 2001}
Penteado et al|/2017; Minissale et al.,2022) will be frozen out. The presence of
a spiral-like feature in the HoCO emission is, in that case, surprising, unless the
infalling material or streamer is able to release ices through a weak shock. While
a shock may explain the presence of HoCO, it does not explain the emission mor-
phology of another known shock-tracer, SO (van Gelder et al.|[2021), which has
a lower binding energy of Epinq 22800 K (Penteado et al.[2017) and, therefore,
should also be released from the grains. The SO emission is further discussed in
Section [T.4.3.5]

We note that H,CO, unlike CH30H, can also form efficiently in the gas. The
reactions involve atomic oxygen, OH, and the radical hydrocarbons CH3 and CHsy
(Fockenberg & Preses|[2002; |Atkinson et al.|[2006]):

Since both formation routes involve a hydrocarbon, a locally increased C/O-ratio
will enhance the CH3 and CHy abundances and may, therefore, boost the gas-phase
formation of HoCO. Since the spiral-like features are strongest in the emission of
H>CO, CN, and CoH, while weak signatures can be found in the emission of the
other carbon-bearing species HCN and CS, we consider the local enhancement of
the C/O-ratio, following from infalling material replenishing the disk with fresh
atomic carbon and potentially other carbon-rich material, as a viable scenario for
the observed emission morphology of these molecular species.

To summarise this section, we see spiral-like features in the emission of HoCO,
CN, C3H, and c-C3H,, and we propose that similar features are weakly visible in
those of the previously detected CS J=7-6 and HCN and HCO " J—=4-3 transitions.
We consider it most likely that these features are due to an influx of fresh atomic
carbon, syphoned onto the disk by late infalling material or streamers along the
spiral arms seen in the *2CO emission. This influx of carbonaceous material locally
increases the C/O-ratio and facilitates the gas-phase formation of hydrocarbons,
CN, and even that of HoCO. We consider an increasing C/O-ratio following a
depleted oxygen abundance to be less likely, as this would suggest that the H,CO
emission may trace sublimation due to the infalling material creating a weak shock
at its impact location on the disk.

To further support the scenario of infalling, atomic carbon-rich material, we
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highlight that (atomic) carbon-rich streamers may not be uncommon in young
stellar objects (YSOs). For example, carbon-bearing molecules, such as CoH,
c-C3H,, and HC3N, have been detected in the streamers of the Class 0 YSO Per-
emb-2 (Taniguchi et al.|[2024) and the Class 1 YSO L1489 IRS (Tanious et al.
2024}, 2025)).

7.4.3.3 H3CO formation timescale delay

As shown in Figure the HoCO J=51 5-41 4 is azimuthally offset from the peak
location of the CN and CyH emission. We propose that this may be due to a delay
in the gas-phase formation of HoCO through Equations[7.2]and [7.3] To investigate
the potential delay timescale, Figure [7.G.1] displays the deprojected integrated in-
tensity maps of the stacked CoH and HoCO J=5; 5-4; 4 emission. In both images,
we have visually indicated the peak location of the CoH emission, which has a
radial extent between 215 and 275 au and an azimuthal extent of 210° to 255° or
1/8' of the disk’s azimuth. We further note that HoCO emission is stronger out-
side this defined box. At these radial locations, the Keplerian orbital timescales of
the disk are 7915,,=2041 and 7975.,=2952 years. By taking the average of 1/8th
of these timescales - thus, accounting for the azimuthal extent of the CoH - the
peak HoCO emission is delayed by 7t,c0,delay =312 years.

To investigate whether this difference is due to a delay in the gas-phase for-
mation of HyCO, we have calculated the formation timescale of Reactions [7.2] and
for different gas densities (n(Hz)) and fractional abundances (X (CH,/Hz) of
CH3 and CHs, the expected limiting reactants. Using the Kinetic Database for
Astrochemistry (KIDA; Wakelam et al.[|2012), we retrieve an average reaction rate
coefficient of 1.1x1071% cm? s=! (at a temperature of T=298 K) for Equation
and a reaction rate coefficient of 3.0x10710 ¢cm? s=! (at temperatures of T=10-
280 K) for Equation Since the temperature dependence of these radial-atom
reactions is expected to be weak, we expect that these rate coefficients hold for
the disk. Furthermore, we explore the reaction rates for gas densities of 10% to 10°
cm ™3, as the gas density of the disk depends on the vertical emitting layer of the
disk. Similarly, we use strongly enhanced values of 107% to an expected value of
10719 for the fractional abundance. A thermochemical model of a massive disk,
such as HD 142527, suggests that fractional abundance of ~10~% and ~10719 can
be reached for, respectively, CHy and CHgs in their respective emitting layers (M.
Leemker, priv. comm.). A formation timescale of the same order of magnitude
as the above derived Ti1,c0,delay =312 years can be reached for any combination of
n(Hz)=10Y em~=3 and X (CH,/H2)=10"Y, where Y is the same number.

Since lower densities are expected for emitting layers higher up in the disk, this
suggests that enhanced fractional abundances are needed for these layers. As the
above suggested scenario of infalling material is a local effect, it is possible that the
fractional abundances, similarly to the C/O-ratio, are locally enhanced. Therefore,
we deem it likely that the azimuthal differences between the HoCO J=51 5-4; 4
peak emission and the stacked CN and C3H can be due to a lag in the HoCO
gas-phase formation timescales. Furthermore, the lag may also be introduced by
the slow formation rate of the precursors CHy and CHs. In particular, CH3 forms
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through the, in comparison with the formation routes of CoH and CN, slow ra-
diative association of CHs " +Hj, that forms CHs " and the subsequent dissociative
recombination into neutral hydrocarbons (Millar & Nejad||1985). This analysis
shows that time-dependent chemistry can play an important role in setting the
observable molecular composition in planet-forming disks and that systems with
(molecular) asymmetries and/or signatures of infalling material yield the unique
opportunity to study these processes.

7.4.3.4 Azimuthal or vertical variations: CS

Including the new Cycle 10 and 11 observations, four molecular transitions of CS
have been detected in the disk of HD 142527 (compared to van der Plas et al.
2014| and [Temmink et al|2023): J=2-1 (Ey, ~7 K), J=3-2 (Ey, ~14 K), J=7-6
(Eyp ~66 K), and J=10-9 (E,p~129 K). As shown in the second row of Figure
the emission morphology changes between the transitions. While all four
transitions exhibit the strongest emission in the western side of the disk, the J=2-1
and J=3-2 are much more ring-like. The J=7-6 transition shows weak hints of the
spiral-like feature that is also seen in the emission of HoCO, C3H, and CN, and
the J=10-9 transition is potentially co-spatial with the bright emission spot seen
for CoH and CN.

Models by |Fedele & Favre| (2020) suggest that the main CS emitting layer is
located below that of >CO. As the brightness temperature of *CO was found
to be fairly constant along the disk’s azimuth, with maximum variations of ~5 K
(see Figure , we do not expect the differences between the CS transitions to
be due to azimuthal temperature variations.

As the J=T-6 transition appears to exhibit weak signatures of the spiral-like
feature, and the J=10-9 transition may be co-spatial with the bright emission spot
seen in the CoH and CN transitions, we propose that we are observing two verti-
cally distinct CS reservoirs. The first reservoir comes from deep inside the disk,
closer to the midplane and below the *CO emitting layer, where the emission
follows a Keplerian orbit. The emission of the J=2-1 and J=3-2 transitions, and
part of the J=T7-6 transition, originates from this reservoir. The second, hotter
reservoir resides higher up in the disk and is facilitated by the infalling material
or streamer. Gas-phase formation reactions, such as the neutral-neutral reactions
CH+S—CS+H or HS+C—CS+H (Vidal et al.[2017), may play a role in forming
this second reservoir. Additional formation routes include the gas-phase reactions
of ST with hydrocarbons of the form CH, and C,H (where z=1-4 and y=2-3),
which produce HCS™, CS™, HC3S ™, and C5S™, which may form neutral S-bearing
species, such as CS and HyCS, after recombination reactions with electrons (Le
Gal et al.2019)). These reactions all require the presence of S*, S, HS, and atomic
carbon or hydrocarbons. While the abundances of the former three have not been
established for the disk of HD 142527, the presence of atomic carbon and hydro-
carbons can be due to infalling material or a streamer that replenishes the disk
with fresh atomic carbon-rich material, following the same reasoning as in Section
4.0.2

This scenario may also explain the observed HoCS J=101 10-91 9 transition. As
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can be seen in the middle panel of Figure [7.C.3] the H,CS transition peaks in a
similar region to those of CoH and CN, and we expect that the observed emission
is facilitated by the gas-phase reactions discussed in the previous paragraph. Fur-
thermore, as both the CS J=10-9 and the HyCS J=101,10-91,9 have high upper
level energies of, respectively, Fy,,=129.3 K and E,,=102.4 K, it is likely that the
emission comes from a high atmospheric layer of the disk, especially as disks have
steep temperature gradients (see, for example, [Paneque-Carreno et al.|2023]).

Finally, we note that the C3'S J=7-6 transition also appears to be co-spatial
with the CoH and CN transitions (see top panel of Figure . Being a rarer
isotopologue of CS, this may further agree with a second, strong reservoir of CS
formed by infalling atomic carbon-rich material.

7.4.3.5 A potential shock: SO

Figure 7.6: Continuum emission (left panel), integrated intensity maps of the CS J=2-1
and SO J=32-2; transitions (middle panels), and the scattered light image (rightmost
panel). The black contours indicate the continuum emission at 25%, 50%, 75%, and 95%
the peak flux, whereas the white contours indicate the 30 CM emission. In the scattered
light image, the red contours indicate the SO emission at 20 (dotted) and 3o (solid)
levels.

While a clear scenario can be put forward to explain the observed emission of
H>CO, CS, CoH, and CN, this is not the case for SO. We report the detection of
a single, intrinsically weak (log;,(4;;) ~-4.94) SO transition, J=3,-2;, that was
observed in both spectral settings of the Band 3 observations. One was observed
with high spectral resolution, while the other was placed in a continuum spectral
window. Using the high spectral resolution observation, we note that the SO
emission originates from a radial distance between the continuum emission and
the CS emission (see Figure. Furthermore, the SO emission is not azimuthally
co-spatial with other observed molecular species.

As previously mentioned, SO is a known shock tracer (see, for example, van
Gelder et al.|[2021)). The observed emission of SO in the disks of AB Aur and MWC
480 has previously been linked to observed gaseous spiral arms (Speedie et al.[2025;
Zagaria et al.|2025)). In the case of HD 142527 this may be most evident once the
SO observations are compared with those in the scattered light. As shown in the
right panel of Figure there may be a connection between the observed spirals
and the SO emission. However, as the molecular emission is weak with respect to
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other molecular species, this can, however, not be directly confirmed. Observations
of stronger SO transitions, such as the J=75-67 (Ey,=81.2, logyg (Au)=-3.3023)
and J=8g-77 (Eup=87.5, log;o (Au)=-3.2852) transitions in Band 7, are needed
to confirm this scenario or to explore others.

7.4.4 Origins of the spirals and dust trap

Spirals are thought to form through disk interactions with heavy, embedded com-
panions (see, for example, [Kley|[1999; [Dong et al.||2015; [Zhu et al|2015; Bae &
Zhul[2018)), gravitational instability (see, for example, |Cossins et al.[2009} Speedie
et al.[[2024), and even shadows (see, for example, Montesinos et al.[[2016; |Su & Bai
2024; |Zhang et al.|[2025)). As the system of HD 142527 has a known stellar com-
panion and shadows due to a misaligned inner disk, neither of these mechanisms
can immediately be ruled out.

An additional explanation for the asymmetry and spiral features (see also Lesur
et al.|2015) observed in HD 142527 can be found in the works of |Bae et al.| (2015)
and |[Kuznetsova et al.| (2022)). Their models suggest that protostellar or anisotropic
infall may generate a Rossby Wave Instability (RWI; |Lovelace et al.[[1999; |Li et al.
2000). The RWI, in turn, can give rise to vortices, which may trap the large dust
grains (Lyra et al.|2009; Crnkovic-Rubsamen et al.|2015; |(Owen & Kollmeier|2017}
Raettig et al.|2021; Regély et al.|2021)) and lead to the large asymmetric structures
seen in the continuum emission, as may be the case for the disks of Oph-IRS 48
and HD 142527. This may, therefore, have given rise to enhanced surface density
proposed for the emission of, for example, the C7O transitions, which is consis-
tent with the dust trap. As the spirals observed in the molecular emission, most
prominently in that of HoCO, trace the inner edge of the dust trap (see Figure
and Figure , we propose that the dust trap of HD 142527 may be the result
of a vortex caused by the late infalling material. [Stadler et al.| (2026) also recently
proposed that infalling material may be the cause of the asymmetric dust feature
seen in the disk of HD 34700A.

7.4.5 Future work and studies

The disk of HD 142527 yields unique insights into the chemistry of disks and a
potential connection to infalling material, but not all molecular species tell a clear
story. As mentioned in Section observations of stronger transitions of SO
are needed to investigate the shocks induced by the spiral arms. Furthermore,
given the low resolution, sensitivity, and image fidelity of the old Cycle 0 observa-
tions due to the smaller number of ALMA antennas, re-observing the CS J=7-6,
HCN, and HCO" J=4-3 transitions will be crucial for investigating the role of
this infalling material in setting the morphology of these species. Additionally,
re-observing the HCO™ .J—4-3 transitions may reveal insights into the origins of
the observed central bright spot and whether it was caused by an X-ray flare.
Similarly, higher spatial resolution observations of the CS J=10-9 transition, or
even targeting any other CS transition with high upper level energies, will reveal
whether this transition is fully co-spatial with the observed CoH and CN emission
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and will, therefore, confirm whether the origins of these species are all related to
the potentially infalling material.

HD 142527 is not the only disk with spiral arms seen in CO gas emission (see,
for example, [Rosotti et al.|[2020; |Casassus et al.|2021} [Teague et al.|2021} |[Wolfer
et al.||2021}, |2023. To investigate how important and widespread our proposed sce-
nario is for planet-forming disks, a larger sample of disks with spiral arms needs to
be studied with high-resolution and high-sensitivity ALMA observations. These
studies should target species that have been key in our analysis, such as HoCO,
C3H (as an important C/O-ratio tracer), CN, and CS, but also SO and CH30H to
investigate (and potentially rule out) the role of shocks. Thus far, CoH has been
observed in only a few of the Herbig disks studied by [Stapper et al.| (2022)) and
Stapper et al.| (2024)), leaving a large sample open for follow-up studies.

7.5 Summary

In this work, we have investigated the peculiar carbon-rich chemistry of the disk
around the young star HD 142527 using new ALMA observations. Our main
conclusions can be summarised as follows:

e We have greatly expanded the known molecular inventory of the HD 142527
disk by detecting, for the first time, transitions of the key species CoH, CN,
and c-C3Hy. Furthermore, we detected additional transitions of CS, HyCO,
multiple isotopologues of HCO' and more. The non-detection of CH3OH
suggests that the dust trap is too cold for sublimation of the icy mantles to
oceur.

e We found that the brightness temperature of **CO is fairly constant along
the disk’s azimuth, suggesting that there are no thermal variations along the
disk’s surface.

e The emission of the optically thin CY0 J=1-0 and J=3-2, and HCO " J=1-
0 transitions is co-spatial with the asymmetric dust trap, suggesting that the
gas surface density has an enhancement at the location of the dust trap. The
decrement observed in the northern region of the C'"0O J=3-2 transition may
be due to the dust being more optically thick at higher frequencies, blocking
emission from the disk’s backside, or due to freeze-out at the outer edge of
the dust trap.

e We propose that the spiral-like features seen in the molecular emission of
H>CO, CN, and C3H transitions follow from infalling atomic carbon-rich
material. This material locally increases the C/O-ratio and, therefore, facil-
itates the gas-phase formation of these molecular species.

e An azimuthal offset between the peak emission of the HoCO and that of
CN and C3H can be explained by a delay of a few hundred years in the
gas-phase formation timescales of HoCO. According to simple calculations,
such a time-scale would require enhanced fractional abundances of the hy-
drocarbons CH3 and CH, in the lower density surface layers. Disks with
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(molecular) asymmetries yield, therefore, unique opportunities to study the
role of time-dependent chemistry in setting the observable molecular com-
position.

e Four transitions of CS have now been detected in the disk of HD 142527,
and we propose that they trace two different reservoirs: a cold reservoir that
follows a Keplerian orbit and a hotter reservoir, residing higher up in the
disk, that is the result of the infalling atomic carbon-rich material. This
is supported by the CS J=10-9 and H>CS J=101,10-91,9 having a similar
emission morphology as the CN and CoH, and the high temperatures needed
to excite these higher upper level energy transitions (E,, >100 K).

e A single weak transition of SO is detected that is radially and azimuthally
offset from both the dust continuum and the CS emission. We propose that
this transition may potentially trace a shock caused by the spirals observed
in the scattered light impacting the disk, but additional observations of other
SO transitions are needed to confirm this notion.

This work has shown that the azimuthally asymmetric disk of HD 142527 provides
a unique laboratory to study the impact of the environment and, in particular,
late infalling material on the observable chemistry. We advocate the need for a
large study investigating the role and importance of spirals and/or potentially in-
falling material in setting the chemical composition of planet-forming disks. To
conduct such a study, high-resolution and sensitivity observations, targeting molec-
ular species such as HoCO, CS, CN, and CsH, are needed in many more disks with
asymmetries and/or spiral features.
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Appendix

7.A  Observational details

Table 7.A.1: Observational details of the Cycle 10 and 11 ALMA observations.

Band Date No. antennas ~ On source time Freq. coverage — Baselines ~ Mean PWV MRS  Phase cal.  Flux/Bandpass cal.
(DD/MM/YYYY) [min] |GHz| [m] [mm] "]
3 (#1) 06/01,/2024 42 21.25 86.0-101.5 15.1-783.5 3.7 15.4  J1604-4441 J1427-4206
07/11/2023 48 42.37 - 30.9-6582.7 4.8 3.2 J1604-4441 J1924-2914
09/11/2023 48 42.32 - 30.9-5185.6 5.1 3.1 J1604-4441 J142 )6
3 (#2) 27/12/2023 41 36.43 99.2-113.5 15.1-783.5 6.5 11.7  J1604-4441 J1517-2422
06/01,/2024 42 36.45 - 15.1-783.5 4.1 12.0  J1604-4441 J1427-4206
07/11/2023 46 1+ - 30.9-6582.7 4.9 2.5 J1604-4441 J1427-4206
07/11/2023 47 - 30.9-6582.7 4.9 2.7 J1604-4441
08/11/2023 46 - 30.9-5185.6 5.1 2.8 J1604- 1 2
4 06,/01/2024 28 144.0-157.3 15.1-783.5 3.4 9.4 J1604-4441 J1427-4206
13/01/2024 45 - 15.1-500.2 2.8 12,7 J1604-4441 J1427-4206
03/12/2023 33 - 0.9 3.1 J1604-4441 J1427-4206
05/12/2023 43 - 1.5 4.2 J1427-4206
7 26,/12/2024 43 337.0-352.5 15.0-499.8 0.7 4.9 J1517-2422
17/04/2025 47 - 15.1-1397.8 0.6 2.6 J1604-4441 J1924-2914
18,/04/2025 48 - 15.1-1397.8 0.7 2.6 J1604-4441 J1256-0547
19/04/2025 47 - 15.1-1604.4 1.0 2.4 J1604-4441 J1256-0547

7.B Self-calibration:

S/N-ratios

Table 7.B.1: S/N-ratios before and after self-calibration.

Band 3 - Setting 1 Band 3 - Setting 2 Band 4 Band 7
SB Combined | SB Combined SB  Combined | SB  Combined
Start S/N | 147.5 106 250 147 184 192 90 170
End S/N | 552 - 919 - 1808 514 483 672
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7.C Molecular species: detections and non-detec-
tions

|-Continuum - 0.9 mm

Figure 7.C.1: Integrated intensity maps of the dust continuum at 1.3 mm and the
strongest detected molecular species in the disk of HD 142527. To increase the S/N-
ratio of the respective integrated intensity maps, the images of the C*70 J=1-0, CoH and
CN were created by stacking the detected transitions (two, four, and three transitions,
respectively). The image of *CO J=2-1 was created with a different colour scaling
to better highlight the weak extended emission. For the HCO™ J=4-3 transition, we
focused on imaging the Keplerian ring instead of the bright central spot. Subsequently,
the integrated flux of the central spot may be lower than shown in Temmink et al.| (2023).
Additionally, the displayed images of C'"0 J=1-0, '*C*®0 J=3-2, CS J=2-1 and J=3-2,
and HoCO J=2¢ 2-10,1 were created using a robust value of 2.0. The resolving beams are
shown in the lower-left corner of each image.




CHAPTER 7 247

Table 7.C.1: Strongly detected molecular transitions in the disk of HD 142527.

Molecule Transition Freq. log (A,]) E., Robust Beam Peak flux RMS oV
|GHz| [s7Y K] ["x" (%)) [mJy beam™!] |km s™!]

CcT"O 112.358982 -7.17 5.4 0.5 0.28x0.24 (-85.9) 11.1 1.8 0.30

112.360007 =717 5.4 0.5 0.28%0.24 (-85.9) 13.2 1.8 0.30

337.060988 -5.63 324 0.5 0.21x0.18 (65.8) 56.8 2.6 0.15

CS 97.980953 -4.78 7.1 0.5 0.25x0.20 (77.2) 10.0 1.7 0.30

- - - 2.0 0.40x0.31 (83.1) 14.6 1.5 0.30

146.969029 -4.22 14.1 0.5 0.39x0.32 (88.0) 32.1 3.0 0.30

- - - 2.0 0.78x0.66 (79 4) 63.8 2.2 0.30

SO 99.299870 -4.95 9.2 2.0 0.40%x0.31 (85.8) 9.1 1.5 0.30

- - - 2.0 0.66x0.47 ( 85.4) 24 0.4 2.00

CN 340.031549 -3.42 32.6 0.5 0.21x0.18 (67.6) 17.9 2.0 0.15

340.035408 -3.49 32.6 0.5 0.21x0.18 (67.6) 20.9 2.0 0.15

340.247770 -3.38 32.7 0.5 0.21x0.18 (6-1 7) 28.7 2.0 0.15

CyoH 349.337707 -3.88 41.9 0.5 0.20%x0.18 (64.5) 49.3 2.2 0.15

349.339067 -3.89 41.9 0.5 0.20x0.18 (61 5) 40.0 2.2 0.15

349.399374 -3.90 41.9 0.5 0.20x0.18 (64.5) 42.9 2.2 0.15

349.400669 -3.92 41.9 0.5 0.20x0.18 (64.5) 31.9 2.2 0.15

HCO™ 89.188525 -4.38 4.3 0.5 0.43x0.35 (10.6) 25.4 3.9 0.25

H,CO 145.602949 -4.11 10.5 0.5 0.32x0.27 ( 5.3) 9.5 1.2 0.30

- - - 2.0 0.61x0.51 73 6) 17.5 1.0 0.30

J=515-414 351.768645 -2.92 62.5 0.5 0.20x0.18 (63.4) 19.6 0.9 1.00

7.C.1 Weak and/or tentative detections

With the aid of GOF1sH and subsequent visual inspection of the image cubes, we
also report weak and/or tentative detections of C*'S (two transitions), CN, HCN,
CoH, H®CO™, HC™O™, DCO™, H,CS, ¢-C3H,, and HC3N. The detections of
CN, HCN, CsH, and c-C3Hs required the stacking of, respectively, three, three,
three, and five separate transitions. The normalised integrated spectra obtained
with GOF1sH are shown in Figure[7.C.2] while the bottom part of Table[7.C.2] con-
tains information on the transitions. The additional peaks visible in the GOFISH
spectrum of HCN (top panel in Figure [7 are the result of stacking hyperfine
transitions that lie closely together in frequency space. Finally, as the Band 7
transitions have stronger flux levels, Figure[7.C.3|shows selected channel maps - in
particular, channels containing the strongest flux levels - of the C31S J=7-6, H,CS
J=101,10-91,9, and stacked c-C3H; transitions to reveal the emission morphology
of these species.

The integrated GOFISH spectra of the C**S J=7-6 transition and the Hy *CO
J=21,1-11 also hint at weak detections of these transitions. However, emission
signatures could not be confirmed upon visual inspection of the image cubes.
Therefore, we deem these two transitions to be non-detections.

7.C.2 Non-detections

We also report non-detections of transitions of a wide variety of species: C3*S, SO,
SiO, CCS, SO,, H'*CN, HC'N, DCN, H,CO, H, *CO, H,CS, HC;3N, CH3;0H,
and CH3CN. All information on the non-detected transitions, including the RMS
of the observations, can be found in Table [7.C.3]

The most notable non-detection is that of CH3OH, even upon stacking 10 tran-
sitions. This is surprising since the molecule is now commonly observed in Herbig
disks (van der Marel et al.[2021a} |Booth et al.[[2024allb, [2025| |2026)). However, the
stacked transitions have lower Einstein-A values compared to detected transitions
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Figure 7.C.2: Normalised integrated spectra of the weak and tentative transitions
detected with GOF1sH. The transitions found in Bands 3, 4, and 7 are, respectively,
shown in the top, middle and bottom panels.

Table 7.C.2: Weakly or tentatively detected molecular transitions in the disk of
HD 142527.

Molecule Transition Freq. log (Aij) Ey  Robust Beam Peak flux RMS oV
|GHz| s~ K] ["x" (°)] [mJy beam~!]  [kms~!]

313 144.617101 -4.24 13.9 2.0 0.63x0.51 (68.6) 2.6 0.5 0.30

337.396459 -3.12 64.8 2.0 0.31x0.25 (65.7) 14.6 1.9 0.15

CN(@) 113.4881202 -5.17 5.4 2.0 0.57x0.41 (-86.2) 4.4 1.0 0.30

113.4909702 -4.92 5.4 2.0 - - - 0.30

113.4996443 -4.97 5.4 2.0 - - - 0.30

HCON @) 88.630416  -4.62 43 2.0  0.45x0.36 (31.4) 44 08 030

88.631848 -4.62 4.3 2.0 - - - 0.30

88.633936 -4.62 4.3 2.0 - - - 0.30

CyH() N=1-0, J=3/2-1/2, F=1-1 87.284156 -6.59 4.2 2.0 0.46x0.36 (83.1) 3.5 0.8 0.30

N=1-0, J=3/2-1/2, F=2-1 87.316898 -5.82 4.2 2.0 - - - 0.30

N=1-0, J=3/2-1/2, F=1-0 87.328585 -5.90 4.2 2.0 - - - 0.30

H*CO" J=1-0 86.7542884 -4.41 4.2 2.0 0.47x0.36 (82.6) 2.2 0.5 0.30

HC®O' J=4-3 340.6306916 -2.51 40.9 2.0 0.3%0.26 (69.5) 9.3 2.1 0.15

DCO J=2-1 144.077289 -3.18 10.4 2.0 0.63x0.51 (68.6) 2.6 0.5 1.20

H,CS J=101,10-91,9 338.083195 -3.24 102.4 2.0 0.31x0.25 (65.7) 12.5 1.9 0.15

c-CyHp () J=T34-643 351.523317 -2.91 7.2 2.0 0.30x0.24 (64.9) 2.6 0.4 1.00

J=100.10-91.0 351781578 261 965 20 - - - 1.00

J=918-82,7 351.965969 -2.67 93.3 2.0 - - - 1.00

J=826-T35 352.185542 -2.76 86.9 2.0 - - - 1.00

J=836-T2,5 352.193656 -2.76 86.9 2.0 - - - 1.00

HC3N J=16-15 145.5609596 -3.62 59.4 2.0 0.61x0.51 (73.6) 5.5 1.0 0.30

Notes. (%): Only one value is listed for the beam, the peak flux, and the RMS for the
transitions of CN, HCN, C2H, and c-C3H2 because we stacked the displayed transitions
to ensure a detection.

(Booth et al][2024Db] 2026} [Temmink et al.[2023), but note that individual stronger
transitions have not led to a detection (see, for example, Temmink et al.|[2023)).
Observations of CH3OH have often been linked to the sublimation of inherited
molecular ices at cavity walls, as the disks are generally too warm for in-situ for-
mation (see, for example, (van der Marel et al|2021a; Booth et al.|2025] 2026))).
Since CH3OH does not have efficient gas-phase formation routes, the hydrogena-
tion of frozen-out CO molecules is considered to be the most common formation
pathway (Watanabe & Kouchi 2002; Fuchs et al|2009; |Santos et al[2022). The
RADMC-3D model of Temmink et al.| (2023) suggests that CO can only be frozen
out at the outer edge of the dust trap. Therefore, the in-situ formation of CH3;OH

==
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Figure 7.C.3: Selected channels of the weakly detected C3*S J=7-6, HoCS J=101 10-
91,9, and stacked c-C3Hz transitions. The black contours indicate the 30 and 50 noise
levels.

in the disk of HD 142527 is unlikely, and any CH3OH present in the disk should
also be the result of inheritance. Our non-detection of CH3OH, suggests that
the dust trap is located too far from the host star to be significantly heated for
CH3OHe-ice to sublimate. Additionally, the vertical turbulence may be too weak
for the icy dust grains to be lifted to the higher elevated layers where sublimation
may occur.



250 7.C. MOLECULAR SPECIES: DETECTIONS AND NON-DETECTIONS

Table 7.C.3: Non-detected molecular transitions in the disk of HD 142527.

Molecule Transition Freq. log (Aij) Eu  Robust Beam RMS oV
|GHz| 571 K] ["x" ()] [mJy beam™!]  [km s7]

[ J=7-6 340.0525755 -3.10765  65.3 20 0.31x0.26 (68.8) 1.8 0.15

SO J=25-1, 86.093950  -5.27985  19.3 20  0.47x0.37 (82.5) 0.5 2.0

Sio J=2-1 86.846985  -4.5334 6.3 2.0 0.47x0.36 (82.6) 0.5 2.0

CCS®  N=T7-6, J=6-5  86.181391  -4.55632 23.3 2.0 0.47x0.37 (82.6) 0.5 2.0

N=87,J=7-6  99.866521  -4.3562  28.1 2.0 0.65x0.46 (-85.8) 0.4 2.0

N=9-8, J=8-7 113.410186 -4.18482 33.6 2.0 - - 2.0

S0, J=1064-1157  350.862756 -4.35623 138.8 2.0  0.30x0.24 (64.9) 0.5 1.0

J=b33-425  351.2572233 -3.47398 35.9 2.0 - - 1.0

J=14410-143,, 351.8738732 -3.46440 1359 2.0 - - 1.0

H'CN J=1-0 86.3399214  -4.65260 4.1 2.0 0.47x0.37 (82.6) 0.5 2.0

HCN J=1-0 86.0549664  -4.65693 4.1 2.0 0.47x0.37 (82.5) 0.5 2.0

DCN J=2-1 144.8280015 -3.89786  10.4 20  0.63x0.51 (68.8) 0.5 1.2

H,CO J=61 5616 101.332991  -5.80378  87.6 20 0.39x0.30 (84.9) 1.6 0.3

- - - - 20 0.67x0.47 (-85.5) 0.4 2.0

Hy BCO  J=21,-110  146.6356717 -4.22279 224 20  0.61x0.51 (74.5) 1.1 0.3

H,CS J=313215 1014778095 -4.89960 22.9 20  0.39x0.30 (85.0) 1.6 0.3

HC3N J=11-10 100.076392  -4.10963  28.8 2.0 0.65%0.46 (-85.6) 0.4 2.0

CH30H®  J=3_032_0o 145.093754  -4.91  27.1 2.0 0.59x0.49 (71.3) 0.5 1.2

J=30,320.2 145103185  -4.91  13.9 2.0 - - 1.2

J=359-251 145124332 -5.16  51.6 2.0 - - 1.2

J=3_1521; 145131864  -4.95  35.0 2.0 - - 1.2

J=69.4-T1 7 156.127544  -5.18  86.5 2.0 - - 1.2

J=8_0g-81s 156488902  -4.75  96.6 2.0 - - 1.2

J=T_o7-Tiz  156.828517  -4.73 781 2.0 - - 1.2

J=5_05-515  157.178987  -4.69  47.9 2.0 - - 1.2

J=4_o4-414  157.246062  -4.68  36.3 2.0 - - 1.2

J=1_g4-11,  157.270832  -4.66 154 2.0 - - 1.2

J=4_94313  350.687662  -4.06  36.3 2.0 0.30x0.24 (64.9) 0.5 1.0

J=111-00,0 350.905100  -3.48  16.8 2.0 - - 1.0

CH3CN®  J=193-18_5  349.3932973  -244 2320 20  0.30x0.24 (65.6) 0.5 1.0

J=195-18,  349.4268499  -243 1963 2.0 - - 1.0

J=19,-18;  349.4469869  -243 1749 2.0 - - 1.0

J=190-18)  349.4537001  -243 1677 2.0 - - 1.0

Notes. (*): In an attempt to detect the molecular emission, we stacked the various
transitions of CCS, SOz, and CH3OH. Therefore, only one value is listed for the beam
and the RMS.
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7.D Continuum brightness temperature

Brightness temperature [K]

Aa ["]

Figure 7.D.1: Brightness temperature of the dust continuum at 0.9 mm. The resolving
beam is shown in the lower left corner.

7.E H;CO channel maps

The H,CO channel maps (Figure|7.E.1) reveal that the observed spiral-like feature
is real and not the cause of continuum oversubtraction effects.

0
Aa ["]

Figure 7.E.1: Selected channels of the HoCO J=5; 5-41 4 transition. We have labeled
the different contributions from the spiral (pink) and the disk (red). The black contours
indicate the 50 and 100 noise levels, while the white, dashed contours indicate the con-
tinuum emission at flux levels of 25%, 50%, and 75%.

7.F Tracing the 2CO spiral arms

To trace the spiral arms seen in the *CO J=2-1 line emission, we combine pre-
viously used techniques (Teague et al.|2019} |Garg et al|2021; Wolfer et al[2021).
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In particular, we investigate the spiral arms in the brightness temperature chan-
nel maps after subtracting off the averaged brightness temperature map in each
channel. Using azimuthal increments of 3°, we subsequently identify radial peaks
whose flux exceeds at least 3x the channel RMS and whose residual brightness
temperature exceeds at least half the median flux of the averaged bright tempera-
ture map. Furthermore, we require the peaks to be spaced at least 10 pixels apart.
Through visual inspection of the channels, we assign the identified peaks to a spiral
or leave them unassigned. The left panel of Figure[7.F.1] shows the peak intensity
map of the 12CO emission, where the coloured dots (blue, green, or purple) are
assigned to a spiral (three in total) and the white ones have been left unassigned.
We note that a set of identified peaks, potentially connected to the blue and/or
green spirals, has been left unassigned, due to the potential conjunction of these
spirals, making it nearly impossible to assign the peaks to either one of the spirals.
To avoid assigning data points to the wrong spiral, we have left these data points
unassigned.
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Figure 7.F.1: Left: Peak intensity map of the '2CO J=2-1 transition with the identified
peaks in the residual brightness channel maps (left panel). The coloured data points
(blue, green, or purple) are the data points we have assigned to a spiral feature. Middle:
Archimedean linear spiral fits (solid lines) to the identified spirals. Right: Fitted spiral
plotted on top of the *>CO peak intensity map.

To further investigate the spirals, we converted the Cartesian (pixel) coordi-
nates of the peaks to cylindrical coordinates (7, ¢), not taking the disk’s inclination
and position angle into account, and we have fitted an Archimedean linear spiral
to these coordinates:

r=a+ bo. (7.4)

We note that the cylindrical coordinates were rotated by 105° to ensure that the
spirals were not broken up along the ¢-coordinate. The resulting fits are shown
in the middle panel of Figure and the fitted spirals, converted back to the
Cartesian coordinates, are also shown on top of the '*CO in the right panel of
Figure [T.F.1] Furthermore, the fit values for a and b for each of the three spirals
are listed in Table [ZF.1]

Our identified spirals match those of |Garg et al| (2021). In particular, our
blue spiral is a combination of their spirals 1 and 3 (S1 and S3), of which they




CHAPTER 7 253

Table 7.F.1: Best-fitting parameters for the Archimedean linear spirals.

Spiral a ["] b [" rad™]
Blue 1.73 0.38

Purple 2.68 0.60
Green 1.26 0.11

noted that they could be connected. Our purple spiral matches their spiral 2 (S2),
while our green spiral matches their spiral 4 (S4). Furthermore, (Garg et al.| (2021)
discussed that their S1 and S4 (or our blue and green) may also be connected.
This is also hinted at by our traced spirals, but this cannot be confirmed due to
the molecular emission being absorbed by the foreground cloud.

Following the procedure given by Wolfer et al| (2021), we also calculate the

=
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Yu et al. (2019)
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Figure 7.F.2: Pitch angles of the identified spiral arms. The horizontal red line indicates
the value found by [Yu et al.| (2019)) for the spiral arm observed in the scattered light.

pitch angle (8) for the linear fits. The pitch angle is given by the following formula:

dr

t =|—

The pitch angles are calculated for all three identified spirals, and the results are

shown in Figure As a comparison, [Yu et al.| (2019) derived a pitch angle of

B=7.440.5 for the spiral arm observed in the scattered light image. This matches
fairly well with the pitch angles derived for our spirals.

: % (7.5)
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7.G Deprojected maps: Co:H and H,CO
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Figure 7.G.1: Deprojected versions of the integrated intensity maps of the stacked CoH
and HoCO J=b51 5-41,4 transitions. The pink lines indicate the visually approximated
extent of the CoH peak emission. Furthermore, the solid black contours indicate the 3o,
50, 100, and 150 C2H emission, whereas the white dotted contours represent those of
the HoCO emission.





