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Abstract

The presence of asymmetries and substructures in protoplanetary disks, revealed by both dust and gas emission,
highlights the potential interplay and the broader connection between chemistry and dynamics in disk evolution.
We explore multiple relationships using the nonparametric Kendall-7 correlation to examine formaldehyde
(H,CO) emission with relation to stellar and disk properties for a subset of disks from the exoALMA sample. We
also retrieve the H,CO column density and excitation temperature using four transitions, measured in radial bins
of 100 au, and quantify the level of asymmetry in the resolved peak intensity of the H,CO emission. From our
correlation analysis, we find no correlations with sufficient statistical significance. However, we identify tentative
relationships that can be tested with larger samples. In particular, we report a proposed correlation (2.10) between
stellar effective temperature and the formaldehyde excitation conditions, suggesting that, to first order, the central
star dominates the nature of the H,CO emission over possible dynamical asymmetries traced by dust. Although a
correlation with the stellar luminosity was also expected, a larger sample is required to confirm or refute this
trend. A possible correlation with spectral type, together with the broad range of H,CO excitation temperatures
within the inner 100 au of the studied disks, hint at possible multiple chemical formation pathways for HCO,
including both gas-phase reactions and ice-surface chemistry on dust grains.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Astrochemistry (75); Molecular data (2259)
M. Barraza-Alfaro et al.

1. Introduction 2025). Despite progress

as the birthplaces of planets, are

, David J. Wilner*

s

, and

in the

dynamical studies of protoplanetary disks, the complex inter-

frequently studied because they offer key insights into planet
formation. Understanding the footprint of planet—disk interac-
tions has led to deep and very accurate studies of disk
dynamics, both observationally and theoretically. From an
observational point of view, the exoALMA Large Program
targeted 15 disks using the Atacama Large Millimeter Array
(ALMA) with exquisite spectral (~27 m sfl) and spatial
resolution (~0.15), providing a precise characterization of
the dynamical and physical structure of these disks (R. Teague
et al. 2025). From the theoretical point of view, the community
is now able to predict the expected signatures either from the
presence of planets or produced by a diversity of dynamical
instabilities (e.g., in G. Lesur et al. 2023; C. Pinte et al. 2023;

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

play between the different dynamical structures and the
chemical evolution still has multiple unknowns (e.g., F. Zagaria
et al. 2025).

To begin exploring the connection between the dynamical
state of disks and gaseous emission, one way forward is to start
investigating potential correlations between chemical molecu-
lar tracers and other disk properties; the exoALMA sample
provides an exquisite dataset to start this exploration. Among
the subset of bright millimeter-wavelength emission lines,
formaldehyde (H,CO) stands out as a gas temperature tracer
(J. G. Mangum & A. Wootten 1993), given its low asymmetry.
Thus, it behaves almost as a symmetric top molecule with
transitions mostly dominated by collisions. In addition, many
of its multiple transitions are simultaneously observable with
the ALMA interferometer within the same spectral window. It
is also of particular interest as a prebiotic molecule, as it is
involved in the formation of more complex organic species.
In particular, formaldehyde plays an important role in the
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chemical evolution of disks as a key intermediate step in the
formation of complex organic molecules (COMs) in warm gas
(L. E. Snyder et al. 1969)—precursors of subsequent amino
acids and biotic molecules (R. T. Garrod et al. 2008)—through
consecutive hydrogenation reactions. It also plays a significant
role in cold grain-surface reactions, for example, leading to the
production of methanol (G. Fedoseev et al. 2017). Constrain-
ing the dominant formation pathway can provide insight into
the development of chemical complexity and the influence of
dynamical evolution on this process.

Formaldehyde can have more than one origin, as it has
multiple formation pathways. One of them is through cold
(~20K) hydrogenation reactions of CO ice that take place
on the dust grain surfaces (A. G. G. M. Tielens & W. Hagen
1982; H. M. Cuppen et al. 2009) that release gas-phase H,CO
mostly through nonthermal desorption mechanisms as the dust
temperature is below the formaldehyde’s sublimation temper-
ature. Another path is through neutral-neutral gas-phase
reactions that involve the oxidation of methyl (CHj3), leading
to the production of H,CO (C. Fockenberg & J. M. Preses
2002; R. Atkinson et al. 2006; J. C. Ramal-Olmedo et al.
2021). Previous research on unresolved disks showed that
formaldehyde’s emission in protoplanetary disks has a low
excitation temperature consistent with the ice formation path
(C. Qi et al. 2013). However, other studies show a possible
stronger production of formaldehyde through gas-phase
chemistry instead of the ice formation mechanism (e.g.,
M. T. Carney et al. 2019; J. Terwisscha van Scheltinga
et al. 2021), or a combination of both (K. I. Oberg et al. 2017).
This trend is supported by an ALMA survey conducted by
J. Pegues et al. (2020), which concluded that the formation of
H,CO is a mixture of the gas-phase and grain-surface
formation pathways. The fact that H,CO can originate from
both ice sublimation and gas-phase formation raises an
intriguing question about the influence of millimeter dust
structures on its abundance and on the subsequent develop-
ment of chemical complexity within disks.

One of the results of the recent extoALMA survey is the
estimate of the nonaxisymmetric index (NAI) in the millimeter
dust continuum emission of the targeted disks (P. Curone et al.
2025). This metric attempts to quantify the level of asymmetry
in the protoplanetary disk millimetric dust distribution, which
is expected to be connected to the dynamical state of the gas. A
dynamically disturbed disk should also show imprints in
thermochemical properties such as temperature and gas
density, which follow these perturbations (e.g., T. Molyarova
et al. 2021). It is then expected that a highly asymmetric disk
will show morphological features in molecular emission, either
through the excitation of specific lines or localized chemical
changes that affect the line emission. Thus, the NAI can be
compared with the emission of different molecular tracers to
understand the connection between pebbles and gas, and also
between the disk dynamics and chemistry through an
empirical, purely observational approach.

H,CO, compared to other bright tracers, e.g., CO, has the
advantage of having multiple observable transitions spanning a
broad range of energy levels in a single setup. Therefore, it can
act as a gas thermometer and tracer of the development of
chemical complexity. Thus, the properties of the H,CO
emission may be correlated with the dynamical state of the
hosting disks, which can be indirectly inferred by the NAI of
the continuum emission. In this Letter, we thus present new
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Table 1
Formaldehyde Lines in the Targeted Disks
Line Frequency log(A.y) E, g
H,CO (GHz) s™h (K)
4(0,4)-3(0,3) 290.623405 —3.16 34.90403 9
4(2,3)-3(2,2) 291.237766 —3.28 82.07088 9
4(3,2)-3(3,1) 291.380442 —3.52 140.93833 27
4(3,1)-3(3,0) 291.384362 —3.52 140.93866 27

Note. The Einstein coefficients, upper level energies, and the respective
degeneracies for each transition are obtained from the Cologne Database for
Molecular Spectroscopy (C. P. Endres et al. 2016).

observations of four H,CO transitions of a subset of the
exoALMA sample, with the aim to (1) search for correlations
of the observed emission with stellar and disk properties; (2)
shed light on the origin of gas-phase H,CO; (3) specifically
investigate whether the emission morphology of H,CO is
correlated to the continuum emission (as for the IRS 48 disk,
N. van der Marel et al. 2021; M. Temmink et al. 2025),
indirectly hinting at a potential connection between the
chemical and dynamical state of disks.

This Letter is organized as follows. We detail the sample
and data used together with the methodology for flux
extraction and retrieval of physical properties in Section 2.
Then, we present the results of our retrieval and comparison
with the symmetry state of the targeted disks in Section 3. We
discuss the implications of our results in Section 4 and finally
summarize our findings in Section 5.

2. Methodology
2.1. Sample and Data Reduction

The observed formaldehyde lines are covered by the
2022.1.00485.S and 2023.1.00334.S programs (PI: L. Trapman)
in a single spectral window (see Table 1). The range in upper
state energies of those lines, from 35 to 141 K, provides a span
broad enough to perform an effective rotation diagram analysis of
the H,CO gas in the observed disks.

Our sample is formed by the exoALMA sources that have
H,CO observations of multiple lines, allowing us to retrieve the
physical condition of the formaldehyde gas and compare their
asymmetry with the NAI from the dust continuum emission.
The ten sources successfully observed by the 2023.1.00334.S
program (L. Trapman et al. 2025) are a subsample of the
exoALMA targets. We additionally include Elias 2-27, which
was observed in the 2022.1.00485.S program with the same
spectral setup covering the formaldehyde emission. Elias 2-27
is a source of interest as it has precise dust continuum
observations featuring grand-design spirals, characterizing it as
a dynamically active object (L. M. Pérez et al. 2016; J. Huang
et al. 2018; T. Paneque-Carrefio et al. 2021). Therefore, it can
provide useful insights into the exploration of the link between
dynamics and chemistry. All the analyzed sources are listed in
Table 2. The calibration of the dataset is the same as that
performed by L. Trapman et al. (2025).

We imaged the cubes using the CASA software
(J. P. McMullin et al. 2007) with natural weighting to
maximize the signal-to-noise ratio (SNR) of the H,CO
emission, trading the SNR for the spatial resolution. The
resulting data cubes have a native spectral resolution of
~1.2kms™" at the frequency of the H,CO lines listed in
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Table 2
Disk and Stellar Properties of the Targeted Sample
Disk PA Inclination Distance Vier M M M gust L, Tetr NAI NAly,co References
(deg) (deg) (po) kms™)  (Mo) Moy (M) (Le) X
AA Tau 273 -59 135 6.50 0.79 10784 27.8 1.1 4350 0.12 0.535 (1-5)
CQ Tau 235 36 149 6.19 1.40 10770 44.4 10.0 6890 0.111 0.452 (1-4, 6)
HD 34282 117 —58 309 —2.33 1.62 10777 109.4 10.8 9520 0.114 0.591 (1-4,7)
HD 135344B 243 —16 135 7.09 1.61 10774 28.1 6.7 6440 0.405 0.480 (1-4,7)
HD 143006 168 —17 167 7.72 1.56 10781 24.6 3.8 5620 0.215 0.151 (14, 8)
MWC 758 240 19 156 5.89 1.40 10777 19.1 14.0 7850 0.429 0.560 (1-4,9)
PDS 66 189 -32 98 3.96 1.28 107%° 304 12 4189 0.014 0.261 (1-4, 10)
RX J1615 325 46 156 4.75 1.14 10783 312.3 0.6 4350 0.038 0.196 (1-4, 11)
RX J1842 206 39 151 5.94 1.07 10788 36.6 0.8 4780 0.074 0.380 (1-4, 11)
RX J1852 117 -33 147 5.47 1.03 10787 332 0.6 4780 0.024 0.424 (14, 11)
Elias 2-27 56.0 56.0 116 2.0 0.49 10772 103.9 0.92 3850 0.108 0.266 (1, 4, 12)

Note. With the exception of Elias 2-27, the PA, inclination, M, and Vg, are the ones listed in A. F. Izquierdo et al. (2025). The disk dust mass, effective temperature,
and luminosity are the ones listed in L. Trapman et al. (2025). The stellar distance is measured by the Gaia collaboration (Gaia Collaboration et al. 2018), while
accretion rates are retrieved from the literature. The NAI of the exoALMA sources was calculated by P. Curone et al. (2025), while the NAI of Elias 2-27 is
calculated in the current work with the same method. The NAIp,co for all the sources is calculated in this work.

References. (1) Gaia Collaboration et al. (2018), (2) A. F. Izquierdo et al. (2025), (3) P. Curone et al. (2025), (4) L. Trapman et al. (2025), (5) J. Bouvier et al.
(2013), (6) B. Donehew & S. Brittain (2011), (7) J. R. Fairlamb et al. (2015), (8) E. Rigliaco et al. (2015), (9) Y. Boehler et al. (2018), (10) L. Ingleby et al. (2013),

(11) C. F. Manara et al. (2014), (12) A. Natta et al. (2006).

Table 1, and a spatial resolution ranging between 0”3 and
0”4. This spatial resolution was good enough to sample all
disks with at least two radial bins of 100 au each, which
allowed us to compare the retrieved physical quantities in the
inner regions (<100 au) under a uniform physical criterion,
and beyond the CO snowline of the targeted disks (>100 au).
The extent of these radial bins is arbitrary, but it secures us at
least one spatial beam for the most distant target. It also matches
the expected resolution of larger disk samples, such as the
observations performed by the DEC/O ALMA 2022.1.00875.L
Large Program. The emission of a few disks extends beyond
200 au; however, we choose to compare equivalent physical
scales, even considering biases associated with it, since
thresholds for radial bins based on the extension of the emission
and/or stellar luminosity lead to distinct emission areas for
different transitions. Thus, given the good spatial resolution of
the data, we opted not to perform the rotational diagram analysis
using the integrated fluxes from the whole disk, but only within
the aforementioned radial bins.

2.2. Flux Extraction and Retrieval of Physical Parameters

We compute integrated intensity (moment 0) maps for each
line by integrating the data cubes over spectral ranges varying
between 3.6 and 6 km s~ (three to five spectral channels). For
each disk, we chose a spectral band with emission observable
higher than 3¢ for the brightest H,CO transition. Then, the
same velocity range was applied for the other transitions. After
that, we extract the line fluxes from the integrated intensity
maps, encompassing the whole disks. Since the H;CO 45 ,-35 ;
and 43 1-33 lines are partly blended, present weak emission,
and have almost identical quantum numbers (see Table 1), we
compute the average flux between those two lines. Then, the
average flux is used for the rotation diagram analysis described
below as a single data point. This approach boosts the SNR for
these higher energy transitions while being able to provide
additional information for our retrieval of the physical
properties of the formaldehyde excitation conditions. The
total fluxes and their uncertainties are reported in Table 3.

Table 3
Integrated Disk Fluxes of the HyCO Emission

Disk Fi,c0.404-303 FH2C0,42.3*322 FH2C0,43.2*33.1.43.1*33,0
(mJy km s7h (mJy km s’r) (mJy km s7h
AA Tau 229 + 27 31 £7 75 +£ 22
CQ Tau 382 + 28 158 + 52 243 £+ 63
HD 34282 231 + 29 54 + 33 53 + 37
HD 135344B 346 + 67 70 £ 23 110 £ 45
HD 143006 535 +£ 49 88 + 57 4 £125
MWC 758 218 + 14 69 + 35 54 + 41
PDS 66 171 £ 20 23 + 14 <25
RX J1615 706 + 36 27 £+ 28 71 £ 24
RX J1842 375 £ 16 20 £ 7 7+42
RX J1852 422 + 40 96 + 23 40 £+ 26
Elias 2-27 498 + 29 17 £ 10 <17

Note. Flux uncertainties do not include the uncertainty in the absolute flux
calibration of the ALMA interferometer. The fourth column is the average flux
between the H,CO 4;,-35; and 43 ;-33 lines.

To make a coherent comparison across the different sources,
we also extract line fluxes in two distinct elliptical apertures
for the four transitions on each disk physical frame,
considering projection effects. The first aperture corresponds
to the inner 100 au, while the second aperture spans from 100
to 200 au. While in some cases the emission extends beyond
the 200 au radius, we keep the outer radius fixed to maintain
the comparison between disks consistent. The fluxes extracted
in these apertures are reported in Tables 4 and 5.

Given that the H,CO 45,-3;; and 45,33 are ortho-
transitions, while H,CO 4 43 3 and 4, 5—33 3 are para-lines, we
note that the combined partition function intrinsically assumes a
gas-phase ortho-to-para ratio (OPR) scaling of 3.0. In general,
this value is roughly in agreement with laboratory experiments
at low temperatures (<50 K, K. M. Yocum et al. 2023), and
close to values reported in observations (even though some
cases report values <3, V. V. Guzman et al. 2018; J. Terwisscha
van Scheltinga et al. 2021; C. Herndndez-Vera et al. 2024).
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Table 4
Targeted Sources and Retrieved Physical Parameters of the HCO Emission for the Inner 100 au of Each Disk
Disk Fiyc0.404-30.3 Fiyco.405-32, Fiyc0.43-33.1.43.1-33.0 Texcin
log(Ncho.in)
(mJy kms™ ") (mJy km s (mly km s (K) (em™?)

AA Tau 93.0 4 11.6 157 + 12.2 16.15 + 8.17 46.81133 13224949
CQ Tau 182.2 4+ 142 751 £ 7.8 80.95 + 7.39 99.17133 13.8370%4
HD 34282 20.1 + 4.8 <3.7 5.05 £ 2.04 6161357 13.30*912
HD 135344B 1853 + 11.7 62.6 + 9.6 33.5 + 11.18 56.0%75 13334093
HD 143006 176.4 + 10.5 41.1 £ 12.0 <7.02 332433 1334795
MWC 758 127.0 + 13.0 459 + 7.0 15.95 + 10.05 554107 13.2979:0¢
PDS 66 107.2 + 8.7 26.5 4 15.0 <124 3331136 12.7379%2
RX J1615 82.1 +62 <87 16.55 + 5.06 4634197 1317799
RX J1842 100.8 + 15.3 15.8 + 12.2 925 + 7.14 354412 13.1150%
RX J1852 2253 + 9.3 476 £ 11.7 13.3 + 8.11 353448 13.407993
Elias 2-27 81.5+ 9.7 12.5 + 6.0 <6.2 28.6158 12.9179:9

Note. The fourth column is the average flux between the H,CO 43 ,-353; and 45 ,-33 lines.

Table 5
Targeted Disks and Retrieved Physical Parameters of Formaldehyde Emission in Annuli between 100 and 200 au
Disk FH2C0,4[)‘4—30‘3 FH2C0,42‘3—32‘2 FH2C0,4372—3371,4371—33,0 Texc,oul
IOg(NHzco,out)
(mJy kms™ ") (mJy kms™ ") (mJy kms™") (K) (cm™?)

AA Tau 90.0 & 15.0 77 £ 122 254 4 12.0 4941303 12.75751%
CQ Tau 148.6 + 17.7 90.0 + 16.1 449 + 184 91.0+234 13254019
HD 34282 603 + 7.8 120 £ 9.0 120 £ 56 5265174 13.305019
HD 135344B 139.6 + 33.6 <19.2 20.1 £ 19.9 25.5%21% 12.57+922
HD 143006 256.6 + 18.1 443 +20.8 <12.9 269174 13.0173%
MWC 758 88.0 & 23.4 23.3 4 204 19.4 + 18.1 65.21403 12.651018
PDS 66 62.8 £ 229 104 + 219 143 +21.8 65.174732 12.1059%8
RX J1615 217.7 + 179 24.8 4+ 23.9 19.1 +99 33.61 8 13.0540:9¢
RX 11842 155.8 + 21.9 6.0 + 14.6 <193 17.813%° 12827034
RX 11852 155.8 + 6.0 47.6 + 11.7 <193 39.74139 12855048
Elias 2-27 255.6 + 9.7 125 + 6.0 <6.2 16.7734 12,9393

Note. Flux uncertainties do not include the uncertainty in the absolute flux calibration of the ALMA interferometer. The fourth column is the average flux between

the HzCO 432731] and 43’173370 lines.

After extracting the fluxes, we calculate their associated
uncertainties with a bootstrapping approach following a
similar method to L. Rampinelli et al. (2024). First, we extract
the flux in multiple nonoverlapping elliptical apertures (=>15)
in emission-free regions of the integrated intensity maps.
These apertures are equivalent in size and geometry to the ones
used for each specific disk. We then estimate the error by
calculating the standard deviation of the extracted fluxes in
those apertures. Even if we avoid sampling the edges of the
field of view, we opt for a conservative approach as it ends up
overestimating the uncertainties of our measurements given
the spatial correlation of the noise in interferometric observa-
tions (T. Tsukui et al. 2022).

Once we retrieve the line fluxes, we employ rotation
diagrams to recover the physical conditions of the formalde-
hyde gas (P. F. Goldsmith & W. D. Langer 1999), where we
assume local thermodynamic equilibrium. Assuming optically
thin emission of the formaldehyde lines, the column density
N, and excitation temperature 7.,. are linked through the

following relationship:

_ Q(Texc) exp & 4 S,,Al/
gu T;)xc Aulhc Q

N

D

with Q the partition function, g, the degeneracy of the upper
state, E,, the upper state energy, A,; the Einstein coefficient of
the respective transition, {2 the solid angle of the integrated
area, and S,Av the line flux. The partition function is
calculated by interpolating between tabulated values from
the Cologne Database for Molecular Spectroscopy
(C. P. Endres et al. 2016). As mentioned previously, in the
treatment of the ortho- and para-transitions, we assume
common physical conditions and a common partition function
considering a fixed OPR.

Using the relationship described above, we derive the
column density and excitation temperature in both the inner
(0-100 au) and outer (100-200 au) disk regions. We recover
the physical parameters and their respective uncertainties by
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employing a Markov Chain Monte Carlo (MCMC) fitting as
described in L. Rampinelli et al. (2024) using the emcee
package (D. Foreman-Mackey et al. 2013). We apply a
uniform prior for the excitation temperature ranging between
10 and 200K, and a uniform prior on the log scale of the
formaldehyde column density between 10'° and 10" cm 2.
For each disk, the fitting is performed using 256 walkers, and
5000 steps after a burn-in of 1000 steps. The corner plots for
each disk are illustrated in Appendix C.

2.3. Correlation Analysis

Once the physical parameters of the formaldehyde emission
are retrieved, we cross-correlate them with several disk and
stellar parameters, such as stellar mass, disk mass (gas and
dust), stellar luminosity, and accretion rate. The goal is to
search for indications of causal connections between these
properties and the chemistry and excitation conditions for
H,CO. We also look for possible trends that may have a more
(less) significant effect in the inner (0-100au) or outer
(100-200 au) regions of these disks. In addition, we cross-
compare the respective NAIs for the continuum and gas
emission with the disk and physical parameters to look for
correlations that can shed light on the link between the
dynamical state of these disks and their gas emission. We
opted to use the nonparametric Kendall-7 correlation given the
size of our disk sample (G. S. Shieh 1998). When observa-
tional uncertainties were present, weights were applied in the
calculation of the correlation coefficients. The respective
weights for each parameter are w; = (1 + (0;/X;))”!, with o;
the uncertainty associated with the measurement X;. The
statistical significance of the correlations is assessed by
calculating the z-scores corresponding to each Kendall-T
correlation coefficient. Similarly to p-values, the z-scores
indicate the significance of a correlation by expressing how
many standard deviations the observed coefficient deviates
from the expected value under the null hypothesis.

2.4. Calculation of the NAI

Given the intrinsic three-dimensional nature of gas emission
in protoplanetary disks, employing the same definition of an
NAI as defined for the continuum emission (P. Curone et al.
2025) would not be appropriate. Even when accounting for the
elevated emission of gas lines (which is not always possible
for low SNR data, as is the case for the data in this Letter),
the deprojection of an emission surface of a dataset with a
finite angular resolution would naturally introduce deviations
from axisymmetry. A perfectly symmetric disk would,
however, preserve a mirror-symmetry against the minor axis
of the disk, irrespective of an elevated emission surface and
finite beam size. Therefore, we calculate the molecular NAI on
the intensity peak maps after folding them against the minor
axis of the disk. We provide a more detailed discussion about
our metric choice and its robustness in Appendix D. The
particular metric that we use as NAly,co is

Dol = Ll
> i ’

NAL,, = ()

where [;; is the peak intensity value at pixel i, j, and I_;; is the
mirroring pixel with respect to the minor axis of the disk. The
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difference with respect to the metric used by P. Curone et al.
(2025) is that we do not add up the residuals from an
azimuthally averaged profile, but instead we compare one half
of the disk to its mirroring half with respect to the minor axis.
We employ a 40 threshold on pixel pairs from the opposite
sides of the disk with respect to the minor axis. If both pixels
are below the given threshold, the pair is not included in the
metric calculation. A 4o threshold was chosen as it minimizes
the contribution of imaging artifacts and very low signal-to-
noise regions of the maps, while keeping a low number of
pixels discarded. Depending on the sensitivity of the data, a
stricter threshold will discard more pixels that may be tracing
meaningful asymmetries, while a threshold that is too low will
artificially boost the measured metric by including the noise-
induced asymmetries. This choice was also tested over the CO
line emission cubes of PDS 66 using the exoALMA data,
producing consistently low values in the most symmetric disk
in the sample for CO and continuum emission. We calculate
the NAly,co using only the H,CO 4 4—3 3 transition, which is
the brightest and most extended. For the other transitions, the
sensitivity threshold requires deeper observations, otherwise
the number of points considered for the index would not be
representative. To be consistent with our chosen regions, we
calculate the NAIy,co within 200 au for each disk.

3. Results

We show the overlay of the integrated intensity and peak
intensity maps of the H,CO 43,35 ; line and the 0.8 mm dust
continuum emission from the same dataset using contours in
Figure 1. Even though in some particular cases there are peaks
or dips of emission colocated with the presence of a dust
clump or horseshoes, there is no clear apparent trend linking
the presence of dust substructures and the formaldehyde
emission morphology for the different disks. No clear
corresponding relationships were found in the other formalde-
hyde transitions either (see Appendix B).

We illustrate the resulting fits of the observational rotational
diagrams for the physical temperatures in the inner 100 au and
the 100-200 au regions in Figure 2. The best-fit parameters for
the inner and outer regions are reported in Tables 4 and 5,
respectively. The values of the retrieved column densities
range between 5.4 x 10> cm 2 and 6.8 x 10" cm_z, which
fall within the range of the literature-collected values in
K. I. Oberg et al. (2023), spanning from 10" to 10" em 2.
The formaldehyde excitation temperature ranges from 17 K in
the 100-200 au region of Elias 2-27 to 99 K in the inner 100
au of CQ Tau. We first assess the validity of the optically thin
emission assumption by calculating the line optical depths
using the retrieved quantities. Even in the disk with the highest
column densities, the maximum optical depth measured is
<0.15. Then, we show a comparison between the retrieved
physical values for the two bins in Figure 3 to assess the
possible radial gradient between the two different radial bins.
The formaldehyde column density retrievals show a decay
between the inner 100 au and the subsequent radial bin for all
but two sources, while no statistically significant difference is
found between the excitation temperatures of the formalde-
hyde gas in the two radial regions. We discuss possible causes
for the column density decrease between radial bins in
Section 4.
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Figure 1. Left: integrated emission maps of the H,CO 4(0,4)-3(0,3) line for the observed sources. Right: peak intensity emission for the same line. Continuum
emission at 0.8 mm contours is overlaid to compare with the formaldehyde emission in the disks. Beams are illustrated on the bottom-right with solid white for
continuum images and dashed lines for line emission. The bottom-left bar represents a respective 100 au physical scale for each source. For most disks, there are no
clear correspondences between the dust continuum contours and the integrated maps.

3.1. Correlation between Gas Physical Parameters and
Stellar/Disk Parameters

Once we retrieve the physical parameters of the formalde-
hyde lines, we calculate the correlation matrix with the
properties listed in Table 2. The resulting correlation matrix,
together with the z-scores associated with the statistical
significance of the correlation values, are illustrated in
Figure 4. The correlation values exceeding the 20 level of
significance are highlighted in white in the z-score matrix.

There are expected correlations between dust continuum
flux, CO disk size together with H,CO flux associated with
scaling effects that were not retrieved by the present dataset. A
correlation analysis with the Pearson correlation index leads to
a positive correlation between such indices. Nevertheless, for
the Pearson correlation index to be appropriately used, a larger
sample of disks is required. The current analysis using
Kendall’s-7 does not find significant correlations between
such parameters, although they are not discarded by the metric
either.

We delve further into the origin of the correlation between
Terr and Toxcin, showing a Kendall-7 value of 0.5. This
relationship can be explained, to a first-order approach,
through the energy balance of the dust emission with the
passive heating due to the stellar irradiation. Assuming that
formaldehyde traces, within reasonable uncertainties, the dust
temperature, Ty, the incoming stellar flux (Fj,) should

balance the outgoing flux (Fy,). In the simplistic assumption
of dust particles being perfect blackbodies:

Fou = Fin, 3)
L
0SB Tfusl ] sz = Tgug x L%, 4)
4 ~ 0'5347TR>£ TSff
USBTdust ~ 747”,‘2 > (5)
RETS
T(?ust = *rzeff = ’Iziust X Tefﬁ (6)

where ogsp is the Stefan—Boltzmann constant, R, the stellar
radius, L, the stellar luminosity, r a radial separation from the
star. The equations above show that to first-order there is
plausibility for the correlation of the formaldehyde excitation
temperature with T.¢r and L2?°. From the relationships shown
above, a correlation with L, would also have been expected;
however, it does not reach a z-score high enough to be
statistically significant. Nevertheless, we do not discard the
plausibility of a possible correlation being found with a larger
sample.

We remark a noticeable outlier case in the correlations with
Texc.in in Figure 5, which is CQ Tau. CQ Tau has a high H,CO
excitation temperature (99 K), which separates it from the
main correlation with the other disks in the sample. However,
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Figure 2. Rotational diagrams of the 11 targeted disks for the inner 100 au (left) and 100-200 au region (right). Blue triangles represent upper limits for undetected
transitions, and the dotted lines show the best MCMC fit. In AA Tau, HD 34282, MWC 758, and RX J1615, it is possible that there is more than one emitting

component.

it is known that CQ Tau is a quite variable star, mainly
attributed to circumstellar dust obscuration of stellar light,
which may change its spectral type classification due to abrupt
changes in the spectral energy distribution (V. P. Grinin
et al. 2023).

3.2. NAI

We show a comparison between the NAI values from the
continuum data reported in P. Curone et al. (2025) and the
NAlp,co values calculated in this work in Figure 6. The values
of dust continuum and NAly,co across the sample do not
exhibit a clear correlation. Some disks show high asymmetry in
H,CO emission but relatively symmetric dust continuum, while
others show the opposite trend. Among the sources with the
highest NAI and NAly,co are MWC 758 and HD 135344B,
which is not surprising given that both of them show spirals
even observed in infrared observations (see, for example,
B. B. Ren et al. 2023). Remarkably, a source with known spiral
structure, Elias 2-27, does not have high NAls in either
continuum or line emission based on the metrics presented in
this work. An outstanding disk with shadows and asymmetries
in infrared observations (M. Benisty et al. 2018) and millimeter
dust continuum is HD 143006 (L. M. Pérez et al. 2018;
P. Curone et al. 2025); however, it is the source with the lowest
NAly,co value and a very smooth formaldehyde emission.

4. Discussion
4.1. Two Reservoirs of H;CO

In our fit, we assume a single-component formaldehyde
reservoir, i.e., we fit for only one emitting component of the
H,CO lines. However, it is likely that more than one
component is present since there is not a unique mechanism
to produce formaldehyde, and they are not mutually exclusive.
Having more than one component can be explained by a
combination of emission arising from warm H,CO being
formed by gas-phase reactions, and a colder component
produced by ice-surface chemistry and subsequently nonther-
mally desorbed from the dust grains. The blending of these two
components can be linked to the finite spatial resolution of
the observation, effectively blending the distinct emitting
reservoirs. One possibility is that the colder component is
associated with a more radially extended emission, while it
could also be a vertical stratification in the disk following a
vertical thermal gradient. We highlight that even though we
observed four different lines, the lowest upper energy level
among them is ~35 K, which makes these lines less sensitive
than other studies comprising lower energy lines (typically, the
21 K line at 218.222 GHz) to the outer emission from colder
regions close to the CO sublimation temperature. Spatially
resolved observations with a larger sample encompassing a
broad range of inclinations and stellar spectral types would
lead to a better understanding of the COM chemistry in disks.
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Figure 3. Top: comparison between formaldehyde column density in the two

100 au radial bins, with the dashed line indicating the identity. Bottom:

excitation temperature of HyCO between the inner 100 au and the successive

100-200 au radial bin. No significant difference between the two temperatures

can be stated given the uncertainties due to the lower SNR of the emission in
the outer 100 au.

Recently, L. Evans et al. (2025) reported the decrease in the
rotational temperature from rotation diagrams fitting between
the inner and outer disk of the HD 100456 disk using methanol
and formaldehyde lines. Based on the column density ratio
between methanol and formaldehyde, they concluded that
there are two different emitting reservoirs. In our sample, we
cannot conclude that there is a difference in the reservoirs
based on excitation temperatures of formaldehyde between the
inner (<100 au) and outer (100-200 au) radial bins, due to the
large uncertainties. Nevertheless, we see significant differ-
ences in the column densities. There is a systematic decrease in
the retrieved values from the inner 100 au to the outer region,
where the column densities decrease by a factor of almost
three. Without specific thermochemical modeling, it is hard to
assess whether the trend is dominated by the expected decrease
in the gas surface density with increasing radius or by some
significant changes in formaldehyde abundance at different
radii. Nevertheless, replicating the rotational diagram analysis
with multiple tracers observable with optically thin lines can
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lead to direct estimations of the radial relative abundances or
gas surface density.

Previous studies by C. Qi et al. (2013) reported that the low
excitation temperature of H,CO emission (~20 K) coincides
with a CO ice-regulated chemistry, i.e., formaldehyde is
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Figure 5. Subset of correlations explored with z-scores > 2.00 between the
NAlg,co, the total HyCOy04)—3(0,3) line flux, and the retrieved excitation
temperature of formaldehyde in the inner 100 au of the observed disks.

formed through grain-surface reactions by hydrogenation of
the CO ice. In fact, we have a large discrepancy with AA Tau,
where C. Qi et al. (2013) measured T.,. < 20K, while we
retrieved Tox. > 45 K. We link the discrepancy to a limited
sensitivity of the observations from C. Qi et al. (2013)
compared to the current analyzed dataset, producing larger
uncertainties in the retrieved values. Furthermore, our sample
expands the explored parameter space in effective temperature
and luminosity through more spatially resolved ALMA
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Figure 6. Comparison between the NAI calculated from the 0.8 dust mm
continuum emission in exoALMA (P. Curone et al. 2025), and the one
calculated from the peak intensity emission maps of the H,CO 4(0,4)-3(0,3)
line. There is no clear correlation between the two indices.

observations of 11 disks, including four Herbigs. When
comparing the retrieved physical conditions of formaldehyde,
our findings show a correlation between the effective
temperature of the stars and the H,CO excitation temperature
(see Figure 5). Such correlation is not unexpected; even though
they are different environments, X. D. Tang et al. (2018) had
previously reported that formaldehyde emission typically
scales with the bolometric luminosity in galaxies, showing
its thermal dependence with the overall radiative energy
emission in the system.

Even though the trend shown in Figure 5 shows that the
H,CO excitation temperature increases with the stellar
luminosity, it is still hard to fully disentangle the H,CO main
formation path. For example, as previously reported by
K. I. Oberg et al. (2017), formaldehyde emission in the TW
Hya disk actually traces both distinct reservoirs. For colder
stars, the formation of formaldehyde through hydrogenation of
CO ices occurs farther out in the disk as the sublimation front
is pushed outwards, while for hotter stars, the gas-phase
production mechanism extends over a larger region in the
inner disk. Nevertheless, we observe that the formaldehyde
excitation temperature for multiple disks is quite higher than
the CO freeze-out temperature, even beyond 100 au. Only two
out of the 11 disks have Texc o < 25 K in the outer 100 au. If
formaldehyde ice-surface production is significant, these
higher excitation temperature conditions require H,CO to be
produced on the grains beyond the CO ice line and then
transported inwards through pebble drift and being desorbed
into the gas phase. Future studies that can spatially resolve the
region inside the formaldehyde ice line could provide stronger
constraints between the two contributions by isolating the
H,CO produced by gas-phase chemistry.

4.2. Possible Correlations

Even though we found a possibly promising positive
correlation (7 > 0) between the effective temperature and
the excitation temperature of formaldehyde, in order to
validate the reported relationship, larger and unbiased samples
covering a wider range of stellar luminosities and spectral
types are required. If the correlation were validated, it would
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add an additional piece of information to unveil the conditions
exciting the emission of COMSs’ building blocks. The
difference in the relationship with respect to previously
reported values from unresolved observations showcases
ALMA’s potential to inform the chemical evolution of disks
in different environments.

4.2.1. NAIs

Depending on the observables being used, assessing the
level of asymmetry in a disk may have different approaches, as
they can trace different phenomena or range over different
values. For example, a natural comparison from this work is
the range of values for the NAI in both continuum and gas
emission. In general, the range of values of the asymmetry
indices in the dust continuum emission is not as wide as that of
the ones present in gas emission. We notice that the azimuthal
asymmetry index for the gaseous emission has an average
value of 0.39, which is significantly higher than the NAI
continuum average, which is 0.15. This difference intrinsically
points to the fact that gas emission has more dependencies and
degeneracies (chemistry, abundance, dynamics, temperature,
emitting layer, among others), while dust emission spans over
a narrower range of values with variations that are typically
smaller than the ones in line emission. Although there is a
lower average for the continuum NAI, the data dispersion has
similar values for both samples, with respective standard
deviations of 0.15 and 0.14 (see Table 2). However, the sample
size needs to be larger for more robust and unbiased
constraints. We note that even though both indices range
between 0 and 1, the nature of the emission they use and how
they are calculated is different, so they should be compared
within the same metric with other disks rather than in absolute
terms.

Our measured NAly,co shows a negative correlation with
the flux of the brightest formaldehyde transition within the
observed lines (see Figure 5). As the HyCOyg 4y—3(0,3) line flux
decreases, any asymmetry in the disk emission translates into a
more significant NAlIy,co since the index is normalized by the
total flux. If the line emission is weak across the disk, localized
spots of strong emission will have a more significant imprint
that will be retrieved by our proposed metric. On the contrary,
slight asymmetries in disks with strong line emission are
weakened by the normalization factor, as expected.

Introducing a formal index definition provides a grounding
point for comparison. Figure 1 shows the peak emission of the
brightest observed H,CO line. Visually, PDS 66 and Elias
2-27 may seem quite asymmetric, although in absolute values
and compared to the sensitivity of the observations, such
asymmetries may not translate to a particularly high NAIy,co.
Other disks with faint emission, such as AA Tau or J1852,
show high levels of asymmetry within the sample. Thus, the
metric informs about an intrinsic behavior that cannot be
directly inferred just by looking at the emission by itself, as it
considers relative emission compared to the line flux and also
takes into account the sensitivity level of the observations by
not confusing the noise random distribution as a possible
source of asymmetry. Among the disks with large spirals, Elias
2-27 is quite symmetric compared to MWC 758 and HD
135344B. Even when its continuum emission is visually
asymmetric, the deviations are at a very low percentage level
compared to the average value. The main difference between
Elias 2-27, MWC 758, and HD 135344B is their age, with
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Elias 2-27 being the youngest among them. It is possible that
the H,CO asymmetries may develop over longer timescales.
Another possibility is that the disks with large spirals in the
sample, except for Elias 2-27, have deep cavities in the
continuum, which can enhance the value of the measures NAI
in the continuum. In any case, a larger and more meaningful
sample is required to verify whether or not these are valid
trends.

As the spectral bandwidth is being increased in the near
future, studies such as this, obtaining multiple transitions of
the same molecule in one scheduling block, will enable the
community to retrieve the physical parameters across different
molecular tracers. Thus, we will be able to link those
parameters to other disk and stellar properties, providing key
information about the chemical evolution of the gas reservoir
in planet-forming environments. Rotational diagram analysis
with good sensitivity at high spatial resolution will enable
direct characterization of the different components traced by
different COMs, and also the OPR of hydrogen using
formaldehyde, for example.

4.3. Effect of the OPR

In our analysis, we assumed an OPR = 3. However,
observations in molecular clouds have shown that it can reach
lower values through hydrogen fractionation in earlier stages.
TW Hya, for example, has a nominal OPR ~ 3 in the inner
regions and starts decreasing to values between 1 and 2 at
180 au (J. Terwisscha van Scheltinga et al. 2021). Assuming a
lower OPR would make the slope of the fit in the rotational
diagrams steeper in the transitions with higher upper energy.
Thus, the retrieved excitation temperature would be lower.
Even though changes in the assumed OPR would affect the
exact retrieved values, the trends would be similar to those
inferred in our analysis. However, we cannot disregard the fact
that possible variations in H,CO along different spectral types
and/or environmental conditions cannot lead to different
trends compared to the ones found in this sample. Given that
the two para-H,CO lines have very similar quantum numbers
and upper state energy levels, the amount of information on the
OPR that can be retrieved from them is limited. Even though a
different OPR would change the excitation temperature, it
would also provide interesting insights regarding the chemical
evolution of hydrogen in the different regions. A radially
variable OPR can have significant consequences for the
chemistry at different disk locations. In such cases, the
physical conditions of the gas with different nuclear spins
should be determined independently. Thus, providing a larger
statistical sample with multiple ortho- and para-formaldehyde
transitions across multiple regions will lead to a better
understanding of COMs chemistry in different formation
environments.

5. Summary

In this work, we assessed possible correlations between
resolved formaldehyde emission and disk/stellar properties,
attempting to understand the origin of the formaldehyde
reservoirs and their production mechanisms. We also explored
relationships between the axisymmetry from high-resolution
dust continuum observations within the exoALMA sample as a
proxy of dynamical state, and compared it with the asymmetry
observed with H,CO line emission. We aimed to determine if
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there is a clear correlation that can link the dust structure and
dynamical states with the chemical evolution in the sample.
Our conclusions are as follows:

1. We do not find sufficient evidence to establish
statistically significant correlations. Nevertheless, we
find suggestive evidence indicative of a possible
correlation between the stellar effective temperature
and the excitation temperature of formaldehyde within
the inner 100 au, potentially linking COM chemical
pathways to stellar spectral type.

. Within the sample, most disks show a decreasing trend
for the column density from the innermost 100 au radial
bin toward larger radii. Regarding the excitation
temperature, due to the uncertainties in our measure-
ments, we cannot draw statistically significant conclu-
sions about variations between the inner 100 au and the
regions farther out.

. No correlation is found between the NAI from millimeter
dust continuum images and the NAlIy,co from formalde-
hyde emission maps. This suggests that, within the
analyzed subsample, there is no clear link between the
dynamical state of the disks and their chemical evolution
as traced by spatially resolved H,CO emission.
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operated under cooperative agreement by Associated Universi-
ties, Inc.

Software: CASA (CASA Team et al. 2022) NumPy
(C. R. Harris et al. 2020), matplotlib (J. D. Hunter
2007), cmasher (E. van der Velden 2020), scikit-learn
(F. Pedregosa et al. 2011), statsmodels (S. Seabold &
J. Perktold 2010), frank (J. Jennings et al. 2020).

Appendix A
NAI of Elias 2-27

In addition to the sources from the exoALMA sample, we
included Elias 2-27 and applied the same procedure as
outlined by P. Curone et al. (2025) to retrieve the NAI from the
continuum observations. The analyzed data are from the

Elias 27

Rao
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CLEAN beam ]

= Data CLEAN 73
— frank fit
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150 200 250 300

Radius (au)
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Figure 7. Left: residuals obtained by subtracting an axisymmetric frank model from the continuum data emission of Elias 2-27. Right: radial profile from the
frank model and with the CLEAN algorithm. NAI is calculated following the same procedure detailed in P. Curone et al. (2025).
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DSHARP Large Program (S. M. Andrews et al. 2018;
L. M. Pérez et al. 2018). The residual SNR map and the
radial profile extracted with the frank fit (J. Jennings et al.
2020) and the CLEAN algorithm (J. A. Hogbom 1974) are
shown in Figure 7. Despite the noticeable spiral structure in the
residual SNR map in Figure 7, the amplitude of the deviations
with respect to the azimuthally averaged profile is relatively
small. Thus, its NAI has a lower value than the average of the
exoALMA sources.
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Appendix B
Integrated and Peak Intensity Maps

We show the additional integrated intensity (Moment 0) and
peak intensity (Moment 8) maps of all the lines in Figures 8
and 9. The integrated intensity maps were used to retrieve the
physical properties of the formaldehyde emission from the
MCMC fitting of the rotation diagrams, while the peak
intensity maps were used to calculate the level of asymmetry
in the gas emission.

mjJy beam=*
™Y b 4

DEC offset (arcsec) DEC offset (arcsec)

DEC offset (arcsec)

2

DEC offset (arcsec)

-1 0 -1 -2
RA offset (arcsec) RA offset (arcsec)

Figure 8. Same as Figure 1 but for the H,CO 4(2,3)-3(2,2) line.
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Figure 9. Same as Figure 1 but for the H,CO 4(3,2)-3(3,1) and 4(3,1)-3(3,0) lines. In this case, we show the average of the two respective moment maps of
each line.

Appendix C
Rotation Diagrams

From Figure 10 to Figure 20, we show the corner plots of
the MCMC fits for all the disks in the sample.
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Figure 10. Corner plots of the MCMC fitting of the rotational diagrams of AA Tau. Left: inner 100 au. Right: 100-200 au annular region.
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Figure 12. Same as Figure 10 but for HD 34282.
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Figure 15. Same as Figure 10 but for MWC 758.
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Figure 16. Same as Figure 10 but for PDS 66.
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Figure 17. Same as Figure 10 but for RX J1615.
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Figure 18. Same as Figure 10 but for RX J1842.
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Figure 20. Same as Figure 10 but for Elias 2-27.

Appendix D
Options for Asymmetry Metrics in Gas Emission

Establishing a uniform metric to quantify and compare the
level of asymmetry of a disk can have multiple intricacies, in
particular when considering gas emission. Depending on the
type of asymmetry the emission shows and the brightness of
the line, some asymmetries may be overweighted, while others
may be underestimated or not even considered. We explored
three different approaches to use as NAI and benchmark their
behavior using different sensitivity thresholds. The analysis on
the robustness of the different proposed NAIs in the following
subsections endorses our choice presented in Section 2.

18

D.1. Proposed NAls

There are different metrics that attempt to quantify the level
of asymmetry in the emission, regardless of using integrated
intensity or peak intensity maps. We focus our comparison on
metrics that quantify point asymmetries, or mirror asymme-
tries against one of the two natural geometrical axes of
the disk.

D.1.1. Point Symmetry

We can evaluate the symmetry of a disk by comparing each
pixel to the opposite location with respect to the disk center. It
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can be defined with the following metric:
7180

Zi,j ij — 1
A ’

which has been previously used in galactic studies (e.g.,
D. Schade et al. 1995; R. G. Abraham et al. 1996; T. A. Davis
et al. 2022). However, this metric is severely affected by the
elevated surface of the gas emission. Even in cases where a
perfect deprojection was possible, beam smearing effects on
the close and far sides of the disk would induce an inclination-
dependent trend in the estimated NAI.

NAlpg = (D1)

D.1.2. Axial Symmetry

An alternative approach is to assess the asymmetry through
reflection of the disk with either its major or minor axis.
Unlike point symmetry, this method can effectively capture
asymmetries associated with an even number of spiral arms.
However, it could cancel out azimuthally elongated features
crossing one of the axes, such as horseshoes or dust crescents,
which are significant indicators of dynamical activity. Never-
theless, we still evaluate the two different axial symmetries
stated above; one with respect to the disk’s minor axis (see
Equation (2)) and the other with respect to its major axis as

Point Symmetry - 180° Rot

Axial Symmetry - Major Axis

Alarcén et al.

described below:

>l = fil
> i

The main difference between the two axial symmetries
arises from ray-tracing effects along the line of sight to the
disk. These effects can introduce artificial asymmetries to the
two halves being compared, which are not intrinsic asymme-
tries but rather observational biases. Such differences become
more noticeable at higher inclinations, where the projected
overlap between the near and far sides of the disk (especially
across the major axis) increases. This can lead to significant
overestimation of the intensity’s asymmetry. The effect can
worsen even more if the emitting layer of the targeted species
is elevated in the disk.

NAlo = (D2)

D.1.3. Comparison between Different Metrics

Figure 21 shows the comparison of the different metrics for
integrated intensity and peak intensity maps with different noise
thresholds. The figure indicates that the peak intensity maps are
more robust than integrated intensity maps, as they have a much
lower scatter when applying different sensitivity thresholds.
When compared with the axial symmetries, the point symmetry
has a much higher scatter for the same disk under different
thresholds, making it less reliable to assess the level of symmetry
in the gas emission of a particular tracer, in this case, H,CO.
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Figure 21. Comparison of the different proposed metrics to assess the asymmetry levels using integrated intensity (top) or peak intensity (bottom) maps. Different
noise thresholds were attempted to evaluate the robustness of the different metrics.
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