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Terrestrial planets and small bodies in our Solar System are theorized to have
assembled frominterstellar solids mixed with rocky solids that precipitated from

ahot, cooling gas'. The first high-temperature minerals to recondense from this
gaseous reservoir start the clock on planet formation®*. However, the production
mechanism of this initial hot gas and its importance to planet formation in other
systems are unclear. Here we report the astronomical detection of this ¢ = 0 moment,
capturing the building blocks of a new planetary system beginning its assembly. The
young protostar HOPS-315is observed at infrared and millimetre wavelengths with
the James Webb Space Telescope (JWST) and the Atacama Large Millimeter Array
(ALMA), revealing areservoir of warm silicon monoxide gas and crystalline silicate
minerals low in the atmosphere of a disk within 2.2 Au of the star, physically isolated
from the millimetre SiO jet. Comparison with condensation models with rapid grain
growth and disk structure models suggests the formation of refractory solids
analogousto those in our Solar System. Our results indicate that the environmentin
theinner disk regionis influenced by sublimation of interstellar solids and subsequent
refractory solid recondensation from this gas reservoir on timescales comparable
with refractory condensation in our own Solar System.

The Class I protostar HOPS-315, located in the Orion B molecular
cloud ata distance of 420 pc (refs. 5-7), is an ideal target for studying
the formation of the first refractory solids in other star systems. As
showninFig.1,it hasaclear, 40°sightline throughits embedding, dusty
envelope to a gaseous disk accreting onto the central protostar>®°,
The energy released by such accretion can heat the disk midplane to
the point at which rocky grains vaporize near approximately 1,300 K
(refs.11,12), potentially resetting the interstellar dust composition to
molecular and atomic gas from which only the most refractory solids
can recondense™*,

Our Cycle 1 General Observer programme with JWST (programme
1854, principal investigator (PI) M. K. McClure) observed HOPS-315
using the integral field spectroscopy (IFU) modes of the near-infrared
spectrograph (NIRSpec) and mid-infrared instrument (MIRI) with
high signal-to-noise-ratio (SNR = 540 at 8 um; Methods). The high
spectral resolution of these instruments reveals a rich spectrum
dominated by strong absorption features of icy and rocky solids
and copious gas-phase species (Fig. 2). Unusually, we detect both
the SiO vibrational fundamental gas band and crystalline SiO-rich
solids (silicates) in absorption. The strength of the latter is unusual
for protostars®, although similarly prominent features towards
another protostar’ were attributed to crystalline grains entrained
inan outflow.

Although HOPS-315 indeed shows a prominent H, jet and disk
wind"”'8, they probably do not carry the observed crystallinesilicates.
First, HOPS-315’s jet is not detected in extended Fe* emission, a com-
mon infrared tracer’” >, even at knots in which entrained dust grains
should sputter, suggesting that the jet contains little dust. Second,
HOPS-315's H, must emit from a hot foreground layer, whereas its crys-
talline dust must absorbina cooler layer above ahotbackground layer.
This absorbinglayer is sandwiched below the hot H, emitting layer, as
the 9.66 um H, 0-0 S(3) line, in the bottom of the silicate absorption
complex, hasavisibly higher peak-to-continuumratio than the H, 0-0
S(2) line outside thesilicate band, implying that the silicates do not lead
toextinction of the S(3) emission. Such vertically layered temperature
‘inversion’ patterns are predicted for disks around highly accreting
stars. High-pressure, radially extended ‘thermostat’ regions develop at
their midplanes, maintaining equilibrium betweensilicate vaporization
and recondensation at T; = 1,300 K (refs. 11-13), resulting in local SiO
gasand crystalline silicate production, respectively®. This previously
undetected thermostat region has been proposed as a point of origin
for refractory solids in the Solar System™*,

We test whether the observed crystalline silicates and SiO gas are
consistent with production under such physical conditions. First, we
fit laboratory mineral data to the solid-state absorption features
between 7.75 and 28.00 um (Methods and Extended Data Table 1),
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Fig.1|Structure of HOPS-315’s inner disk. Molecules located above the
temperature minimum (dotted line) are seenin emission. Molecules located
betweenthe temperature minimum and the disk photosphere (long-dashedline)
areseeninabsorption. Dust sublimatesin the thermostat regionnear1Au

identifying forsterite (Mg,SiO,, Neorse = 13703 x 1077 cm™2) and enstatite
(MgSi0s, N,pge =3.775:6x 10 cm™2) robustly (Fig. 3). Silica (Si0,, Ny =
1.4'97x 10" cm)istentatively detected ata3olevel (see significance
discussion in Methods). The abundance ratio of Neng/Nors: is high at
2.8'7%. We next measure the temperature, column density and linewidth
ofall observed molecular gas species using slab models of line optical
depths (Methods and Extended Data Table 2). The linewidth implies a
rough constraint on the location of each molecule. In the absence of
strong turbulence, infrared SiO absorbs near1 AU with a column density
of Ng;o = 4.62 + 0.14 x 10'® cm2 and temperature Tg;o=4727$ K, well
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(short-dashedline), releasing SiO. Turbulent transport there leads to vertical
condensation of CAlsand AOAs, of which the co-spatial SiO and crystalline
silicates are remnants.

below thesilicate sublimation temperature. Cross-correlating our SiO
model with the observed molecular band indicates a velocity of
-10.6 +1.2 km s, which is blueshifted by about 20 km s from the
millimetre system velocity of +9.68 + 0.19 km s™ (all in the velocity
reference frame of the kinematiclocal standard of rest, v, z«; Methods
and Extended Data Fig. 1). This velocity suggests that the infrared SiO
gasis flowing upward from the thermostat region into the cooler inver-
sion layer, at which the crystalline silicates are absorbing below the H,
emitting disk wind (that is, discussion of H, S(3) line above®), rather
than in the known molecular jet'%,
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Fig.2|JWST spectrum of HOPS-315. Bands of ice and thermally processedsilicates are seen, along with molecular gas absorption bands and (select) H, emission
lines probing different temperatures and densities. Warm SiO gas probes vaporized rocks, whereas crystalline silicates may probe condensed SiO gas.
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Fig.3|JWST crystalline silicate and SiO vapour analysis. a, Plot of the
statistically significant components found by our ENIIGMA fit of laboratory
mass absorption coefficients for CAland AOA minerals. Below 18 pm, bands of

The other absorbing molecular gas species map the spatial gradients
intemperature and column density of the cooler absorbing layer that is
sandwiched between the hot midplane and hot, H, emitting disk surface
(see Fig.1, Extended Data Table 2 and Methods). The pattern of radial
locations for eachmolecular band and the values for their temperatures
broadly agree with expectations from 2D disk models for similar bands
in emission?. The bands with moderate optical depth (for example,
SiO, 17 pm H,0) must arise just above the disk photosphere, at which
the optical depth is 2/3 (ref. 11). Similar to the Sun’s atmosphere, the
disk photosphere must be located below the temperature minimum,
to explain the absorption lines?. The detection of the 4.7 um absorp-
tion band of >CO at 1,181 K implies a midplane temperature greater
than1,200 K, matching predictions of the thermostat region from disk
structure models™*, confirming our identification.

To confirm that the SiO absorbing region and SiO jet are sepa-
rate, werequested high-angular-resolution (10 Aubeam size) ALMA
observations of SiO,>CO and SO through a Director’s Discretionary
Time (DDT) proposal (PIM. van’t Hoff; Methods). The millimetre SiO
spectrumalso shows only jet velocity components at—80 km s and
+100 km s, and no slower component around the infrared SiO veloc-
ity of-10.6 + 1.2 km s (Fig. 4), confirming that the infrared SiO is not
tracing the jet. Finally, the blue lobe of the millimetre SiO jet peaks
10 Au away from the star (Fig. 4), with no evidence of central emis-
sion associated with the disk. The non-detection of millimetre SiO
on-source implies aninfrared SiO emitting radius <2.2 Au, consistent
with the1.0-1.2 Auradius from the infrared linewidths (see Methods).

Discussion

In chemical equilibrium from solar composition gas (Mg/Si = 1.07)*%,
refractory solids condense sequentially, beginning with calcium-rich
and aluminium-rich minerals between 1,650 and 1,300 K and continu-
ingbetween 1,320 and 300 K with the condensation of the minerals for-
sterite and enstatite, with N,/Neorse = 0.5-0.8 below 1,000 K (ref. 29).
This sequence and gas-grain reactions exhaust the gaseous SiO, with

‘noise’ are the molecular vapour absorptionslabelled in Fig. 2. The dashed box
indicates the SiO gas modelled below. b, Slab model fit to the SiO vapour band
(v=1-0%-Y)at8.05um.

insufficient leftovers to condense silica®*. Certain meteorites con-
tain millimetre-sized agglomerates of such minerals in the form of
calcium-aluminium-rich inclusions (CAls) and amoeboid olivine
aggregates (AOAs), some of which have fine-grained (micron-sized)
textures and enhanced 0O isotopic signatures indicative of co-spatial
condensation in the innermost solar nebula®*>*, However, the crystal-
line silicates observed in protoplanetary disks*** are attributed to
amorphous interstellar silicates that either annealed below 1,300 K
orvaporized above 1,300 Kand recondensed as crystals. fHOPS-315’s
forsterite and enstatite are associated with AOAs formed by subli-
mation and recondensation, then their detection implies previous
condensation of CAls.

Several signs point toavertical condensation origin for HOPS-315’s
crystalline silicates. Beyond 0.5 Au, protostellar disk models predict
annealing timescales longer than the typical Class I lifetime of 0.1 Myr
(ref. 14). Furthermore, the presence of 472 K SiO gas implies (par-
tial) silicate vaporizationat 7 >1,300 K (from which SiO, Si°, Mg® and
Fe® are the main products®*), with subsequent cooling that must be
accompanied by condensation. Vertical mass flows near the water
snowline are seen to advect vapour from the warm midplane to the
cool temperature inversion layer, in which it recondenses, in hydro-
dynamical simulations of optically thick disks dominated by viscous
heating?. An analogous mechanism at the outer edge of the thermo-
stat region at 1 AU, combined with the increased turbulence there?,
could mix freshly sublimated SiO from the midplane into the disk
atmosphere, condensing CAls near the disk midplane and AOAs in
the cooler temperature inversion layer above, explaining HOPS-315's
SiO column density, blueshifted velocity and the observed crystals
(Fig.1). Whether this flow contributes to the base of the disk wind isan
interesting question that could be important for understanding the
outward radial transport of CAls and AOAs by winds or viscous evolu-
tion, which are predicted to seed these solids into the comet-forming
regions of disks** ™,

Theassociation of these crystals with AOA analogues is strengthened
by HOPS-315’s lack of strong Mg and Fe* emission, despite a high SiO
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Fig.4|ALMA maps and spectra of HOPS-315.a, ALMA CO map showing the
wide-angle outflow and molecularjet.b,Zoom-inon the central region of panel a,
revealing the directinner disk sightline, indicated by the positioning of the jet
relative to the stellar location (cross) in front of the shadow caused by the
optically thick dust continuum. ¢, ALMA SiO map showing the non-detection of

column density, which suggests that the condensing gas reservoir
has a low gaseous Mg/Si ratio. This would naturally result if as little
as 0.47% of the condensates became chemically isolated from the
SiOreservoir, for example, by the aggregation of submicron forsterite
into micron-sized agglomerates analogous to AOAs***., This decreases
the efficiency of gas-grain reactions, forcing the expenditure of
both Mg and SiO through enhanced enstatite condensation until the
vapour Mg/Siratio drops below unity, allowing small amounts of silica
to condense from the excess SiO gas®®%. Condensation under solar
values of Mg/Siis ruled out at a greater than 3o level by HOPS-315’s
high Nng/Neors: of 2.8733, and the tentative detection of silica is con-
sistent with this scenario. Aggregates larger than 10 pm have a grey
opacity through the 10-um feature and would not be detectable
(for example, Fig. 3a of ref. 12).

Partial isolation condensation models can reproduce textures and
compositions of meteoritic AOAs with 5-pum forsterite grains and silica
inclusions, provided gas pressures larger than P=107° bar and vapour
depletion of H and He by a factor of 10 (effectively an increase in the
solids-to-gas ratio of the feedstock material®"). Midplane pressures
of the thermostat region in highly accreting disks reach P >107° bar
(ref. 12), sufficient toisolate forsterite. Gravitational dust settling and
inward dust motion increase the midplane solids-to-gas ratio over
the interstellar value by up to a factor of 400 in the inner 1-10 AU of
protostellar systems*.

A high midplane dust/gas ratio should yield a high SiO/CO ratio in
the gas accreting onto the star or launchinginto the jet. However, the
millimetre Ngo/Npoco ratioin HOPS-315's jet suggests that 98.3% of the
expected silicon is missing (Methods). A dust-rich jet could explain
suchgas depletion, but our earlier arguments suggest that the jet and
wind are dust-poor. Furthermore, the CO overtone band may probe
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the base of the vertically extended jet at 0.54 AU at 3,754"$ K (see
Extended Data Table 2). Because the SiO overtone band at 4 pm, which
samples comparable temperatures, is not detected, the SiO gas may
notextend towards the star. Therefore, it seems more likely that solids
are sequestered outside the edge of the thermostat region.

SiO-rich solids could be preferentially retained relative to C-rich
solids either through pebble trapping or planetesimal formation any-
where between the water snowline and the outer edge of the thermo-
stat region, in whichsilicates vaporize*. The water ice snowline is the
location favoured by the meteoritic record for the earliest generation
of planetesimal formation, owing to signatures of hypervolatiles and
oxidized iron in the known meteorite populations***¢. However, it is
still an open question whether the Solar System’s meteoritic record
is complete or whether the early formation of planetesimals near the
thermostat region could be possible in other protoplanetary systems
(seediscussioninref. 44).

HOPS-315 shows signatures of refractory solids that probably
recondensed from a high-pressure gaseous reservoir of sublimated
interstellar silicates, similar to the formation conditions of AOAs and
CAlsinthe early Solar System. The average Class | protostellar age of
0.135 + 0.011 Myr (Methods) is comparable with the CAland AOA pro-
duction timescale of 0.160 Myr (ref. 3); despite its unusual spectrum,
HOPS-315 may represent a common protostellar evolutionary stage
caughtattheideal orientation and moment of time to show these fea-
tures®. The clear evidence for recondensation of silicates vaporized
inadisk thermostat region favours therole of this regionin the forma-
tion of CAls™, whereas the low Si/C abundance in the jet suggests that
conditions areripe for planet formation or it may already have begun.
Because the Solar System’s first planetesimals, iron-meteorite par-
ent bodies, coalesced 0.1-0.3 Myr after CAl formation**¢, HOPS-315



represents a unique opportunity to study the physical and chemical
conditions during the earliest stages of planet formation, previously
accessible only through the Solar System’s meteoritic record.
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Methods

System properties

The isolated single Class I protostar HOPS-315 is still embedded in a
dusty protostellar envelope with ai =40° + 8°inclination® that provides
asightline down the outflow cavity wall to the hot gas accreting from
the disk onto the star at a visual extinction of A, = 38 magnitudes”. The
central K7 protostar hasamass of 0.6 M, withanaccretion luminosity
L,..=3.2 L andstellar luminosity L, = 3.7 L,,and amass accretion rate
of M~8.5x107" M, year™* (ref. 5). With this accretion rate, HOPS-315
should become a solar mass pre-main sequence star by 1 Myr.

The average age for a Class | protostar is 0.135 + 0.011 Myr, equal to
the sum of the half-lives of the Class 0 (0.047 + 0.004 Myr) and Class |
(0.088 + 0.007 Myr) stages®, which is bootstrapped from population
statistics and older systems with known ages. The detection of
millimetre SiO in HOPS-315's jet is more consistent with a Class 0 age®.
Tobin et al.*” measure an 870-pm disk dust mass of My, =105.6 + 2.0 M,
(orabout 0.03 M, assuming a gas/dust ratio of 100), making HOPS-315’s
disk more massive than 80% of Orion Class Is and essentially average
for a Class 0. However, their disk radius of Ry, = 45.6 +10.0 AU is aver-
age fora Class I and smaller than 60% of Class O disks, suggesting that
HOPS-315's diskis particularly dense and probably on the younger end
of'the Class I evolutionary stage.

Onthebasis of SiO knotsinits jet, HOPS-315 has outbursting events
onan approximately 50-year time frame®. The infrared light curve has
onlyrecently begunrising after remaining flat for two decades, but the
crystalline silicate absorption features in the MIRI spectrum cannot
be associated with this outburst, as they were equally strong in two
Spitzer Infrared Spectrograph spectra taken in 2005, 18 years before
our observations. Thisarguesin favour of their originin anon-transient
disk structure, such as the midplane thermostat region.

Observations and datareduction

JWST. HOPS-315 was observed by JWST with the MIRI Medium-
Resolution Spectrometer on15March 2023, through programme 1854
(PIM.K.McClure). We used astandard four-point dither pattern centred
onthe IRAC coordinates, with target acquisition to centre the source.
Thetotal science exposure was 222 susing the FASTR1readout pattern.
The datawere processed throughJWST pipeline version1.12.3 (ref. 48),
whichincludes the time-dependent correction for the throughput of
channel 4. The calibration reference file database version11.16.21 and
jwst_1141.pmap was used, which includes revised onboard flat-field
and throughput calibrations for an absolute flux calibration accuracy
estimate of 5.6 + 0.7% (ref. 49). We performed the standard steps in
the JWST pipeline to process the data from the 3D ramp format to the
cosmicray corrected slopeimage. A dedicated sky observation taken
nearby was used to subtract the astrophysical background from the
flux of the target after the ‘Level 1’ run, whereas further processing of
the 2D slope image for assigning pixels to coordinates, flat fielding and
flux calibration was also conducted using standard stepsin the ‘Level 2’
data pipeline calwebb_spec2. We ran the ‘Stage 3’ pipeline to build
the calibrated 2D IFU slice images in the 3D datacube. The 3D cube
of the final pipeline processed product was built with the outlier bad
pixel rejection step turned off, as it overcorrected pixels and removed
target flux.

The JWST-NIRSpec/IFU observations were taken on 15 September
2023, using the G235H and G395H filters. We used a four-point cycling
dither pattern, starting from position 6. Theintegrationtime was 233 s
withan NRSIRS2RAPID readout pattern. We did not take a background
frame, but because HOPS-315 resides in a region with bright back-
grounds, we corrected for stray light in the failed open MSA shutters
by taking a leakcal observation at each dither position. We used the
standard 3D cube taken from the Mikulski Archive for Space Telescopes
(MAST) archive using the calibration reference file database version
11.17.2 and jwst_1130.pmap.

For both MIRI and NIRSpec, the spectrum in each subchannel was
extracted using a conical extraction with a circular aperture whose
radius was 2.5 times the resolution element at each wavelength, with
aminimum radius of 1.25 arcsec.

ALMA.HOPS-315was observed with ALMA located on Llano de Chajnan-
tor in Northern Chile on 19 November 2023. The observations were
conducted in three consecutive executions with a maximum baseline
length of 6,582 m for a total on-source time of roughly 106 min. The
monitored quasar J0423-0120 was the bandpass and absolute flux
calibrator in the first and second execution and JO538-4405 was the
bandpass and flux calibrator during the third execution. The phase cali-
brator wasJ0527+0331in all executions. The central frequency of the
observations was roughly 344.8 GHz (Band 7), coveringthe CO/=3-2
(345.795990 GHz), SiOv=0,/=8-7(347.330579 GHz) and SO 8; - 7,
(344.310612 GHz) transitions. The absolute flux density uncertaintyin
Band 7 isexpected to be roughly 5%.

The data were reduced and imaged using the ALMA calibration
pipeline version 2023.1.0.124 in CASA v.6.5.4.9 (ref. 50). Thisincluded
self-calibration on the continuum data after which the phase and ampli-
tude solutions were applied to the line data and continuum subtrac-
tionbased on afit to the line-free continuum regions in uv-space. The
molecular lines were imaged using a robust parameter of 0.5 (result-
inginabeam size of 0.06” x 0.05”), an image size of 2,250 x 2,250 and
a pixel size of 0.0095”. A channel spacing of 0.4 km s™ was used for
SiO and 0.85 km s™ for CO and SO. A primary beam correction was
appliedtoallimages. The rms per channelis roughly 1.4 mJy per beam
for SiO, 1.0 mJy per beam for CO and 0.92 mJy per beam for SO. The
maximum resolvable scaleis 0.8”. We measure alocal system velocity
Of Uyysiem = 9.68 £ 0.19 km s ' in the LSRK velocity reference frame by
fitting a Gaussian to the narrow, central SO component. This value is
consistent with the v, = 9.9 km s™ found in ref. 25 using their peak
C0 emission with 1.4 km s resolution.

Thesize of theinfrared SiO emitting region canbe constrained from
the ALMA non-detection of SiO at the stellar position. On the basis of the
column density derived from the JWST SiO absorption, the observed
millimetre transition should be optically thick. Areservoir of SiO at the
measured temperature of 488 K with a radius of 10 Au (half the ALMA
beam) should have been easily detected, both in the millimetre SiO
image and with a narrow central component, similar to that seen in
our SO spectrumand the C*®0 fromref. 25. The rmsinthe SiO image is
6.34 K per channel at the native velocity resolution of 0.4 km s™, so the
JWST SiO should arise within a circular area with a radius of 2.2 Au to
notbedetectedinthe ALMA observations, assuming a 3onoise limit. If
the emitting area of the infrared SiO is an annulus rather thanacircular
area, the areawould be equivalent to a circle with 2.2 Au radius.

We calculated CO and SiO column densities from the integrated flux
extracted ina 0.2” radius aperture centred 0.32” off-source along the
jet, within the spectral velocity range of the blueshifted SiO jet (-75.6
to-50.7 km s™). The aperture was chosen to match the brightest knot
inthe H,1-0S(1) jet emission found by Vleugels et al.’®, We assumed gas
at150 K, following Section 3.3 of ref. 25, with molecular line parameters
from the Cologne Database for Molecular Spectroscopy.

Solid-state fitting

HOPS-315's JWST spectrum encompasses numerous solid-state absorp-
tion features (Fig.2), includingices and amorphoussilicates, which may
arise in both the protostellar envelope and the young disk. The three
bands of H,0 ice at 3, 6 and 12 um trace temperatures 7 <130 K. Two
CO, ice features appear at 4.27 and 15.30 um; the profile of the latter
is consistent with CO, ice trapped in an H,0 ice matrix®, rather than
pure CO, ice, suggesting temperatures between the CO, sublimation
temperature of T=70 Kand the H,O crystallization temperature around
130 K.The COiceabsorptionat4.7 pmtraces materialat 7<20 K. Super-
imposed onthebroad amorphoussilicate features from 8-10 pmand



16-21 pm, we see sharp absorption features indicative of crystalline
silicates, which can only be produced in the hot inner regions of the
young disk above about 800 K. To identify the minerals with the most
statistically significant contribution to these sharp features, we analyse
the 5-28-pmregion.

Toisolate the crystalline silicate features, we first fit a fourth-order
polynomialtotheregionsindicated in the figure, fitting slightly above
the data continuumto leave room for the optical depth spectra, which
have some non-zero baseline absorption. This continuum was used
to calculate the optical depth, T = —In(Fpecerum/ Feontinuum)- This step has
alarge systemic uncertainty that is influenced by the source geom-
etry and temperature gradient, giving rise to the strong continuum.
Extensive radiative transfer modelling, beyond the scope of this work,
isrequired to fully account for the systematic uncertainty on the opti-
caldepth spectrum.

We used the OPTOOL software package® to calculate opacities from
laboratory optical constants for the following solids: H,0 and CO,
ice®, interstellarsilicates™, the crystalline silicates forsterite (Mg,SiO,
(ref. 55)), enstatite (MgSiO; (ref. 56)) and silica (SiO, (ref. 57)) and
minerals that contribute to CAls, such as corundum (a-Al,O, (ref. 58)),
hibonite (CaAl,,0,, (ref. 59)), gehlenite (Ca,Al,SiO, (ref. 60)), perovs-
kite (CaTiO, (ref. 61)) and spinel (MgAl,O, (ref. 58)). We corrected for
grainshape and size effects with a continuous distribution of ellipsoids
of size distribution n(a) = n,a™3, with 0.005 pm < a < a,,,. For the
ice mixture, the a,,,, =1 um, whereas for the refractory minerals, we
assumed a,,,, = 0.25 um, as direct condensates initially form smaller
grains and such grains produce sharper features than larger grains.
Thetemperatures of the laboratory refractory minerals were between
273 and 300 K; higher temperatures shift the peak wavelength posi-
tions, but temperature-dependent datasets were only available for a
small subset of the tested minerals. The refractive index for the ice
was calculated from an absorbance spectrum of H,0:CO, (10:1) ice
mixture at 130 K from ref. 52, using the NKABS code®?, an ice thick-
ness of 0.5 um and n,=1.32. The last if these accounts for the refrac-
tive profile below 2 pm, at which the laboratory data begin. The 10:1
mixture was the only binary mixture of these ice species available at
presentintheLeidenIce Database for Astrochemistry (LIDA)®*; there
were no other strongice components presentin this part of the MIRI
spectrum. For each mineral, we calculated the optical depth spec-
trum from the opacities. For minerals with several polymorphs, for
example, silica and enstatite, we considered only the most common
polymorphs found in protoplanetary disks by previous authors***.
Torepresentinterstellar silicates, we used the Galactic Center Source
(GCS3) template™.

We performed ENIIGMA fits on the MIRIrange of HOPS-315, between
7.7 and 27.7 um, at which the strongssilicate features are visible. The ENI-
IGMA methodology, described fully inref. 63, uses genetic modelling
algorithms to find the global minimum fit from a linear combination
of the infrared optical depth spectra calculated from the opacities
described above. We performed fits with the ice blend, interstellar
silicates and all of the refractory mineral components; however, our
results showed that only the five minerals discussed in the main text (the
crystallinessilicates) were statistically significant. We refer to this model
as ‘M5(w)’in Extended Data Table 1. We also calculated the confidence
intervals on the abundance of each mineral with ENIIGMA, with the 30
confidence level reported in Extended Data Table 1 and corner plot
reported in the Supplementary Information (Supplementary Fig. 1).
The 30 confidence intervals are never below O, which indicates that
all of the listed minerals improve the fit.

However, the quality of the silica and forsterite fits is affected by the
slope of the continuum fit from 11to 15 um, under the 12.5-umcrystal-
line silica feature. This continuum could be affected by a temperature
gradientin the H,0:CO, ice mixture, which would shift the peak of the
icefrom11.8 pmeither shorter or longer wavelengths; this would affect
the fit to the 12.5-pm silica feature and the 11.3-um forsterite feature.

Exploring the presence of temperature gradients requires a different
modelling set-up that will be explored in a future work.

To explore the systematic uncertainty in the silica abundance, we
produced a second fit between 7.75 and 28.00 pm without silica, as
shown in Extended Data Fig. 2. This four-component, wide model
(‘M4(w)’) reproduces the 20-um features marginally better than our
standard model, but is a poorer match to the 8.0-9.5-pm and 11.5-
13.0-um slopes. A quality assessment using the reduced chi-squared
(sz) and Akaike information criterion (AIC) metrics, as described in
the Supplementary Information, indicates that, over the 7.75-28.00 pm
range, the M5(w) modelwithsilica provides abetter fit than the M4(w)
model without silica by the sz metric (sz =7.28 versus 8.13, respec-
tively) but not by a statistically significant amount according to the
AIC metric (AIC =17.29 versus 16.14, respectively), as the difference in
the AlCis less than 2 (ref. 64).

Because the 10-pm and 20-pm silicate complexes trace different
radial locations when seen in emission™>**, we tested whether the
silica model might be robust when limiting the fits to the three silica
features at 8.2,9.0 and 12.5 um with a shorter wavelength range from
7.75t013.20 pm, as shown in Extended Data Fig. 3. For the shorter wave-
lengths, the model withsilica, ‘M5(s)’, is statistically preferred over the
model without silica, ‘M4(s)’, with both metrics, as sz =6.71 versus
14.37 and AIC =16.72 versus 22.37, with AAIC > 2. Specifically, the
absorption from 8-9 um is improved, along with the shape of the
absorptionat12.5 pm. Therefore, we conclude that crystallinesilicais
(tentatively) present in the 10-um complex, given our modelling
approachandthelaboratory datato whichwe have access, onthe basis
of the statistically better fit to the 8-9-um and 12-13-um absorption.
Future modelling thatincludes temperature gradients in the silicates
and ices and tests to rule out further, less common, polymorphs of
enstatite and silica would confirm this silica detection.

Slab modelfitting

To analyse the molecular features, we use the local thermodynamic
equilibrium (LTE) slab models of ref. 65, adapted from the LTE emission
models of refs. 66,67. These models assume that the line absorption
comes from aregion with a single temperature and density, whereas
disks have gradientsinboth parameters. However, comparisonbetween
slab models and full, 2D chemical models of the same disk?**® shows
that, for agiven molecular band, the slab model closely approximates
the mean temperature and density of that band’s emitting areain the
2D model, although it may not recover values at either extreme of the
gradient. Tocompensate for this effect, we fit each molecular band of
each speciesindividually, asthey probably trace different disk regions.

Our models use molecular spectroscopy data from the LAMDA and
HITRAN databases to compute the level populations, assuming they are
inLTE withasingle excitation temperature T,,. The partition functions
needed for the model calculations are taken from the TIPS database.
The LTE assumptionshould be robust for the dense, collisionally domi-
nated disk environment. We compute the line centre optical depth of
eachtransitionassumingasingle columndensity, N, and linewidth, AV,
following (ref. 67). A synthetic optical depth spectrum is created by
sampling the lines at high resolution (R = 10°), assuming a Gaussian line
profile of full width at half maximum AV. For the absorption features,
we immediately convolve with the instrument response.

For the CO overtone emission feature, we correct the emission for
extinction assuming a visual extinction A, = 38 from ref. 17 using the
extinction curve of ref. 69 and then convert the optical depthspectrum
7(A) to flux units through F(A) = (g) B,(T,,)(1-e ™), inwhichRis
the characteristic radius of the emitting slab, d = 420 pcis the distance
to the source, B, is the Planck function and 7 is the line optical depth.
We warn that the characteristic radius R is simply a scaling factor for
the emitting area of the cylindrical slab, which is assumed to represent
the emission, and should not be interpreted as a disk radius without
constraints on the geometry of the emitting region.
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To fit the observed molecular absorption features, we fit abaseline
tothe observed spectrum using aguided cubic spline and convert from
flux to optical depth units through 7, = —10g(F s/ Foaseiine)- Although
JWST cannot velocity-resolve these lines, our high SNR constrains AV
through the amplitude and line profile shapes in cases in which the
absorption lines have sufficient optical depth. Similarly, we can con-
strain large velocity shifts of the molecular bands, finding good agree-
ment assuming rest-frame wavelengths in the barycentric system or
blueshifted by 20-30 km s with respect to the ALMA source velocity
of +9.68 km s in the LSRK velocity frame. To determine the best-fit
values for each band, we use a Bayesian analysis in which the likelihood
assumes the observed optical depth to have a Gaussian noise of 0.01t
and a uniform prior over the model parameters N, AVand T,. In this
case, the likelihood function is %,\/2 and finding the best-fit model is
effectively a x> minimization. We use the Markov chain Monte Carlo
sampling method from the Python package emcee’ to sample the
posterior probability. Corner plots for all modelled bands are given
in Supplementary Figs. 2-10,12.

We calculated the disk radii at which each band absorbs fromthe AV,
assuming that the linewidth is Doppler broadened, AV = vy, Sin(i),
using i = 40°. We consider that vy, is mostly because of Keplerian

motion of the disk, vy.pjerian= / (GMRE,)/(REy +224) " . Extended
DataTable 2 reports arange of radii for two limiting cases: one in which
Zgis/ Raisk = 0.2, which is the approximate vertical height of the disk
photosphereinref. 14, and the other z4, /R4 = 0, at the disk midplane,
which provides an outer limit despite being unphysical given the
optical depth of theinner disk. Increasing the absorption height pushes
theradius closer to the star. Turbulent contributions to the linewidth
would push the radii farther out in the disk. Typical values for turbu-
lence in the inner disk range from 7 to 15 km s™ in hot, approximately
1,500 K H,0 and CO overtone emission”, but our temperatures are
substantially less than that for all absorption bands.

To determine whether the SiO absorption originates in the jet, we
fit a Gaussian profile to bright and well-resolved v=1- 0 transitions
of SiO between 7.9 and 8.5 pm and compute the velocity offset from
the barycentric rest-frame wavelength of each transition, the results
of whichareshownin Extended DataFig. 1. The mean velocity offset is
6.7 +1.2 km™, with the uncertainty calculated from the standard error in
the mean of g/N, with Nthe number of lines fit. Converting to the LSRK
reference frame, this is -10.6 + 1.2 km s, consistent with an infrared
SiO originin the disk rather than in the high-velocity jet.

ApartfromH,, the only detected molecular emissionisthe CO over-
tone band at 2.3 pm, which we similarly fit with a Bayesian method.
However, the emitting radius Ris an extra parameter and AVis fixed to
thebest-fit value of the >)CO absorption of 37.7 km s, necessitated by
severe line blendingin the bandhead. This value is physically motivated
ifthe overtone emission probes the outflowing CO launched fromthe
inner edge of the thermostat region.

H,0.Fourbands of gaseous H,O are present in these spectra, three of which
arefitin Extended DataFig. 4. The ro-vibrational water bandsat 2.5-3.0 pm
and 5-6 pm and the rotational water at 15-17 pum all trace a reservoir of
warmgas between400 and 525 K and column densities of 10*-10" cm ™2
The two colder bands trace higher column densities between 0.3. and
0.6 Au of the star. By contrast, the hotter band traces less dense material
nearly 11 Auaway but closer to the disk photosphere, based onits weaker
optical depths.

C,H, and HCN. The absorption bands of C,H, and HCN gas both
probe warm gas near 0.1 AU from the star at temperatures between
500 and 700 K but at columns of 10-10" cm™, shown in Extended
Data Fig. 5. Despite the excellent SNR of these data, there are large
uncertainties on the C,H, fit in particular, owing to the weakness of
the features. Their weak optical depth indicates that these mole-
cules probably originate near the disk photosphere, consistent with

their predicted location from 2D disk chemical models for emission
spectra®,

CO,. The 4.27-pum gas absorption traces higher temperatures and
lower column densities than the 15.3-um band, 351 K and 10”7 cm™2 at
0.40 AU versus 124 K and 10" cm™ at 18.11 Au, respectively (Extended
DataFig. 6), opposite to the pattern seen for water. This may indicate
that more of the carbon budget is carried by the CO, gas at 18 Au, sub-
limated fromthe H,0:CO, ice, whereas alarger fraction of the gaseous
carbon at 0.40 Aumay be carried by CO.

CO. The CO fundamental gas band shows several absorption compo-
nents (Extended DataFig. 7). We fit the unblended *CO component and
asingle CO component at 646 K and 9.14 x 10 cm2and 1,181 K and
7.39 x 10" cm™, respectively. The temperature of the 2CO is consist-
ent with gas at the upper, low-density end of the silicate sublimation
front in mature protoplanetary disks', consistent with the radius of
0.16 £ 0.01 AUimplied by its best-fitting AV value. Converting the ®*CO
column, located at 0.17 + 0.02 AU, to >CO, assuming the interstellar
ratio”?, yields a column of 6.30 x 10" cm, confirming that these CO
components probe downward through vertical structure in the tem-
perature inversion layer at similar radii.

However, our fits also demonstrate the presence of further, optically
thick temperature components, bothawarm*CO not found by our mod-
elsand, intheresiduals of this fit,amissing cold >*CO component, T< 40K,
that may correspond to the disk wind seenin ALMA 2CO emission or the
protostellar hot core” (see Extended Data Fig. 7 and Supplementary
Fig.11). However, the high optical depth of the cold CO linesis difficult to
reconcile with the observations without avery large AVthatis ruled out
by the line profiles. This suggests that the covering fraction of the con-
tinuum against which the hot and cold components are absorbing may
be spatially different owing to the geometry of the systemand, therefore,
the optical depth of the cold component may be lower than we derive
using the present continuum. Higher temperature outflowing mate-
rial may potentially contribute to the CO overtone emission at 2.3 pm;
the best-fitting emitting radius of 0.54 Au, high temperature of 3,775 K
and high density of 2.40 x 10* cm™ suggest that it traces not only the
superheated diskatmosphere above theinversionlayerbutalso the same
outflowing material probed by the H, emission seen by ref. 18. However,
because the CO gas and outflow structure is not the scientific focus of
this paper, we leave amore complex model of the different components
to afuture work.

Disk silicate retention calculation

The column densities of COand SiOin the jet are Neg ., = 1.52 x 10" cm ™
and Ny o = 2.78 x 10" cm™, respectively, leading to (Si/C),, = 2.4 X107,
oronly 1.7% of the expected Si, assuming cosmic Si/C. Because the jet
abundances should reflect the abundance at the jet launching radius
inthedisk, whichisjustinterior to thesilicate sublimation radius, the
silicon depletion of the jet suggests that 98.3% of the silicon is being
retained in the disk as condensed silicates, whereas the carbonis fully
launched into the jet as CO gas.

Data availability
Theoriginal dataare publicly available through the JWST MAST archive

and ALMA archives. Our version of the 1D extracted spectrais on Zenodo
at https://doi.org/10.5281/zen0d0.15556630 (ref. 74).
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licly available on GitHub: https://github.com/willastro/ENIIGMA-
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Extended Data Table 1| Results of infrared dust fitting

Name Material

Nsolid [X 1017 CmiQ]

M5(w)  M4(w)  Mb(s)  M4(s)
Forsterite Mg2SiO4 1.3§;§ 1.21-3 2.0%% 1.41-§
Enstatite MgSiOs 3.72;8 4.831% 4.13;8 4.439
Silica a-SiO2 1.41-§ - 2.75°% -
Interstellar ~ ‘GCS3’ 1718 1819 1616 1819
Blended ice  H0 4042 4374 3949 4142
Blended ice  COg 3133 3.233 2.852 3.05:%
Nenstatite/Nforsterite 28?8 40%(13 205%% 31%2
X2 7.28 8.13 6.71 14.37
AIC 1729  16.14  16.72  22.37

The top rows list for each mineral the material, the reference for the laboratory data and the
column density, N4, found from each of the four models we considered (see Methods).
GCS3 refers to Galactic Center Silicates 3 (see Methods). The bottom rows list the ratio of
enstatite to forsterite, along with the reduced chi-squared, )(,2, and AIC values for each of
the four models. We report 3o confidence intervals, not uncertainties.
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Extended Data Table 2 | Results of infrared molecular gas fitting

Molecule A T N AV R
[ppm] (K] [em™2]  [km s~ [a]
Absorption
Sio 7.8-8.6 472578 4.62375x1018 13.4135  1.07-1.24
CaHa 13.7 7151992 5.931%10x1015 45.959-4  0.09-0.10
HCN 14 517535 2.732:25x1016 58.151'%  0.06-0.07
H20 2.7-3.0 401302 4.20423x101° 24.4235  0.32-0.37
H20 5-7 443395 2.642:95x1019 20.6;8]5 0.46-0.52
H20 15-17 524235 2.713:37x1018 453398 9.4-10.7
CO2 4.2-4.4 351333 1.811:81x1017 23.623-1  0.35-0.39
CO2 14.7-15.5 124797 1.232:38x10'° 351341 15.7-17.9
2co 4.4-5.1 118114188 7.397-81x10'® 37.7351  0.14-0.15
13C0 4.4-5.1 646552 9.142:32x1017 36.1352  0.15-0.17
Emission
1200 2.20-2.4 37543800 2.402:43x102!  fixed 37.7  0.5433:351

For each molecular band, we report its observed wavelength range and modelled temperature, column density, linewidth and range of disk radii in astronomical units (au) implied by that
linewidth, assuming disk Keplerian motion and no turbulence, for two limiting cases of the disk atmosphere and disk midplane, respectively. The CO emission band radius was determined
differently from the absorption radii (see Methods). We report 1o confidence intervals, not uncertainties.
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