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Early results from the JWST-MIRI guaranteed time programs on protostars (JOYS) and disks

(MINDS) are presented. Thanks to the increased sensitivity, spectral and spatial resolution of the
MIRI spectrometer, the chemical inventory of the planet-forming zones in disks can be investigated
with unprecedented detail across stellar mass range and age. Here data are presented for five disks,
four around low-mass stars and one around a very young high-mass star. The mid-infrared spectra
show some similarities but also significant diversity: some sources are rich in CO,, others in H,O or
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CyH,. In one disk around a very low-mass star, booming C,H, emission provides evidence for a “soot”
line at which carbon grains are eroded and sublimated, leading to a rich hydrocarbon chemistry in
which even di-acetylene (C4H;) and benzene (CgHg) are detected. Together the data point to an
active inner disk gas-phase chemistry that is closely linked to the physical structure (temperature,
snowlines, presence of cavities and dust traps) of the entire disk and which may result in varying
CO,/H;,0 abundances and high C/O ratios >1 in some cases. Ultimately, this diversity in disk
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chemistry will also be reflected in the diversity of the chemical composition of exoplanets.

1 Introduction

Planets are built from gas and solids in the rotating disks around
young stars. Their composition thus depends on the gas-grain
chemistry that takes place in disks, which is known to change
with position due to strong gradients in temperature, density and
UV irradiation (e.g., refs.2™). This chemistry may also change
with evolutionary state: it is now well established that disks form
early, already in the embedded state of star formation when the
disk is still warmer® and surrounded by a larger scale envelope
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that can feed the disk with fresh material. Planetary cores are
likely formed at these early stages as well®. The study of the
chemistry of planet formation must therefore encompass the en-
tire sequence of star formation, from cold collapsing clouds to
warm circumstellar disks.

The James Webb Space Telescope (JWST) offers new opportu-
nities to study the chemistry of the warm inner regions of disks,
typically within a few au* radius from a solar-type star. This in-
ner disk is the region in which most planets — both gas giants
and terrestrial planets — are thought to form/Z8), Compared with
the Spitzer Space Telescope, which revealed that inner disks can
have a very rich chemistry®1l the JWST spectrometers have
higher spectral resolving power (R = A/AA ~ 2000 — 4000 ver-
sus 60 — 600) and more than two orders of magnitude higher
sensitivity, combined with an order of magnitude higher spatial
resolution. JWST also complements the Atacama Large Millime-
ter/submillimeter Array (ALMA) which resolves millimeter-sized
dust emission in disks down to a few au but which probes chem-
istry primarily beyond ~10 au (e.g., refs. 1213,

We present here some first results of the chemistry in the inner
regions of disks based on JWST data from the Medium Resolu-
tion Spectrometer (MRS)[E that is part of the Mid-InfraRed In-
strument (MIRD) T8, The data come from two guaranteed time

* 1 astronomical unit (au) = distance Sun—Earth = 1.5x10"* cm
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programs: the ‘JWST Observations of Young protoStars” (JOYS)
program (PIs: E.F. van Dishoeck and H. Beuther, program id:
1290), which targets two dozen young disks and their envelopes
and outflows in the embedded stage of low- and high-mass star
formation’Z, and the MIRI INfrared Disk Survey (MINDS) (PIs:
Th. Henning and I. Kamp, program id: 1282), which observes
about 50 disks around pre-main sequence stars across a range of
stellar masses and ages1812. Here high mass refers to stars of
O and B spectral type (typical masses 8 M, and higher) or pro-
tostars with total luminosities greater than a few x103 Lo. At
the time of submission of this paper (January 2023), only one
JOYS source has been observed —the high-mass protostar IRAS
233854605220 and data for a dozen MINDS sources have
been taken, although none of them are disks that were found
to be particularly line rich with Spitzer like AA Tau?. Here we
present results on small molecules, most notably CO,, H,O and
hydrocarbons, as observed toward IRAS 23385+6052, and from
disks around the T Tauri stars GW Lup, V1094 Sco, Sz 98 and
the very low-mass star 2MASS-J16053215-1933159. Even within
this limited sample observed so far, the data show the diversity of
spectra and disk chemistry, not just among T Tauri disks but also
across a range of stellar masses.

2  Observations and methods

2.1 JWST data reduction

The MIRI-MRS consists of four Integral Field Units (IFUs) (also
called “channels”) covering different wavelength ranges within
the 4.9-28.1 um (355-2040 cm~') range. The Field-of-View
(FOV) varies between the four channels from 3.2” x 3.7 cov-
ered with 21 IFU slices of 0.18” at the shortest wavelengths, to
6.6” x 7.7" observed with 12 slices of 0.66” width at the longest
wavelengths. Thus, the MIRI-MRS provides spectral images on
arcsec scales but in this paper only point-source spectra centered
on the disks are presented. Full wavelength coverage was ob-
tained in three grating moves that are observed simultaneously
for all four channels. The FASTR1 readout pattern was used with
a 2-point dither pattern in JOYS and a 4-point dither pattern in
MINDS.

IRAS 23385+6052 (luminosity L=3 x 10° L, distance d=4.9
kpc2l age fewx 10* yr, hereafter IRAS 23385) was observed as
part of JOYS on August 22, 2022. This source actually consists
of a small cluster of protostars, as revealed from previous mil-
limeter2%22 and near-infrared images3, with the most massive
protostar estimated to be 9 Mg, from Keplerian rotation measure-
ments of the surrounding gas?. Note that this source is too far
north to be observable by ALMA. The total exposure time in each
MRS grating setting was 200 sec.

The spectra toward GW Lup (M,=0.46 My, L=0.33 L4,
d=155 pc), V1094 Sco (M, ~0.9 Mu, L=1.7 L% d=153 pc),
Sz 98 (M, ~0.74 Mgy, L=1.5 Ly2% d=155 pc), and 2MASS-
J16053215-1933159 (M, =0.14 M, L=0.04 L2 4=152 pc,
hereafter J160532) were taken as part of the MINDS program
on 2022 August 8 and August 1 for a total of ~2 hr each includ-

# 1 parsec = 206265 au = 3.26 lightyear = 3.086x10'® cm
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ing overheads (typically 800-1200 sec per grating setting). The
distances to these sources come from the Gaia DR3 catalogue2®,
whereas their ages are all typically a few Myr2427,

The MIRI-MRS observations of all JOYS and MINDS sources
were processed through the three reduction stages?® using
Pipeline version 1.8.4 of the JWST Science Calibration Pipeline43
and the CRDS context jwst_1017.pmap. Prior to processing
J160532, the background was removed using pair-wise dither
subtraction. The default class Spec2 was applied, skipping the
residual fringe correction. Instead, for GW Lup, V1094 Sco,
and Sz 98, the alternative reference files as discussed in Gas-
man et al.2? were applied, which correct the fringes sufficiently in
Spec2. The data were then processed by the Spec3 class, which
combines the calibrated data from the different dither observa-
tions into a final level3 spectral cube. The outlier_detection
and master_background methods were skipped, since for both
MINDS and JOYS this was done manually. Finally, a manual ex-
traction of the spectra for each sub-band was performed, includ-
ing aperture correction, with an aperture size of 2.54 /D for the
low-mass sources. The backgrounds of GW Lup, V1094 Sco, and
Sz 98 were estimated using an annulus around the source, with
an appropriate aperture correction accounting for the PSF signal
present in the annulus.

The high-mass protostar IRAS 23385 turns out to be a binary
source with a separation of ~0.67" (~ 3280 au) at mid-infrared
wavelengths. This means that the binary is resolved in Channel
1 and part of Channel 2, but that the system is unresolved at
longer wavelengths. The spectrum presented here was extracted
using a circular aperture of 2.4” diameter independent of wave-
length that includes both sources. Background subtraction was
done using the emission measured at off-source positions within
the IFUs. This turned out to be more reliable than subtraction us-
ing the complementary dark field that was observed but that still
contained strong extended emission. A residual fringe correction
was applied at the spectrum level. More details for IRAS 23385
can be found in Beuther et al.2% and for the MINDS sources in
Grant et al.®! and Tabone et al.Zl.

2.2 Methods

The mid-infrared wavelength range observed by MIRI-MRS cov-
ers the vibration-rotation bands of many molecules, from simple
molecules like CO and CO; to more complex aliphatic and aro-
matic hydrocarbon molecules. For H,O and OH, also pure ro-
tational transitions between high-lying levels within the ground
vibrational state are observable beyond 10 um.

The continuum-subtracted spectra were fitted with slab models
of the molecular emission that take optical depth effects and line
overlap into account, following the methods used for analyzing
Spitzer spectral®32. The populations of the molecular levels are
assumed to be characterized by a single excitation temperature,
Tex, which is taken to be equal to the gas temperature 7T assum-
ing Local Thermodynamic Equilibrium (LTE). Note that radiative
pumping of the lines may also be significant in the inner disk®®3, in
which case Tz« approaches the temperature of the radiation field,

Tiag-



The line profile function is taken to be Gaussian with a full
width at half maximum of AV=4.7 km s~! (=2 km s 1), as in
previous Spitzer studies. At high optical depth, the line shape be-
comes a flat-topped pseudo-Gaussian due to saturation at the line
core. These models have only three free parameters: the line of
sight column density N, the gas temperature T, and the emitting
area given by mR2. It is stressed that R does not necessarily corre-
spond to a disk radius, but that the emission could come from a
ring or any other region with an area equivalent to 7R2.
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Fig. 1 Part of the MIRI-MRS spectrum toward the high-mass protostar
IRAS 2338546053 integrated over both sources . Blue labels refer to
ice and solid-state absorption features, red to spatially extended narrow
emission lines, and green to molecular emission with CO, centered on
the sources and PAH emission extended.
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Fig. 2 MIRI-MRS 5-20 um spectrum of the disk around the T Tauri
star GW LupBY compared with that of the very low-mass star J160532
presented by ref.. The GW Lup spectrum shows amorphous silicate
emission at 10 and 18 um with superposed atomic and molecular lines
as well as some crystalline forsterite emission. The broadband J160532
spectrum shows no silicate emission but two prominent bumps that can

be ascribed to very abundant C,H, emission'L.

The molecular data, i.e., energy levels, statistical weights, Ein-
stein A coefficients and partition functions, were taken from the

HITRAN 2020 database®# and converted into LAMDA format>,
For C¢Hg, molecular parameters based on the GEISA database
were used=®, Integrated line fluxes are computed, varying the
emitting area and taking the known distances to the sources into
account. The model spectrum is then convolved to the instrumen-
tal spectral resolving powerZ and the convolved model spectrum
is resampled to have the same wavelength grid as the observed
spectrum. Model grids were run for each molecule with 7 from
100 to 1500 K, N from 10'# to 10?2 em~2, and emitting radius
from 0.01 to 10 au for the low-mass sources. For the high-mass
source, these ranges are 50-550 K, 10'4~10%° ¢cm~2 and 0.01-
10000 au. The best-fit N and 7 are determined using a x2 fit
between the continuum subtracted data and the convolved and
resampled model spectrum, using the best-fit emitting area for
each N and T. The procedure is iterative, starting with fitting
those molecules that have the most lines in a certain wavelength
range that are overlapping with those of others, and ending with
the weaker features. More details can be found in refs. 131,

3 Results

3.1 Broad-band spectra

Figure [1] presents part of the observed MIRI-MRS spectrum to-
ward the high-mass binary protostar IRAS 233852Y, Note that
this source is more than a factor of 1000 weaker than the high-
mass protostars studied with ISO28, only ~10 mJy, demonstrat-
ing the JWST sensitivity. As is typical for a deeply embedded
young stellar object, the spectrum is rising with wavelength due
to the thermal emission from dust surronding the binary protostar
which has a temperature gradient from warm to cold®?. Super-
posed on this continuum are deep and broad absorption bands
due to silicates and a variety of ices arising in the cold outer en-
velope®¥4l - A number of strong, narrow emission lines due to
various atoms and H, are seen as well, associated with shocks due
to the outflows from the protostars. Finally, PAH emission from a
background cloud is seen at 11.3 and 8.6 um42; the shorter wave-
length PAH features are blocked by the high extinction and deep
ice features in the envelope. Both the absorptions and spatially
extended gas-phase lines will be described elsewhere'30:43,

Figure |2| compares the MIRI-MRS spectra of two low-mass
sources, GW Lup and J160532. The GW Lup spectrum is typical of
that of a disk around a young star whose protostellar envelope has
already been dissipated: its spectral energy distribution drops at
long wavelengths but it shows strong, broad emission bands due
to amorphous and crystalline silicates4®#8!in the MIRI range.

In contrast to most disk sources including V1094 Sco and Sz 98,
the J160532 spectrum is unusual: it shows no silicate emission
feature but has two broad bumps centered at 7.7 and 13.7 um as
was already noted in low-resolution Spitzer data?20, Tabone et
al.1 show that these bumps are due to the v4+ v5 and vs bands
of C,H, respectively which is present at very high column densi-
ties (~ 102! cm~2) and emitting at a temperature around 500 K
within a small region of radius 0.033 au. In this optically thick
component, the Q—branch is suppressed. The clearly visible 0—
branch as well as other individual R— and P—lines (see below)
require an additional optically thin C,H, component with a 10*
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Fig. 3 Continuum-subtracted MIRI-MRS 14.3-17.3 um spectra of the young high-mass protostar IRAS 2338544, and of the disks around the T Tauri
stars V1094 Sco, Sz 9842 and GW Lup®L, and the very low-mass star 11605321 The blue tickmarks in the V1094 Sco, Sz 98 and GW Lup panels
indicate the locations of water lines. Note also the detected '*CO, and hot bands of '2CO, toward GW Lup®l. The bottom panel shows simulated
LTE slab model spectra of CO, and H,O at 600 K (arbitrary relative scaling).

times lower column density.

None of these disk spectra shows emission from polycyclic aro-
matic hydrocarbons (PAHs). However, this lack of PAH features
does not imply absence of these molecules: as shown by Geers et
al.®L the UV radiation from stars with To < 4200 K (spectral type
later than K6, assuming no significant excess UV radiation due to
accretion) is too weak to produce detectable PAH bands.

3.2 Identified molecules

Of interest to this paper are the series of weak narrow lines with
a line/continuum ratio of less than 10 % on top of the continuum
(see GW Lup spectrum in Figure [2). Figure [3] presents the con-
tinuum subtracted spectra in the 14.3-17.3 um range for the five
sources discussed here, with various emission features labelled.
Fig. [ presents the spectrum of J160532 at 13.3-16.1 um includ-
ing the prominent C,H, Q—branch at 13.7 um with weak HCN
at 14.0 um. The shorter wavelength parts of the spectra of the
other sources showing C,H, and HCN are included in the paper
by Kamp et al. (this volume).

4| Journal Name, [year], [vol.], 1

The most prominent band in Figure |3|is the Q-branch of CO,
at 15 pm. Its R— and P—branch lines are weaker but still visible,
most notably in IRAS 23385. The Q—branches of the CO, hot
bands and of the 13-C isotopolog of CO; are also detected in some
sources, most notably GW Lup®L. An irregular set of lines due to
H,0 shows up most strongly in the Sz 98 disk, but these lines
are also present in the GW Lup and V1094 Sco disks. In contrast,
in the J160532 disk only a few weak H,O lines are tentatively
seen', and none in IRAS 23385 in this wavelength range. The H,
S(1) line at 17.0 um and H I recombination lines are also seen
in a few sources, as are some OH lines. Excitingly, bands of C¢Hg
and C4H, are clearly detected in the J160532 disk (Figure[4), and
CH,4 emission is possibly found as welll. Many of these lines are
seen with JWST for the first time in disks.

Note that the bulk of the lines in this wavelength range can be
fit with these molecules. There could be additional lower abun-
dance molecules present, or isotopologs of identified molecules,
whose weaker lines are blended with the stronger lines and that
have not yet been identified at this stage of data processing. Also,
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Fig. 4 Continuum-subtracted MIRI-MRS 13.3-16.1 um spectrum of the very low-mass star J160532, showing prominent features of C;H,, C4H, and
CgHs. The 13-C isotopolog of CyH, is also detected, as are HCN and CO, (see ref.2 for details). The big bump at 13.7 um (see Figure due to

very high column density C;H, component has been subtracted.

line lists of various potentially interesting molecules are currently
unavailable or incomplete at high temperatures, especially for hy-
drocarbons (see also paper by Kamp et al. in this volume).

3.3 Inferred column densities and temperatures

Table [1] summarizes the inferred best-fitting column densities,
temperatures and emitting areas of various molecules for two of
the sources. An example of a typical 2 plot can be found in Fig-
ure |5l As found in previous studies based on Spitzer datal¥32
there is a wide range of fit parameters that reproduce the spectra
well. Most notably, in the low column density regime (typically
< 10'7 ecm~? depending on molecule) where lines are optically
thin, there is a complete degeneracy between column density and
emitting radius. On the other hand, the latter can be determined
from optically thick lines whose strength scales directly with emit-
ting area. The temperature is often well constrained from the
shape and position of the Q—branch feature, where lines with
AJ=0 pile up: the warmer the gas, the broader the feature. MIRI
can resolve this Q—branch much better than before. An excellent
example of the latter is provided by the CO, Q—branch toward
IRAS 23385, which is only consistent with a low temperature of
150+ 50 K. The availability of both optically thick and thin lines
with JWST as well as their 13-C isotopologs helps to resolve sev-
eral of these degeneracies.

A few column density ratios are summarized in Table 2 to give
an impression of the range of values, which will be discussed fur-
ther below. For V1094 Sco, these column density ratios are ob-
tained from a preliminary analysis assuming the same emitting
radius of 0.13 au for all species. For more details, see refs,1:3144]

4 Discussion

4.1 Diversity in spectra

Figures 1-4 illustrate the diversity in mid-infrared spectra of em-
bedded protostars and young stars with disks, not just between
these two classes of sources but even between disk-dominated
sources themselves. High quality mid-infrared spectra are now
possible for much fainter sources than before, down to mJy con-
tinuum level, thanks to JWST. Focusing just on the molecular

emission, one of the striking features of Figure [3] is the differ-
ence in the strength of H,O emission in the 14.3-17.3 pum region,
with H,O lines virtually absent in the spectra of the high mass
binary IRAS 23385 and the very low-mass source J160532, but
clearly present in those of GW Lup and V1094 Sco and dominant
in Sz 98. Another obvious difference is the strength of the C,H,
band with respect to other features, with C,H, and hydrocarbons
dominating the spectrum of the very low-mass star J160532 but
being much weaker toward other sources (see paper by Kamp et
al., this volume). CO, is detected in all sources, most strongly
relative to other features in the GW Lup disk.

How about nitrogen? One molecule that has not yet been de-
tected in disks with MIRI is NH3 whose v4 mode at 8.8 um can
now be observed at much higher spectral resolution with the MRS
than was possible with Spitzer. The HCN Q—branch at 14.0 um is
seen in most sources but is now recognized to be heavily blended
with both C,H;, CO, and/or H,O lines (Figure E—D resulting in an
HCN contribution that is smaller than thought based on Spitzer
datal%>2 This means that an even lower fraction of nitrogen has
been identified than before, suggestion that the bulk of the nitro-

gen in the inner disk may well be in the unobservable N, form'3.

Where does the molecular emission originate? For the low-
mass sources, the lines clearly come from the inner region of their
disks, typically within 1 au, as is also evidenced by their small
emitting areas (Table 1). Although the emission could in principle
also come from a narrow ring further out in the disks, the high
inferred temperatures also point to a location in the inner disk.

For high-mass protostars, the emitting area of only 35 au ra-
dius is also relatively small. Interestingly, for high-mass proto-
stars these molecular bands are often seen in absorption rather
than emission in spectra taken with the Infrared Space Observa-
tory2426l  Those lines were thought to originate in the inner
warm envelope where ices have sublimated (“hot core”) or in
shocked gas along the line of sight seen in absorption toward the
strong mid-infrared continuum due to hot dust close to the pro-
tostars. However, more recent high spectral resolution ground-
based and SOFIA-EXES data suggest an origin in the inner part of
a disk around the massive young star2228, Weak water absorp-
tion at 6 um is seen toward IRAS 23385 but only towards source

Journal Name, [year], [vol.], 1 |5



Table 1 Best fit molecular model parameters

Molecule IRAS 23385 GW Lup
N T R N T R
(cm2) X) (au) (cm2) K) (au)
CO, TE17 150 35 TE18 475 0.09
H,0 <1E18 [150] [35] 2F18 625 0.16
CH, 7E16 210 8 4E17 550 0.05

Note: brackets indicate parameters that were fixed in the fit.
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Fig. 5 Example of a x> map to constrain temperature and column density,
here for the case of CO, in IRAS 23385. The white lines indicate the
best fitting emitting areas for those N, T combinations. The black lines
indicate the 10, 26 and 30 contours.

B of the binary#¥. Emission lines of CO,, C;H, and HCN at 13—
15 um have previously been seen only toward the Orion peak
1 and 2 shock positions away from the strong continuum®2 and
in the Cepheus A high-mass region®el, Interestingly, in both
cases moderate excitation temperatures of ~200 K were found,
lower than those seen for absorption bands, and similar to those
derived here. For IRAS 23385, the molecular emission is clearly
centered on the two protostars and is not detected in off-source
shock positions44. Also, the lack of strong H,O emission, univer-
sally observed to be associated with shocks®2, argues against an
outflow origin. Although we cannot exclude a shock origin at this
stage, we assume here that the emission originates in the disk(s)
around (at least one of) the protostars in the IRAS 23385 system.

Table 2 Column density ratios of various molecules

Ratios TRAS23385 V1094Sco GW Lup J160532
CO,/H,0 >0.1 0.004 0.45 >0.1
CO,/CH, 1.7 0.1 2.2 0.0001

Note: column density ratios do not reflect local abundance ratios. For
J160532, the optically thick C;H, component is used to compute the
ratio.

4.2 Diversity in chemistry

Table 2 summarizes the column density ratios of the main
molecules considered here in four of the sources. Uncertainties
are up to an order of magnitude, based on the y2 plots. It should

6| Journal Name, [year], [vol.], 1

be stressed that these ratios should not be equated with abun-
dance ratios since the emission of different molecules (or even
of different bands of the same molecule) may originate from dif-
ferent regions or layers of the disk3©3, Moreover, the emission
seen at mid-infrared wavelengths only probes the upper layers of
the disk above the T,,;q_r = 1 contour where the dust continuum
becomes optically thick.

In spite of these considerations, the similarities and differences
in mid-infrared spectra can give some insight into the chemical
processes at play in planet-forming zones of disks, especially since
the differences in column density ratios are much larger than
those of flux ratios of optically thick lines. As concluded from the
appearance of the spectra, the J160532 inner disk is particularly
rich in CH,, whereas the V1094 Sco has the lowest CO,/H,0
ratios, with Sz 98 likely even lower4>, Apart from the larger size
of the emitting region, the high-mass source IRAS 23385 does
not stand out in terms of its abundance ratios compared with the
orders of magnitude lower luminosity T Tauri sources.

GW Lup is part of a handful of sources that were found by
Spitzer to have strong CO, emission but no emission from other
molecules, the so-called “CO,-only” sources1?. Thanks to the de-
tection of 12CO, hot bands, its P— and R—branch lines and the
13C0, @—branch, the inferred CO, column density is two orders
of magnitude higher (and emitting area smaller) than found in
analyses of the Spitzer data, illustrating the importance of the ad-
ditional weaker optically thin features now observed with MIRI-
MRS2Y, H,0 and other molecules are now weakly detected as
well with JWST, but its CO,/H,0 column density ratio remains
clearly higher than that of other low-mass sources.

4.3 Chemical processes
4.3.1 Disk models.

The chemistry in disks is known to vary both radially and ver-
tically owing to large gradients in temperature, density and UV
irradiation. A detailed 2D (or axisymmetric 3D) model of the
physical structure of a disk therefore needs to be constructed be-
fore the chemistry can be addressed. Such thermochemical mod-
els have been developed for disks around low-mass stars by var-
ious groups®#Z with some of them focused specifically on in-
ner disk chemistry where high-temperature gas-phase chemistry
dominates®3/08772 Snowlines, i.e., the location in the disk where
50% of the molecule is in the gas and 50% in the ice, play an
important role in setting the overall gas-phase chemical compo-
sition. Of particular interest is the C/O ratio in volatiles (i.e.,
gas + ices), since ices naturally lock up more oxygen than car-
bonZ3, For CO, whose pure ice binding energy is E /k ~855 K4,



its snowline lies around 20 K which is typically at tens of au in a
disk around a low-mass star’2. For H,0, whose binding energy
is much higher at E/k ~5600 K7®, its snowline is at ~160 K at
the high densities in disk midplanes, located at less than a few
au”Z. The snowlines of other molecules like CO, generally lie in
between those of CO and H,078, with the exception of those of
large organic molecules. In particular, the “soot” line due to subli-
mation and erosion of refractory hydrocarbon material is thought
to lie around 500 K in disks”Z2.

If R listed in Table 1 is taken to be a disk radius, the emission
observed here for low-mass stars originates from well inside the
H,0 snowline. At these radii and temperatures, much of the oxy-
gen that was locked up in ices should have returned to the gas
phaseZ3. The overall (gas + ices + refractory dust) G/O ratio in
disks is expected to be similar to the stellar value, which in turn
should be close to the solar value of C/O=0.59 within the solar
neighborhood®?. For gas-phase chemistry outside the refractory
dust sublimation radius, only the volatile (gas + ice) C/O ratio
is relevant, which is generally taken to be somewhat lower than
0.6 in disk models. Its precise value does not matter much for the
chemistry and mid-infrared line emission®372 as long as G/0<1.

It is important to note that any disk model reproducing mid-
infrared lines needs to have a gas/dust ratio in the upper layers
that is significantly higher than the standard interstellar medium
value of 100, typically230381 of order 103 — 10*. Such high
gas/dust ratios are naturally explained by grain growth and set-
tling to the midplane/®2,

The physical and chemical structure of disks around high-mass
O and B stars has not been modeled in as much detail as that
of disks around A- and later-type starsZl. An additional com-
plication for such high-mass stars is that they are much younger
and do not have an optically visible pre-main sequence stage. Al-
though disks are commonly found to form in simulations of high-
mass star formation®384 they are still embedded in their natal
envelopes. Moreover, accretion rates are still high, so heating
of their inner disk midplane is dominated by viscous processes
rather than passive irradiation®>. Figure compares the 2D dust
temperature structure for one quadrant of a disk around a low-
mass star with that of a high-mass star'®/87 obtained using the
RADMC-3D code®. The gas temperature is closely coupled to
that of the dust except in the upper surface layers. For high-mass
disks, the midplane is actually warmer than the surface layers
within the inner ~100 au®” (depending on the accretion rate)
giving rise to infrared absorption lines®. At larger radii, the disk
switches to the usual structure of a vertically decreasing temper-
ature structure from surface to midplane leading to mid-infrared
emission lines. IRAS 23385 has a somewhat lower luminosity and
accretion rate than assumed in the model in Figure[/| suggesting
that the switch moves well inside 100 au.

4.3.2 CO, versus H,O: cavities and dust traps.

Armed with the above background information on disk models,
we now address the chemistry of the main species considered in
this paper.

4.3.2.1 Chemical processes relating CO, and H,O. The tem-
perature structure of the inner disk plays a crucial role in set-

ting the balance between the CO, and H,O abundancesZ1'€,

Both molecules are formed through gas-phase reactions with the
OH radicalZ1®9 At temperatures of 100-250 K, the OH + CO
— CO, + H reaction produces CO, with typical abundances of
10~7 — 10~ with respect to total H. At higher temperatures, the
reaction OH + H, — H,0 + H, which has an energy barrier of
1740 K21 takes over and produces H,O in favor of CO,. Once
H,0 becomes abundant, its column density becomes high enough
(~ 10'® em~—2) to become self-shielding®? pushing the balance
even further toward H,O. Note that OH itself also needs moder-
ately warm temperatures to form since the O + H, — OH + H
reaction is endothermic by 900 K and has an energy barrier as
well?L, Both the formation of OH and H,O are boosted by the
presence of vibrationally excited H, where the vibrational energy
can be used to overcome the energy barriers.

H,0 and CO, are both abundant components of ices in cold in-
terstellar clouds and protostellar envelopes®l. A fraction of these
ices are likely preserved in the transition from envelope to disk,
especially for the stronger bound molecules like H,0%3 as also
illustrated by the similarity between interstellar and cometary
ice abundances?#22, Inside their respective snowlines, the ice
species sublimate and thus add to the gas-phase chemistry bud-
get. Minor species intimately mixed with H,O ice sublimate to-
gether with water at its snowline%,

Bosman et al.82 8 find that H,O mid-infrared emission dom-
inates over CO, emission in the 13-17 um range for low-mass
disks, if H,O self-shielding and efficient gas heating mechanisms
are included. In particular, so-called (photo)chemical heating, in
which the excess energy released by photodissociation and sub-
sequent chemical reactions of the dissociation products is used
to heat the gas??, can raise the temperatures in the upper layers
significantly102,

4.3.2.2 Role of small cavities. Given the model predictions
that H,O emission should dominate mid-infrared spectra, which
processes could then make CO, more prominent than H,O in
some disks but not others? One parameter that affects mid-
infrared line fluxes is the amount of small grains in the upper
layers. However, both CO, and H,O fluxes are decreased by com-
parable amounts if the gas/dust ratio is decreased??l. Another
option would be to change the C/O ratio, but again both CO, and
H,0 emission lines appear to be affected similarly©372, Walsh et
al.ZU show that for very low-mass stars H,O formation is indeed
suppressed in the disk’s surface layers due to their lower temper-
atures, consistent the lowest-luminosity sources in our sample,
GW Lup and J160532, showing the weakest H,O lines. However,
some higher luminosity sources, including IRAS 23385, also show
weak water emission.

An alternative explanation would be to introduce a deep dust
+ gas cavity in the inner disk, caused for example by a compan-
ion. Its radius needs to be in between that of the H,O and CO,
snowlines in order to remove most of the H,O but not the CO,
emission31721192 Figure [¢] presents an example of the 2D abun-
dance structure of H,O and CO, in a model®Z obtained using the
DALI thermochemical code®® for a disk with the same parame-
ters as in Bosman et al.82. Two cases are presented: a full disk
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and a disk with a deep dust + gas cavity out to 1 au, a location
that is in between the two snowlines. The 70 and 200 K contours
are also included to highlight the temperature range where CO,
is efficiently produced.

If there is no cavity, it is seen that H,O is highly abundant in
the inner disk above the 7,,;4_r = 1 (Where the 15 um dust con-
tinuum becomes optically thick) and would thus produce very
strong H,O lines. However, its column relative to CO, is strongly
reduced in the model with a cavity (except at the very edge of
the cavity). These models therefore provide a proof of concept
for explaining those sources with high CO,/H;0 column density
ratios with disks that have small cavities.

For the GW Lup disk, the H,0 and CO, snowlines are expected
to lie around 0.4 and 1.4 au, respectively%3, so a qualitatively
similar effect can be expected. Such cavities are too small to be
resolved with ALMA but could be revealed in their spectral en-
ergy distributions or in spectrally resolved CO ro-vibrational line
profiles 104106, Wwith a few exceptions, these low-mass stars and
their disks are generally too weak to image with infrared interfer-
ometers 107,

Interestingly, the strong CO, emission and lack of H,O in the
high-mass source IRAS 23385 also fits into this scenario. The
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only difference is that there is not necessarily a cavity but rather
a temperature inversion in the inner disk which would cause the
H,0O-rich gas to be in absorption (most notably in its v, band at 6
um4) rather than emission. Figure shows that the temperature
in the surface layers in the region where accretional heating no
longer dominates (and where lines go back to being in emission),
is around 200 K. Such a relatively cool temperature is consistent
with that found for the CO, emission in this source (Table 1).

4.3.2.3 Role of dust traps. For low-mass sources, a related ef-
fect could be the existence of a dust trap triggered by a pressure
bump due to a companion that created the cavity. If that dust trap
lies between the H,O and CO, snowlines, it locks up water-rich
pebbles thereby suppressing H,O. However, some gas enriched in
carbon198-110 or in CO, due to ice sublimation inside its snow-
line, could still be transported through the trap to the inner disk.

A dust trap locking up the bulk of the H, O ice would also lower
the overall O/H abundance ratio in the inner disk1L. The same
holds for C/H, if CO, CH4 and/or carbon-containing molecules
are trapped. Some inner disks are indeed known to have low
O/H and/or C/H abundances 2714 Disks that show spatially
resolved dust traps with ALMAZ211S are likely in this category,
provided that the dust traps formed early in the disk’s evolution,



before the bulk of the grains have moved inwards.

In contrast, any disk in which drifting icy pebbles from the
outer disk have reached the inner disk and crossed the H,O snow-
line unimpeded should have O/H abundances that could be en-
hanced by 1-2 orders of magnitude™117Z,  Similarly, CO can
be increased in the inner disk due to drifting icy grains1187120,
Since these icy pebbles are also thought to contain considerable
amounts of CO; ice, this should not change the relative ratios of
the H,O and CO, lines if both are continuously being supplied
to the inner disk7 unless the extra CO, would remain hidden
below the 7,,iq_r = 1 line due to a lack of vertical mixing. Disks
which show compact dust continuum emission with ALMA are
good candidates to test this pebble drift scenario.

Figure [8] illustrates these possibilities in a cartoon. It is clear
that the combination of large samples of disks studied with both
JWST mid-infrared spectroscopy and with ALMA at its highest
spatial resolution, including disks that are small and currently un-
resolved with ALMA at moderate spatial resolution, can provide
insight into the relative importance of these processes.

4.3.3 Rich hydrocarbon chemistry: “soot” line and C/O>1.

The J160532 disk stands out in having unusually strong bands
of C,H, and other hydrocarbons including species that have not
been identified in disks before the advent of JWSTL. Equally in-
teresting is the discoveryll that the broad bands at 7.7 and 13.7
um are due to very high column densities of hot C,H,.

What could be causing such abundant C,H; in this disk? It is
known that PAHs and carbonaceous grains can be destroyed by
UV radiation, by chemical processes (e.g., reactions with H, O
or OH) or by grain sublimation under the conditions in the in-
ner disk, with C,H, as a main product121:122 When and where
the carbon grain sublimation and erosion takes place depends on
the type of carbonaceous material. Some laboratory data put the
sublimation of amorphous carbon grains at 1200 K123 whereas
other experiments suggest that thermal decomposition of refrac-
tory hydrocarbon material (also known as kerogen-like insolu-
able organic matter, IOM) occurs at lower temperatures, around
400-500 K depending on heating timescaleZ21124125  This [OM
material is thought to make up the bulk of the refractory carbon.
Aliphatic and aromatic hydrocarbons, which contain of order 10%
of total carbon, sublimate at somewhat lower temperatures of
300-400 K123, Together, they form the so-called hydrocarbon
“soot” line around 400-500 K, a term coined by Li et al.”? to in-
dicate the location where the destruction of hydrocarbon solids
occurs. This temperature matches well with that found for the
high abundance C,H, gas component. One possibility is therefore
that hydrocarbon grain destruction is being observed directly in
this disk.

The destruction of carbon grains by thermal processing is
thought to be irreversible. On the other hand, the conditions of
warm dense gas with high C,H, abundances are conducive to effi-
cient formation of small aromatic molecules and PAHs up to tem-
peratures where degradation starts to take overl20127, Indeed,
the production of the smallest aromatic molecule, benzene, in the
inner regions of disks as observed here was predicted by Woods &
Willacy©?128, The J160532 and other similar disks around very

low mass stars'2? are clearly excellent laboratories for studying

such hydrocarbon chemistry in detail.

A related interesting question is how common the broad 7.7
and 13.7 um features indicative of a “soot” line are in other
sources. While disks around very low-mass stars are known to
have strong C,H, bands based on Spitzer data?>0130 5160532
is the only such disk so far in which the broad bumps are clearly
seen. What could make the J160532 disk special? One option is
that we are able to look deep into the J160532 disk close to the
midplane due to the lack of small grains, as evidenced by the large
gas columns and strong H, lines!. In other disks, the midplane
“soot” line could be hidden below the 7,;q_1r = 1 line. Another
option could be that we are witnessing the J160532 disk at a spe-
cial time when destruction is taking place, perhaps triggered by a
recent heating event due to accretion.

The J160532 disk presents another puzzle, namely that of wa-
ter. The disk is clearly warm enough to sublimate any water ice
from the grains and to trigger rapid formation of H,O through
the reactions of O and OH with H,. In disk chemical models,
such high abundances of C,H, compared with H,O (Table 2) are
only found if the volatile C/O ratio of the gas in the inner disk is
significantly increased compared with standard values of volatile
C/0=0.4-0.5. Specifically, C/O ratios >1 are needed to boost the
hydrocarbon production and lock up the bulk of the volatile oxy-
gen in CO and some CO,2263172 A small amount of H,0O could
still be produced in the upper layers of the disk where destruction
of CO by UV photons or by He™ frees up some atomic O that can
react with H, to form H,O. Walsh et al.Zl note that the atmo-
spheres of disks around very low mass stars may naturally appear
to be carbon rich (without the need for a high C/O ratio) because
the unobservable O, rather than H,O becomes the main gaseous
oxygen carrier. However, the orders of magnitude higher C;H,
column and C,H,/CO, ratio observed for J160532 than found in
these models strongly points to a genuine carbon-rich atmosphere
with C/O>1.

The most plausible mechanism to lead to C/O>1 and prevent
oxygen from entering the inner disk would be to lock most of it up
in water ice in pebbles and planetesimals in the outer disk beyond
the water snowline, preventing them from migrating to the inner
disk®%>2! a5 illustrated in Figure 8| (bottom).

4.3.4 Implications for planet formation

The JWST data provide detailed insight into the chemical com-
position of the gas in the upper layers of the disk. Planetesimals
and planets are, however, formed in the disk midplanes which are
not probed directly by mid-infrared data. Nevertheless, indirect
information can be obtained if mid-plane material is vertically
mixed upward. For example if icy pebbles drift across the water
snowline and enhance the gaseous O/H ratio of the midplane gas,
this can be mixed upward on comparatively short timescales (e.g.,
refs 12031032} ¢4 result in enhanced OH and H,O emission.
There is also downward gas transport: vertical transport of
molecules can be followed by freeze-out onto the colder large
grains in the midplane. If those grains become too large to be
lifted back up, the disk surface composition becomes part of the
planetesimal building material. This so-called “vertical cold fin-

Journal Name, [year], [vol.], 1 |9



ger effect” also limits the radial extent of the molecular emission:
snow surfaces become vertical walls at the midplane snow radius
rather than being curved with height in the disk, an effect that
is well known for H,08M133134 ¢ Jikely also holds for other
molecules. Finally, if a gap has opened in a disk, surface layer
gas can be accreted directly onto forming giant planets through
meridional flows1321138) thys leaving an imprint on the composi-
tion of their atmospheres.

Whether or not carbon-rich planets will be built in the J160532
disk is still an open question and depends also on the time of
planet formation. A significant fraction of the carbon is in the gas
phase and refractory carbon grains may even have been destroyed
in this disk. If this carbon-rich gas were dispersed quickly from
the system, only a small fraction of carbon would eventually be
included in planets. This scenario has been proposed to explain
why Earth is so carbon poorZ2.137,

5 Conclusions

The early JWST MIRI-MRS spectra presented here provide exam-
ples of how its increased spectral resolution and sensitivity pro-
vide new insights into the chemical composition of disks, from
young to mature disks and from low- to high-mass stars. In par-
ticular, the detection of new species like C4H, and CgHg allows
proposed chemical pathways to be tested. New lines of known
species and of their isotopologs, with first detections of '3CO,
and 3C'2CH,, help to break degeneracies between model fit pa-
rameters so that their temperatures and column densities can be
constrained more accurately. Indeed, orders of magnitude dif-
ferences in inferred column densities have been found compared
with earlier work. The lack of NHj3 suggests that most of the
volatile nitrogen is in unobservable species.

The data highlight the diversity in mid-infrared spectroscopy of
disks hinted at by Spitzer, from sources dominated by CO, with
almost no H,O, to those rich in H,O to disks showing booming
features of C,H,. There are also some similarities: the molecu-
lar emission observed in the high-mass protostellar source IRAS
23385, thought to originate from a massive young disk, indicates
similar abundance ratios as those found in some CO;-rich low-
mass disks.

The diversity in chemistry and spectra is likely related to dif-
ferences in the physical structures of the disks. Lines are brighter
in disks around more luminous sources, which push the emitting
area to larger radii and thus boost optically thick lines. The lack
or weakness of lines of certain molecules, most notably H,O, can
be due to the very low luminosity of some sources in our sample.
However, it is likely also linked to the presence of small cavities
in the inner disk that cannot be resolved with ALMA and whose
positions extend beyond the water snowline. A related possibility
is the presence of dust traps outside of the respective snowlines
of different molecules that can lock up certain elements, most no-
tably oxygen, and prevent it from entering the inner disk.

The JWST data also provide evidence for a phenomenon that
has been postulated but not seen prior to JWST: the destruction
of hydrocarbon grains at the “soot” line boosting the C,H, abun-
dance by orders of magnitude'l! and raising the C/O ratio to >1.

There are a number of obvious next steps in this research. First,
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larger samples of disks have to be studied with JWST MIRI-MRS
to search for more similarities and probe the limits of diversity,
from young to old “debris” disks and across the stellar mass range.
MRS spectra of line-rich sources will allow to hunt for other mi-
nor species, including NH3. Also, adding NIRSPEC-IFU data for
the same sources will be highly valuable to cover the CO ro-
vibrational bands at 4.7 um as well as the stretching bands of
most of the species discussed here. Molecular data on vibration-
rotation lines of many molecules, including their isotopologs, are
however still incomplete and more laboratory work is needed.

Second, ALMA observations at the highest spatial resolution
(down to a few au) are needed to search for small-scale substruc-
ture in the continuum that are indicative of dust traps. Their
location with respect to different snowlines will help to under-
stand which elements are locked in the outer disk and unable to
reach the inner disk. In contrast, some disks may be dominated
by drifting icy pebbles that enhance the inner disk in heavy ele-
ments. More work is also needed on high resolution studies of
the physical structure of high-mass disks with ALMA.

Third, more sophisticated radiative transfer models are needed
to analyse the spectra since the current column densities obtained
from slab models are only a crude representation of actual abun-
dances and their ratios. Retrieval models using a full 2D temper-
ature and density disk structure but a simplified chemistry is one
possibility 138139 Retrieval using full chemical models is com-
putationally prohibitive4%, but such models can then be used
as inspiration for abundance distributions and search for trends
with physical parameters. In the longer run, full thermo-chemical
disk models developed for individual sources can also serve as
testbeds for these more simplified approaches. The distribution
of small versus large dust and presence of substructures will be a
key element in such models.

Finally, the consequences of the observed chemical diversity for
the composition of any planets forming in these disks need to be
investigated. Ultimately, these disk surveys need to be comple-
mented by JWST surveys of the chemical composition of the at-
mospheres of mature planets to address the question what sets
their composition.
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