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Big question
What is the origin of the diversity and habitability of exoplanets?

Census to be continued with:

Super-Earth (and 
sub-Neptune) ~50%

   Hot Jup.~1% Warm Giant ~10% Cold giants ~6%

Roman
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Disks: the birthplace of planets
Physical and chemical structure of disk determines which planet forms

Star

Rocky planetsDust

Gas Gas giants

Dust

rich in carbon

Disk

distance in AU (Astronomical Unit: Earth-Sun)
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End-product: populations of exoplanets

Planet formation 
models
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Challenge: linking exoplanet properties to their formation history

What is the physical, chemical, and dynamical 
evolution of disks?
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50 au

JWST ALMA

ALMA/NOEMA
Inner most disk 

=> hot Jupiter (rare) 
=> Super-Earth/mini-Neptunes

Inner disk 
=> majority of giant planets!

Outer disk 
=> rare giant planets on wide orbit

The need for a panchromatic view of planet-forming disks

1 au 10 au 100 au
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Linking exoplanet to disks: fundamental disk parameters
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How the gas reservoir evolves? 
How is angular momentum transported?

• Total gas mass remains poorly known even with ALMA 
• Accretion-ejection processes controls the mass budget and all the steps of planet formation and migration!

Radial transport via MRI turbulence  
= paradigmatic model for planet formation

0.1 UA 1 UA 10 UA

Vertical transport 
MHD disk-wind

Dead-zone 

~1-10au
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What sets the evolution of the disk mass?
Complete survey of dust emission in all nearby star-forming regions + accretion rate 

=> first constraints on the mechanisms driving evolution  
=> BUT fast pebble drift can strongly bias our gas mass estimates556 Manara, Ansdell, Rosotti, Hughes, Armitage, Lodato, and Williams

4.1.4. The Relation Between Mass Accretion Rates and
Disk Dust Mass

As reported in §3, the models describing disk evolu-
tion predict how the mass accretion rate is related to the
global disk mass. In particular, it has long been recognized
that viscous evolution models predict a tight correlation
between these two quantities (e.g., Hartmann et al. 1998;
Dullemond et al. 2006). The range of disk masses and mass
accretion rates available was insufficient to show a corre-
lation between these two quantities in the past (e.g., Hart-
mann et al. 1998; Najita et al. 2007) but initial empirical
suggestions of a linear correlation between these two quan-
tities appeared when including Herbig Ae/Be stars in the
sample (Mendigutía et al. 2012). The larger samples pro-
vided by ALMA and spectroscopic surveys have recently
revealed that the relation between disk dust mass and accre-
tion rates in the TTauri star range is slightly sub-linear in the
young Lupus and Chamaeleon I star-forming regions (Man-
ara et al. 2016; Mulders et al. 2017). Protoplanetary disks in
older star-forming regions, like Upper Scorpius, also follow
the same relation, although with higher Ṁacc values at low
disk dust masses than expected from simple viscous evolu-
tion models (Manara et al. 2020), but still within the spread
observed in the other younger regions. This spread of →1
dex is typically distributed around the line Mdisk/Ṁacc=1
Myr, as shown in Fig. 7 and does not appear to be due to
the dependence of both parameters on Mω (Mulders et al.
2017).

Finally, initial results on this relation in the brown dwarf
regime suggests that these objects are located systemati-
cally in the lowest part of the distribution (Sanchis et al.
2021), but the sample size is still limited.

Following the discussion of §3.2.1, the relation between
Mdisk and Ṁacc is a natural consequence of the viscous sce-
nario in the limit of t↑ tε (Jones et al. 2012; Rosotti et al.
2017), with a normalization that should be roughly equal
to the age of the region and that, crucially, does not de-
pend on the value of the viscosity. This is roughly what
is observed in Lupus (Manara et al. 2016) and Chameleon
(Mulders et al. 2017), but population studies (Mulders et al.
2017; Lodato et al. 2017) show that there is information en-
coded also in the scatter of this relation. For a population of
viscously evolving disks, the correlation is established af-
ter roughly a viscous time, and the spread of the correlation
should reduce with time, until eventually becoming negli-
gible. The relatively large spread observed in Lupus there-
fore rules out the hypothesis that the viscosity is high and
the viscous time correspondingly short (Lodato et al. 2017),
pointing to typical values of tε→1 Myr, which translates into
ϑ→ 5↓10↔4h↔2

0.1R3/2
10 , where h0.1 is the aspect ratio in units of

0.1 and R10 is the initial disk size in units of 10 au.
A key prediction of viscous evolution is that, when

Fig. 7.— Mass accretion rate vs. 100 times the disk dust mass
obtained using the data from Table 1. The dashed line shows a
ratio of Mdisk/Ṁacc=1 Myr. Colors as in Fig. 4.

observing older regions such as Upper Scorpius, the nor-
malization of the correlation should decrease and the ob-
served spread should become smaller. As mentioned, this
is however not observed (Manara et al. 2020). As shown by
Sellek et al. (2020b), these results can be reconciled with
viscous theory when taking into account that disk masses
are measured through the continuum flux. At the age of Up-
per Scorpius the dust has undergone significant radial drift,
leading to an apparent reduction of the measured disk mass
and increasing the spread of the correlation. The inclusion
of other processes, such as internal photo-evaporation, also
tends to increase the scatter in the correlation (Rosotti et al.
2017) and is theoretically needed to reproduce the lowest-
mass accretion rates observed (Somigliana et al. 2020).
Theoretically, it is also expected that photo-evaporation
should disperse low disk masses more rapidly, leading to a
counter-intuitive increase of the average disk mass in the re-
maining disk population (Somigliana et al. 2020). However,
both the disk mass (see §4.1.3) and the photo-evaporation
rate (Alexander et al. 2014; Picogna et al. 2021) scale
strongly with the stellar mass, although the importance of
this effect has not yet been explored in a population study.

Regarding the MHD wind scenario, there is no general
expectation that the Mdisk-Ṁacc correlation should hold as
for the viscous scenario. It is still possible, however, to re-
produce the correlation provided that one chooses suitable,
ad hoc initial conditions, as done by the initial investiga-
tion of Mulders et al. (2017) and shown also by Shadmehri
& Ghoreyshi (2019). More recently, Tabone et al. (2022a)
looked in detail at this problem. They showed that, both
for the simple model presented in §3.2.2 and for a more

Figure 2. 890 μm continuum images of the 61 Lupus disks detected in our ALMA Cycle 2 program (this excludes Sz 82, which was observed by Cleeves et al., in
preparation), ordered by decreasing continuum flux density (as reported in Table 2). Images are 2″ × 2″ and the typical beam size is shown in the first panel.
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The Astrophysical Journal, 828:46 (15pp), 2016 September 1 Ansdell et al.

Ansdell+2013

Manara+2023

Dust mm emission in the Lupus disks



How to measure gas mass?
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growth is ongoing beyond the midplane CO snowline (Krijt
et al. 2018). Protostellar disks are expected to be warmer than
protoplanetary disks due to their higher accretion luminosity
and surrounding envelopes (Harsono et al. 2015). In our
models, the CO snowlines are beyond the mm disks in HL Tau
and DG Tau, and beyond 60 au in TMC1A. If the disk is
warmer than the CO condensation temperature in most of its
mass region, little CO would be depleted even if significant
dust growth already occurs. This is most clearly seen in the HL
Tau disk. It has substantial dust growth into mm- to cm-sized
particles, but its disk-averaged abundance of the CO gas is
nearly the ISM value.

In summary, the ISM level CO abundances measured in
protostellar disks indicate that no more than half of the initial
CO gas is depleted at the earliest stage. Dust growth at this
stage cannot efficiently deplete the CO abundance due to the
lack of CO freeze-out under the warm disk condition. Chemical
processing can still be at work if sufficient ionization is
provided, and thus may play an important role at the beginning
of the CO depletion processes. But the known chemical paths
of CO processing also become inefficient in regions warmer
than 30 K (Bosman et al. 2018). To explain the fast evolution
of the CO abundance, a coupling of physical and chemical
processing may be necessary to accelerate the depletion
processes.

4.3. Comparing Radii of Gas and Dust Emissions of
Protostellar Disks

The emitting radii of (sub)mm-continuum and CO lines of
protoplanetary disks typically appear to differ by a factor of 2

or more (Andrews et al. 2012; Ansdell et al. 2018). This
discrepancy is often attributed to fast radial drift of dust grains
into the inner disk region (Birnstiel & Andrews 2014; Trapman
et al. 2019). In our models of the three protostellar disks, we
find that models with similar disk sizes of gas and mm-sized
dust can better reproduce the observations than that with disk
size separations. The lack of size difference can be attributed to
neither a lack of dust growth nor a timescale problem. All three
disks are known to have a significant amount of dust growth
into mm or larger sizes, and dust growth models show that the
dust and gas disks can differ by a factor of 2 within 105 yr
(Birnstiel & Andrews 2014). The lack of size difference hints
that the retention of mm-sized dust particles in protostellar
disks can be different from protoplanetary disks. For example,
Bae et al. (2015) showed that protostellar infall can trigger the
Rossby wave instability and form vortices that efficiently trap
dust particles in prostellar disks.

4.4. CO as a Gas Mass Tracer of Protostellar Disks

The determination of masses of gas-rich disks around young
stars is crucial for nearly all aspects of planet formation. So far,
HD is the most robust gas mass tracer, but it has only been
detected in three protoplanetary disks and is challenging to be
used for protostellar disks. Low J-lines of HD (J=1, 2) emit
at far-infrared wavelengths (>50 μm), where the dust emission
of the envelope is strong and optically thick.
Given the relatively narrow range of CO gas abundances

seen in protostellar disks, we propose that CO may still be a
good mass tracer in warm protostellar disks. This is consistent
with current theoretical expectation that CO processing through

Figure 3. CO gas abundance measurements in protostellar and protoplanetary disks. The protostellar disks (<1 Myr) and protoplanetary disks (1–10 Myr) are in red
and blue, respectively. The filled circles are for individual disks and the squares for averaged values of star formation regions. For individual sources, the error bars
indicate the expected uncertainties. For star formation regions, dashed lines indicate the full ranges of CO abundances found in each region. The TMC1A, HL Tau, and
DG Tau data are from this work, and the Oph-IRS67 from Artur de la Villarmois et al. (2018). The DM Tau, IM Lup, HD 163296, and TW Hya data are from disk
average CO abundances of Zhang et al. (2019). The J160900–190852 and J160823–193001 data point is from Anderson et al. (2019). The data of Lupus and
Chamaeleon I region are from Ansdell et al. (2016) and Long et al. (2017), respectively. The relative ages of the protostellar systems are based on their spectral energy
distribution (SED) shapes (Robitaille et al. 2007). All data assumed a gas-to-dust mass ratio of 100.
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The Astrophysical Journal Letters, 891:L17 (7pp), 2020 March 1 Zhang, Schwarz, & Bergin

Zhang+2020

See also


Favre+2013

Miotello+2017


• mm dust emission: subject to radial drift => the gas-to-dust ratio is unknown!

• H2: first rotational levels too high in energy=> trace only warm gas (>200 K)

• CO rotational lines but need N2H+ to estimate the CO abundance!

Pebbles tend to drift inward due to gas drag
Evidence of CO depletion in outer disk

From Testi+2013
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Unbiased survey of disk populations in CO and N2H+ 
=> median disk mass drops by one order of magnitude within the first 2Myr 
=> favor MHD wind driven accretion

Early age 
t=0

Middle age 
t~2-3Myr

Old age 
t~5-10Myr

Toward a global view of disk at population level

CO emission from AGE-PRO large programme AGE-PRO:I. overview 13

Figure 9. Comparison of median disk property comparison among the Ophiuchus, Lupus, and Upper Sco star forming regions.

Table 3. AGE-PRO data format

Type Format

visibility [Region] [ind] [Name] [molecule] [freq]GHz [dv]kms bin 30s.selfcal.ms.contsub.cvel

e.g., Lupus 2 GW Lup 12CO 230GHz 0.1kms bin 30s.selfcal.ms.contsub.cvel

Image cube [Region] [ind] [Name] [molecule] [freq]GHz [dv]kms robust[robust value] [beam]arcsec.circ.pbcor.fits

e.g., Lupus 2 GW Lup 12CO 230GHz 0.1kms robust0.5 0.4arcsec.circ.pbcor.fits

Moment 0 [Region] [ind] [Name] [molecule] [freq]GHz [dv]kms robust[robust value] [beam]arcsec.circ.pbcor.M0.kepmask.fits

e.g.,Lupus 2 GW Lup 12CO 230GHz 0.1kms robust0.5 0.4arcsec.circ.pbcor.M0.kepmask.fits

Continuum image e.g., Lupus 2 GW Lup CONT 220GHz robust0.5 0.4arcsec.circ.pbcor.fits

lar objects with IR excess at older star-forming regions
was used as a signal of disk evolution. The existing
ALMA surveys of di↵erent star forming regions were
based on sources with known IR excess/accretion trac-
ers (e.g., H↵) (e.g., Ansdell et al. 2016; Barenfeld et al.
2016). Narrow down to sample in M3-K6 spectral type,
we found Lupus and Upper Sco regions have CO (2-1)
or (3-2) detection rates of 78% and 56%, respectively
in previous snapshot surveys. The AGE-PRO samples
were selected to represent the millimeter dust luminos-
ity range in the selected stellar spectral type range. The

median mm luminosity of Upper Sco sample is 4.2 times
lower than that of the Lupus region, but the median gas
disk mass is comparable. The di↵erence suggests that
the gas and dust disk masses do not evolve at the same
timescale.
Another question is that how much the Upper Sco

sample is influenced by external photoevaporation, since
there are higher UV radiation field on average in the
Upper Sco region compared to that of the Lupus re-
gion. Anania et al. AGE-PRO 2024 discussed the e↵ect
of external photoevaportion on the Upper Sco sample

AGE-PRO:I. overview 11

Figure 6. 12CO (2-1) moment zero images of the AGE-PRO sample.

description on the focus of individual papers and a guid-
ance on how the results fit together in the picture of
understanding gas evolution in protoplanetary disks.
add short descriptions of individual papers

8. DISCUSSION

The discussion texts are still pretty much my

thought processes ... Just look at the subsection

titles rather than the texts...
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description on the focus of individual papers and a guid-
ance on how the results fit together in the picture of
understanding gas evolution in protoplanetary disks.
add short descriptions of individual papers

8. DISCUSSION

The discussion texts are still pretty much my

thought processes ... Just look at the subsection

titles rather than the texts...

Median gas mass inferred  by AGE-PRO

Zhang et al. in prep

Trapman et al. in prep

Tabone et al. in prep

12 Tabone et al.

Figure 7. Best fit MHD-DW model for ω = 0.25 (left) and ω = 0.5 (right) compared with the observations. The top panels show the total
disk gas mass, the middle panels the accretion rates, and the bottom panels the CO disk size. Individual sources are represented by dots and
the corresponding median with uncertainties by colored boxes. AGE-PRO measurements are from Trapman (2025a) (top panels) and Trapman
(2025b) (bottom panels) whereas the accretion rates compiled by Manara et al. (2023) for Lupus and estimated by Fang et al. (2023) in Upper
Sco. The grey shaded areas depict the 1st and 3rd quartiles of synthetic sub-populations made of 10 disks. This allows us to depict the
uncertainties related to the limited size of the samples. The synthetic populations are made of 2,000 disks. We stress that the medians include
the survivor bias since they are calculated over the disk-bearing sources of the synthetic population.

Figure 8. Illustration of the method used to constrain the median
mass-loss rate < ṀPEW > from the disk fraction, assuming a fixed
value of R0, < M0 > , and < tε,0 > . The predicted disk fraction
as defined by non-accreting disks is shown in solid line for various
values of the median mass-loss rate. The other population parame-
ters are indicated in the top left. The fitted values of < ṀPEW > for
R0 = 10 au and a wide range of < M0 > and < tε,0 > are provided in
Fig. 9. The data compiled by Fedele et al. (2010) are in blue.

and longer viscous timescale < tε,0 > . The mass-loss rate is
also relatively insensitive to the initial disk size < R0 > solely
but on the viscous timescale < tε,0 > , which is the ratio be-
tween the initial characteristic size R0 and ϑS S . Interestingly,
the increase in the mass-loss rate < ṀPEW > with < tε,0 > is
steeper above < tε,0 >→ 2 Myr. This is because, for very low
values of ϑS S (i.e., long tε,0), the timescale to drain the inner-
most regions of the disk becomes of the same order of mag-
nitude as the dispersal timescale. Therefore, the outer disk,
where the photoevaporative wind is emitted from, needs to be
very quickly dispersed, explaining the steep increase in wind

mass-loss rate2 with tε,0. Even longer viscous timescales are
excluded since they lead to too long dispersal time due to
the long lifetime of the inner regions that are not affected by
photoevaporation.

3.2.2. Accretion rates

The constraints on the median mass-loss rate obtained
from disk fraction are converted into median initial accre-
tion rates in Fig. 9-b for a reference initial disk size of
< R0 >= 10 au. The initial < Ṁ↑ > scales as ↓ t↔1

ε,0 since
< Ṁ↑ > =< M0/2tε,0 > and since the mass loss-rate does
not influence the initial accretion rate. In Fig. 9-c, we fur-
ther plot the median accretion rate of each synthetic popu-
lation after 2 Myr. Due to the decline of the accretion rate
of each disk, the median accretion rate is shown to drop be-
tween t = 0 and 2 Myr. The drop is more pronounced for
short viscous timescales due to the faster disk evolution. We
also note that photoevaporation tends to disperse the lightest

2 We recall here that the parameter ṀPEW is an effective mass-loss rate used
to scale the Σ̇PEW profile. When a disk is compact, which is the case for
long tε,0 and small R0, the true mass-loss rate is smaller.

Population synthesis models favor MHD 
wind driven accretion!



HD unique tracer of gas mass to superseed CO/N2H+ and dust emission-based estimates 
=> HD(1-0) probes a good fraction of gas (Eup~130K) 
=> But sensitive to the thermal structure of the disk requiring complementary constraints

Primary science goal of PRIMA: gas mass with HD
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Figure 1: Herschel detection of Hydrogen Deuteride in the TW Hya protoplanetary disk. (a)

The fundamental J = 1 ! 0 line of HD lies at ⇠112µm line. On 20 November 2011 it was detected towards

the TW Hya disk at the level of 9�. The total integrated flux is 6.3± 0.7⇥ 10�18 W m�2. We also report a

detection of the warm disk atmosphere in CO J = 23 ! 22 with a total integrated flux of 4.4±0.7⇥10�18

W m�2. The J = 1 ! 0 line of HD was previously detected in a warm gas cloud exposed to radiation

from nearby stars27 by the Infrared Space Observatory. Other transitions have also been detected in shocked

regions associated with supernova and outflows from massive stars28, 29. (b) Simultaneous observations of

HD J = 2 ! 1 are shown. For HD J = 2 ! 1 we find a detection limit of < 8.0⇥ 10�18 W m�2 (3�). We

also report a detection of the OH 2⇧ 1
2

9

2
! 7

2
doublet near 55.94 µm with an integrated flux of 4.93± 0.27

⇥10�17 W m�2. The spectra include the observed thermal dust continuum of ⇠ 3.55 Jy at both wavelengths.
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Bergin+2013
Trapman+17

A&A 605, A69 (2017)
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Fig. 2. Left panel: integrated line flux (calculated at 140 pc) of the HD 1–0 transition as a function of disk mass. The points show the median flux
of the models in that mass bin. The blue shaded region shows fluxes between the 16th and 84th percentiles in the same mass bin. The blue line
shows the fit of Eq. (6) using the values from Table 3. Right panel: integrated line flux (calculated at 140 pc) of the HD 2–1 transition as a function
of disk mass.

Table 2. DALI parameters of the physical model.

Parameter Range
Chemistry
Chemical age 1 Myr
[D]/[H] 2 ⇥ 10�5

Physical structure
� 1.0
 [0.1, 0.2, 0.3, 0.4, 0.5]
hc [0.05, 0.1, 0.2, 0.3] rad
Rc 35 AU
Rout 200 AU
Mdisk 2.6 ⇥ 10�5, 2.6 ⇥ 10�4, 7.7 ⇥ 10�4,

2.6 ⇥ 10�3, 7.7 ⇥ 10�3, 2.3 ⇥ 10�2

7.7 ⇥ 10�2, 2.6 ⇥ 10�1 M�
Dust properties
Gas-to-dust ratio 200
flarge 0.99
� 0.2
fPAH 0.001
Stellar spectrum1

type T Tauri
LX 1030 erg s�1

LFUV 2.7 ⇥ 1031 erg s�1

L⇤ 0.28 L�
⇣cr 10�19 s�1

Observational geometry
i 6�
d 140 pc

Notes. Bold numbers denote the best fit values for TW Hya
from Kama et al. (2016b). The deuterium fraction was taken from
Prodanović et al. (2010). (1) Spectrum of TW Hya (Cleeves et al. 2015).

di↵use ISM to find ([D]/[H])ISM � (2.0 ± 0.1) ⇥ 10�5 for the lo-
cal ISM (i.e. within ⇠1�2 kpc of the Sun). The uncertainties due
to the error on the assumed [D]/[H] found by Prodanović et al.
(2010) are much smaller than the spread in HD fluxes due to
the disk structure. For older star forming regions, such as Orion,
the deuterium abundance is lower because a fraction of the deu-
terium has been burned up in the cores of stars (Wright et al.
1999; Howat et al. 2002).

3. Results

3.1. HD flux versus disk gas mass

The first step in investigating the viability of HD as a tracer of
the disk gas mass is examining the behaviour of its emission un-
der variations of the gas mass. This is presented in Fig. 2, where
the integrated HD 1–0 and 2–1 line fluxes are plotted as func-
tions of disk mass. In the left panel of Fig. 2 the blue dots shows
the median HD 1–0 flux for each disk mass, while the coloured
region presents fluxes between the 16th and 84th percentiles in
each mass bin. The HD 1–0 line flux increases with mass, fol-
lowing a linear dependence in log-log space for the low mass
disks (Mdisk  10�3 M�).

Towards the high mass regime, the relation flattens. There are
two reasons for this change in behaviour. For disk masses above
0.001 M� the HD 1–0 line emission starts to become optically
thick, which means that the HD emission no longer traces the full
gas reservoir. In addition, high mass disks have larger densities,
which decreases the gas temperature in the disk. Miotello et al.
(2016) found a similar decrease in line luminosity for 13CO and
C18O in high mass disks, which they attributed to optical depth
for 13CO and increased freeze-out for C18O.

The right panel of Fig. 2 shows that the flux-mass relation for
the HD 2–1 line is flatter compared to HD 1–0. This is likely due
to increased temperature dependence of the HD 2–1 line com-
pared to the HD 1–0 line. The increased temperature dependence
is reflected in the increased sensitivity of HD 2–1 to the vertical
structure of the disk, as indicated by the large flux variations in
each mass bin.

The behaviour of the flux-mass relation can be expressed
with an analytical relation, such as

FHD =

(
A (Mdisk/Mtr)↵, if Mdisk  Mtr

A + B log10 (Mdisk/Mtr), otherwise
(6)

where Mtr is defined as the mass where the flux-mass relation
starts to flatten.

This model was fitted to the median fluxes of both HD lines.
The resulting coe�cients can be found in Table 3. The power-
law slopes for both HD lines are sublinear. This is likely a result
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defined below. The SEDs of all 3000 models (without the
addition of white noise) are fitted to the noise-added SED of
Model 414 and χ2 values are evaluated for four different
wavelength ranges: the UV/blue range from 918 to 2000 Å,
visible/near-infrared range from 0.4 to 1 μm, far-infrared range
from 30 to 200 μm, and submillimeter/millimeter range from
0.3 to 6 mm. We resample the SEDs to have resolving powers
of 20, 20, 30, and 50 for UV/blue, visible/near-infrared, far-
infrared, and submillimeter/millimeter SEDs, respectively.

The χ2 value indicates the goodness of the fit but does not
provide the probability. To determine the probability of the
disk gas mass in conjunction with the χ2 value, we need to
determine a weight that quantifies the goodness of the SED fit
of each model within 0–1 and estimate the PDFs using
Gaussian KDE. This is done by using the cumulative χ2

distribution function instead of the χ2 distribution function.
The χ2 distribution function gives the probability of a particular

χ2 value. This probability shows how frequently the particular
χ2 occurs. The weight for Gaussian KDE is the rank of the
given χ2 value convolved with the probability of each χ2 value
so that the perfect fit will have a weight of 1 while χ2=∞
returns 0. This can be estimated using the cumulative χ2

distribution function since it returns the cumulative probability
of the χ2 distribution from χ2= 0 (perfect fitting but
overfitting) to a given χ2 value. This function returns 0 when
χ2= 0 and 1 when χ2=∞. Therefore, we give the weight of
each model from the SED fitting as 1− CDF(χ2, Df), where
CDF is the cumulative χ2 distribution function and Df is the
number of degrees of freedom. The right panel of Figure 9
shows the HD flux as a function of the disk gas mass, with the
colors representing the PDF of the far-infrared SED fitting.
Figures 10 and 11 show the HD fluxes as a function of the

disk gas mass with contours indicating the 1σ uncertainty of the
SED fitting at disk inclinations of 45° and 0°, respectively. The

Table 4
Parameters of Five Models

Parameter Model 414 Model 1251 Model 2346 Model 6033 Model 6042

Stellar mass, M* [Me] 0.66 0.72 0.69 0.29 0.86
Central star luminosity, L* [Le] 1.28 1.07 0.36 0.41 1.50
Central star temperature, L* [K] 4084 4125 3944 3425 4299
UV fraction, FUV [10−2] 0.01 0.0003 0.08 1.06 0.0014
Cosmic-ray flux, FCR [10−19 cm−2] 0.4 0.15 0.27 6.35 2.68
ISRF, FISM [G0] 2.04 0.06 0.97 0.78 3.13
Dust/gas ratio, ρd/ρg 0.0130 0.029 0.013 0.016 0.089
Disk mass [Me] 0.106 0.0010 0.052 0.0053 0.011
Disk inner radius, Rin [au] 0.50 4.65 2.3 0.13 0.99
Disk outer radius, Rout [au] 401 272 184 258 474
Disk surface density power, γ 1.13 0.82 1.21 1.39 1.41
Disk vertical scale height, H0 [au] 14.7 18.2 10.0 16.3 17.8
Flaring index, f 1.67 1.25 1.65 1.46 1.31
Vertical viscosity, αv [10−3] 0.286 1.29 70 0.981 0.65
Dust size power-law index, β 3.84 3.59 3.50 4.13 3.84
Smallest dust size, amin [10−3 μm] 2.0 26 14 35 3.9

Figure 9. SED of Model 414 (left) and the HD flux at 112 μm as a function of the disk gas mass with the colors of the scatter points denoting the relative PDF based
on the SED fitting (right). Model 414 is assumed to be the observed SED after adding a certain amount of white noise. The red contour is the 1σ uncertainty when the
noise-added SED of Model 414 is fitted to the 3000 models. The S/N of the Model 414 SED is 10 in every channel. The orange and red lines are the true solutions of
the HD flux and the disk gas mass of Model 414, respectively. The 1σ uncertainty of the disk gas mass using the observed SED and the HD flux is evaluated by the
length of the orange line intersecting the red contour. The disks have inclinations of 45° and are at a distance of 140 pc.
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The elemental abundances of the gas and in solids (dust+ice) vary in time and space 
=> opportunity  to constrain the formation history of planets (e.g., ARIEL) 
=> large number of processes setting the disk elemental abudances at place 
=> need to characterize the chemical makeup of disks across space and time

Linking exoplanet to disks: the era of chemistry

Oberg+2011



Probing the outer disk with ALMA (and NOEMA)

12

Dust emission (mm)

Credit: MAPS ALMA Large Programme, PI: K. Oberg



The chemical composition of outer disks

13

growth is ongoing beyond the midplane CO snowline (Krijt
et al. 2018). Protostellar disks are expected to be warmer than
protoplanetary disks due to their higher accretion luminosity
and surrounding envelopes (Harsono et al. 2015). In our
models, the CO snowlines are beyond the mm disks in HL Tau
and DG Tau, and beyond 60 au in TMC1A. If the disk is
warmer than the CO condensation temperature in most of its
mass region, little CO would be depleted even if significant
dust growth already occurs. This is most clearly seen in the HL
Tau disk. It has substantial dust growth into mm- to cm-sized
particles, but its disk-averaged abundance of the CO gas is
nearly the ISM value.

In summary, the ISM level CO abundances measured in
protostellar disks indicate that no more than half of the initial
CO gas is depleted at the earliest stage. Dust growth at this
stage cannot efficiently deplete the CO abundance due to the
lack of CO freeze-out under the warm disk condition. Chemical
processing can still be at work if sufficient ionization is
provided, and thus may play an important role at the beginning
of the CO depletion processes. But the known chemical paths
of CO processing also become inefficient in regions warmer
than 30 K (Bosman et al. 2018). To explain the fast evolution
of the CO abundance, a coupling of physical and chemical
processing may be necessary to accelerate the depletion
processes.

4.3. Comparing Radii of Gas and Dust Emissions of
Protostellar Disks

The emitting radii of (sub)mm-continuum and CO lines of
protoplanetary disks typically appear to differ by a factor of 2

or more (Andrews et al. 2012; Ansdell et al. 2018). This
discrepancy is often attributed to fast radial drift of dust grains
into the inner disk region (Birnstiel & Andrews 2014; Trapman
et al. 2019). In our models of the three protostellar disks, we
find that models with similar disk sizes of gas and mm-sized
dust can better reproduce the observations than that with disk
size separations. The lack of size difference can be attributed to
neither a lack of dust growth nor a timescale problem. All three
disks are known to have a significant amount of dust growth
into mm or larger sizes, and dust growth models show that the
dust and gas disks can differ by a factor of 2 within 105 yr
(Birnstiel & Andrews 2014). The lack of size difference hints
that the retention of mm-sized dust particles in protostellar
disks can be different from protoplanetary disks. For example,
Bae et al. (2015) showed that protostellar infall can trigger the
Rossby wave instability and form vortices that efficiently trap
dust particles in prostellar disks.

4.4. CO as a Gas Mass Tracer of Protostellar Disks

The determination of masses of gas-rich disks around young
stars is crucial for nearly all aspects of planet formation. So far,
HD is the most robust gas mass tracer, but it has only been
detected in three protoplanetary disks and is challenging to be
used for protostellar disks. Low J-lines of HD (J=1, 2) emit
at far-infrared wavelengths (>50 μm), where the dust emission
of the envelope is strong and optically thick.
Given the relatively narrow range of CO gas abundances

seen in protostellar disks, we propose that CO may still be a
good mass tracer in warm protostellar disks. This is consistent
with current theoretical expectation that CO processing through

Figure 3. CO gas abundance measurements in protostellar and protoplanetary disks. The protostellar disks (<1 Myr) and protoplanetary disks (1–10 Myr) are in red
and blue, respectively. The filled circles are for individual disks and the squares for averaged values of star formation regions. For individual sources, the error bars
indicate the expected uncertainties. For star formation regions, dashed lines indicate the full ranges of CO abundances found in each region. The TMC1A, HL Tau, and
DG Tau data are from this work, and the Oph-IRS67 from Artur de la Villarmois et al. (2018). The DM Tau, IM Lup, HD 163296, and TW Hya data are from disk
average CO abundances of Zhang et al. (2019). The J160900–190852 and J160823–193001 data point is from Anderson et al. (2019). The data of Lupus and
Chamaeleon I region are from Ansdell et al. (2016) and Long et al. (2017), respectively. The relative ages of the protostellar systems are based on their spectral energy
distribution (SED) shapes (Robitaille et al. 2007). All data assumed a gas-to-dust mass ratio of 100.
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Evidence of a chemical conversion of CO in the outer disk and elevated C/O 
=> gas would be metal poor (low C/H, O/H) due to CO converted in less volatile species 
=> ices would carry significant fraction of O and C and be rich in O! 
=> requires vertical mixing of the gas but also potential radial transport of species



Unveiling the inner regions with JWST
Mid-infrared: inner < 1 au disk 

=> region where hot giant and most of the rocky planets are expected to form 
=> main C and O carriers observable + mineralogy of small grains

50 au

4 Grant et al.

Figure 2. The 13 to 17 µm range of the GW Lup spectrum, with the JWST-MIRI data (black) compared to a model (red)
composed of emission from C2H2 (yellow), HCN (orange), H2O (blue), 12CO2 (green), and 13CO2 (purple). The spectral
windows that are used in the �2 fit are shown as the bars at the bottom of the plot. The inset shows a zoom-in of the 13CO2

feature.

the line of sight column density N , the gas tempera-
ture T , and the emitting area given by ⇡R2. We include
emission from C2H2, HCN, H2O, 12CO2, and 13CO2.
For C2H2 and HCN, the model transitions are taken
from the HITRAN database (Gordon et al. 2022). The
H2O data is taken from Tennyson et al. (2001). Finally,
for 12CO2 and 13CO2, the data are those compiled by
Bosman et al. (2017). We vary the emitting radius, as
described below, and compute a synthetic spectrum in
Jy, assuming a distance to GW Lup of 155 pc. The
model spectrum is then convolved to a resolving power
of 2500, which is accurate for Channel 3 where the emis-
sion features are present (Labiano et al. 2021). Finally,
the convolved model spectrum is resampled to have the
same wavelength grid as the observed spectrum.
For each molecule, a grid of models was run with N

from 1014 to 1022 cm�2, in steps of 0.166 in log10-space,
and T from 100 to 1500 K, in steps of 25 K. The emit-
ting radius is varied from 0.01 to 10 au in steps of 0.03 in
log10-space. The best parameters are determined using
a �2 fit between the continuum subtracted data and the
convolved and resampled model spectrum. This �2 fit
is done in spectral windows which are selected to min-
imize emission from other species while still containing
features that help to constrain the fits (e.g., optically
thin lines and line peaks that are sensitive to tempera-
ture). The best-fit parameters are found first for C2H2,
HCN, and H2O using their relatively isolated features.
The best-fit models of those species is then subtracted

from the observed spectrum which is then used to fit
12CO2 and 13CO2. A common temperature is assumed
for 12CO2 and 13CO2 and a fixed abundance ratio of
68 is adopted based on the standard local interstellar
medium ratio (Wilson & Rood 1994; Milam et al. 2005).
The �2 maps are shown in the Appendix.

3. RESULTS

The best-fit model is shown in Figure 2 together with
the continuum-subtracted spectrum in the 13.6 to 16.3
µm range. The best-fit model parameters are given in
Table 1. The �2 maps show that at low column densi-
ties, in the optically thin regime, the column density and
emitting radius are completely degenerate (e.g., Salyk
et al. 2011). In the optically thick regime, the emitting
radius can more accurately be determined. The degen-
eracy between our three free parameters is reduced by
fitting a combination of optically thick and thin lines.
CO2 is well constrained with a temperature below 500

K and column densities between 1018 and 1020 cm�2.
For H2O, the fits at high column densities (&1018 cm�2)
tend to be less well constrained. For C2H2 and HCN (in-
cluding the 0200-0110 HCN hot-band Q-branch at 14.3
µm), the fits point to optically thin emission, with well
constrained temperatures of ⇠500 K and ⇠1000, respec-
tively. The column densities for C2H2 and HCN are de-
generate with the emitting radii in this optically thin
regime.

MIRI-MRS 
Model

Grant et al. 2023

H2OHCN
CO2

C2H2 13CO2
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Spectroscopy with JWST
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• VLMS disks show prominent C2H2, C6H6 and little H2O =/= Sun-like star with prominent H2O 
• Potential dependency on age with some O-rich VLMS disk which are also young 

=> the composition of exoplanet are likely highly dependent of the stellar mass!

17

Molecular makeup of inner disk depends on stellar mass

Sierra L. Grant and +++: MINDS. A transition from H2O to C2H2 dominated spectra with decreasing stellar luminosity

Fig. 3. The relationship between the flux ratio of C2H2 to H2O as a function of stellar luminosity. Objects with M→>0.2 M↑ are colored in blue
and represent our T Tauri sample, while those below are our VLMS sample and are shown in red. The two outliers around L→↓1 L↑ are DL Tau
and V1094 Sco, which will be analyzed in detail in Tabone et al. (in prep.). This trend is statistically significant with a p-value of 1.33↔10↗7.
Upper/lower limits (downward/upward triangles) are the 3ω limits. Errorbars are shown for the detections; in some cases the errorbars are smaller
than the points.

Fig. 4. Left: FC2H2 /FH2O as a function of the strength of the 10 µm silicate feature. For four of the VLMS, there is either no 10 µm emission or the
emission is coming from C2H4, therefore we adopt feature strength of 1 for these sources (denoted by open points). The outliers at a 10 µm band
strength of 3 and 3.8 are the transitional disks LkCa 15 and PDS 70, respectively. Middle: The relationship between FC2H2 /FH2O and Ṁ. Right:
The relationship between FC2H2 /FH2O and Mdust. All of the relationships are statistically significant (p-values less than 0.05) when the sample is
taken as a whole, however they are not as strong as the FC2H2 /FH2O vs. stellar luminosity relationship. Sierra: [Need to add double upper limits to
the Mdust plot]

4. Discussion

We find a strong anti-correlation between the flux ratio of C2H2
to H2O and the stellar luminosity. Most of the targets fall within
the FC2H2 /FH2O ratio found from the T Tauri modeling work of
Anderson et al. (2021) (see their Figure 11, although we note
that we do not use the exact same wavelength range to deter-

mine the fluxes). T Tauri objects with an observed FC2H2 /FH2O↭2
would be most consistent with an oxygen-rich volatile content
and a C/O ratio below 0.57, based on the Anderson et al. (2021)
models. On the other hand, objects with host masses below
↓0.2 M↑ have significantly higher FC2H2 /FH2O ratios than their
higher-mass counterparts. This work builds upon trends seen
with Spitzer observations by Pascucci et al. (2013) and initial

Article number, page 5 of 11

Sierra L. Grant and +++: MINDS. A transition from H2O to C2H2 dominated spectra with decreasing stellar luminosity

Fig. 5. The average spectra for disks in our T Tauri sample (top) and VLMS sample (bottom) in black, compared to the best-fit model in red. The
model components are shown below each for reference.

MINDS program have CO in emission (Arabhavi et al. in prep.).
Why is oxygen present in CO2 and only weakly in H2O or CO
in these disks? Or is it present, but not observable, either due to
the relative strength of the hydrocarbon Q-branches relative to
the H2O lines and/or photospheric absorption complicating the
detection of disk CO emission (see Arabhavi et al. submitted)?

Here we discuss some of the factors that may be driving this
difference in chemsitry between the very low-mass objects and
the T Tauri sample, illustrated in Figure 7.

4.2. Stellar luminosity and radiation

The stellar luminosity is the main heating source for protoplane-
tary disks. This energy input drives chemical evolution and equi-
librium in the disks. The much lower luminosities of low-mass
stars and brown dwarfs (L→↑0.015 to 0.1 L↓ for the sample we
explore here), means that their disks are much colder and the
snowlines are much closer to the central hosts.

Young low-mass stars and brown dwarfs will have drasti-
cally different UV radiation spectra than Sun-like stars. How-
ever, young M dwarfs are also known to be very active, and X-
rays and EUV from flares can have a significant impact on chem-
ical evolution (Feinstein et al. 2020). All of these differences in
the radiation impinging on the protoplanetary disk will impact
the disk chemistry. 2D thermochemical modeling done by Walsh
et al. (2015) finds that disks around M dwarfs are more molecule
rich, compared to their higher-mass counterparts. This is due to
the weaker far-UV and stronger X-ray radiation for these low-
mass stars, as overall higher ionization rates are needed to liber-
ate carbon from CO to drive the carbon chemistry.

UV emission generated by accretion of material from the
disk onto the star will also be different between the T Tauris
and VLMS. While the accretion mechanism is likely the same
(i.e., magnetospheric accretion), the absolute accretion rate
will decrease with stellar mass, and may decrease even more

rapidly below M→<0.3 M↓ (Manara et al. 2017). Walsh et al.
(2015) adopt an accretion rate of 10↔8 M↓ yr↔1 for their T Tauri
model and 10↔9 M↓ yr↔1 for their M dwarf model and there
is a UV radiation component to the radiation field that scales
with accretion rate. Colmenares et al. (2024) argue that the
carbon-rich disk around a solar-type star studied in their work
may be due to a combination of carbon grain destruction paired
with an usually low accretion rate, which allows the carbon-rich
gas to persist in the disk. As we show in Figure 4, there is a
relationship between FC2H2 /FH2O and the accretion rate onto
the star in our sample; however, the degeneracies between the
stellar mass and accretion rate make it difficult to determine
what is truly driving the correlation.

4.3. Dust evolution

4.3.1. Vertical dust settling

Dust is the main opacity source in protoplanetary disks. At the
earliest stages, the sub-micron sized particles will be held aloft in
the disk atmosphere, but with time these grains grow from sub-
micron particles into millimeter-sized grains to eventually peb-
bles, protoplanets, and the cores of giant planets. As these grains
grow, they will settle to the disk midplane, which has two effects
that may drive what we observe in the gas composition. First, the
dust settling will remove the main infrared opacity in the disk at-
mosphere, which means that we are able to observe deeper into
the disk than would otherwise be the case (see e.g. the case of
J160532, Tabone et al. 2023; Francis et al. 2024). Therefore, in
a settled disk, we may be probing a different chemical reservoir
than in unsettled disks (see also Arabhavi et al. submitted). Sec-
ond, the dust settling also changes the opacity for stellar radia-
tion, in particular allowing for UV photons to penetrate deeper
into settled disks relative to their unsettled counterparts. This can
result in different photochemical processes.
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Dramatic incease in hydrocarbons!
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Scenario: pebble drift faster around VLMS

10au0.1au 1au

Early time: avalanche of icy pebbles 
=> inner disk enriched in gas-phase H2O

10au0.1au 1au

Late time: deficit in pebbles and H2O accreted onto the star  
=> inner disk rich in gas-phase C forming C2H2 and hydrocarbon

have non–local thermodynamic equilibrium excitation (e.g.,
Thi et al. 2013; van der Plas et al. 2015).

The most prominent characteristic of this spectrum is the forest
of water lines, from the hot bending rovibrational band at ∼6.6μm
to the cooler pure rotational lines at longer wavelengths (see, e.g.,
Figure 1 in Banzatti et al. 2023b). In relation to water emission,
Sz 114 is very different from other mid-to-late M-star disks
observed with Spitzer/IRS (Pascucci et al. 2013) and the similarly
late M5 object recently observed with MIRI-MRS (J160532;
Tabone et al. 2023) in which water emission was either very weak
or absent. Such a rich water spectrum is more akin to that of disks
around earlier-type stars (spectral types earlier than M3; e.g., Carr
& Najita 2011; Salyk et al. 2011), as discussed further in Section 4.
Visual inspection of the MIRI data cubes does not show any
extended emission. Therefore, as in previous papers (e.g., Salyk
et al. 2011; Pascucci et al. 2013), we assume that the water
emission is tracing the disk surface instead of jets or winds.

Properly identifying weak emission lines from other
molecules requires subtracting the dust continuum emission
and the rich water spectrum. To identify line-free channels for
continuum subtraction, we first generated a water spectrum
with CLIcK (Liu et al. 2019). CLIcK assumes a plane-parallel
slab of gas in LTE and adopts molecular parameters from the
HITRAN database (e.g., Gordon et al. 2022). Line overlap is
properly accounted for using Equation (1) in Tabone et al.
(2023). With the generated water spectrum, we identified by
eye continuum regions that avoided water lines and the
prominent rovibrational bands mentioned above (see light blue
points in Figure 1). After experimenting with fits with
polynomials of different orders, we found that a fifth-order
polynomial provides a good fit for the entire continuum
emission.19 The continuum-subtracted spectrum of Sz 114 is
depicted in gray below the original spectrum in Figure 1.

Next, we work with the continuum-subtracted spectrum and
run CLIcK again to find the water models that best fit the water
emission between ∼10 and 19 μm. The reason for focusing on
this restricted wavelength range is that it contains the
rovibrational bands of interest for placing Sz 114 in the context
of other disks observed with Spitzer/IRS and, more recently,
JWST/MIRI-MRS (see Section 4). In spite of the restricted
wavelength range, the water spectrum covers a broad range of
upper energy levels and Einstein-A coefficients that may not be
fitted well by a single-temperature slab of gas in LTE (e.g.,
Banzatti et al. 2023a). This is indeed the case for Sz 114, where
we find that two temperatures are necessary to reproduce the
observed spectrum (see the sum of the two slab models as light
blue lines in the bottom panel of Figure 2 and in Figure 3). The
best fit is found by first fitting the hot water in the region
between ∼10 and 12 μm and the high-energy line at 15.18 μm
(Eup∼ 8000 K) simultaneously. Next, the best fit to the hot
water is removed, and then all water lines are fitted between
∼10–12 and ∼16.3–19 μm, excluding regions with known
molecular lines other than water. We stress that the aim of this
modeling is not to perfectly match the complete JWST-MIRI
spectrum. Instead, our goal is merely to identify a suitably
precise model within the molecular feature-rich range (∼13–
17 μm) to untangle the contribution from individual molecules
and measure their line fluxes.
These slab models have three input parameters: the emitting

radius (Rem; the model fits for an equivalent area of pRem
2 ), the

column density (N), and the gas temperature (T). To fit the
water lines, we generate a grid of 4000 models using a custom-
written random walk python code (see Appendix A for more
details) with starting values Rem= 0.2 au, N= 1018 cm−2, and
T= 1000 K for the hot and 300 K for the cool components,
based on prior models of solar-type disks (Banzatti et al.
2023b). For each step, random values are chosen between
±0.05 au for ΔRem,i, ±2 for ( )DNln i , and ±100 K for ΔTi.
Using Equation (2) in Mulders et al. (2015) with M* and Macc

Figure 1. Reduced MIRI-MRS spectrum of Sz 114 (black). The continuum (red line) is interpolated at the light blue dots and superimposed on the original spectrum.
The continuum-subtracted spectrum is shown below in gray. The spectrum is dominated by water emission lines, and wavelengths of other prominent molecular
rovibrational bands are indicated as vertical lines. The dips at ∼19, ∼22, and ∼26 μm are not real but rather data reduction artifacts.

19 We used curvefit within scipy (Virtanen et al. 2020b) for the
optimization.
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Spectral mapping of inner disks

19

Unresoved observations but complete spectral coverage allow us to map H2O distribution! 
=> joint analysis of all H2O lines to reconstruct the radial profile of N(H2O) and TK 
=> spectral resolution of FIRESS-FTM transformative to pinpoint emitting regions (at short wavelength)

A&A proofs: manuscript no. output

Fig. 3: The inferred gas temperature (left) and emitting radii (middle) for the di↵erent wavelength regions, and the emitting temper-
ature as a function of the emitting radius (right). We show the results for the slab model fits without (squares) and with (circles) line
overlap. The colours indicate the varying gas temperatures, whereas the horizontal bars denote the wavelength ranges of the regions.
Errorbars are shown for the derived quantities, where those for the models without line overlap are shown in black and those for the
models with line overlap are shown in red. In addition, we show for comparison the results (blacks stars) of the three component fit
(approach 3, see Section 3.3.3) in the right panel.

LTE slab models can reproduce the observed spectrum when im-213

plementing radial and vertical temperature gradients.214

Finally, we obtain limits on the H2O column density by com-215

paring the ratios of the Einstein-A coe�cients and the line fluxes216

of H2O line pairs with the same upper energy level (Section 3.4,217

see also Gasman et al. 2023). We also search for emission of the218

rare isotopologue H2
18O in Section 3.5, using the isolated lines219

listed in Calahan et al. (2022).220

Additionally, in Section 3.6, we fit an LTE slab model to221

the OH emission over the wavelength region between 10.0 and222

27.5 µm and investigate the presence of other molecular species,223

such as CH4, NH3, and larger hydrocarbons. We compare their224

emission properties with those of H2O, CO2, HCN, and C2H2,225

of which the final three are presented in Temmink et al. (2024).226

3.1. Single H2O LTE slab models227

The JWST-MIRI observations of DR Tau show a plethora of both228

ro-vibrational (<10 µm) and rotational (>10 µm) transitions of229

H2O. Following Gasman et al. (2023), we investigate the ex-230

citation properties of H2O across di↵erent wavelength regions,231

covering both ro-vibrational and rotational transitions, using 0D-232

LTE slab models. We have used slab models without and with233

line overlap, i.e. mutual shielding of H2O lines (i.e. no shielding234

by other molecules, see Tabone et al. 2023 for a full descrip-235

tion). Table 1 lists the best fitting slab model parameters for both236

the models without line overlap (top half) and with line overlap237

(bottom half). The best fitting slab models are also displayed in238

Figures B.1 and B.2 for those without and with line overlap, re-239

spectively.240

The best fitting models were determined using a �2-241

minimisation method, following, for example, Grant et al.242

(2023), Tabone et al. (2023), and Temmink et al. (2024). The243

reduced �2 is determined using the following equation:244

�2 =
1

Nobs

NobsX

i=1

�
Fobs,i � Fmod,i

�2

�2 . (1)

Here, Nobs is the number of spectral resolution elements, cov-245

ering isolated H2O transitions, used in the fitting, Fobs and246

Fmod are the corresponding observed and model flux, respec-247

tively, and � denotes the uncertainty on the flux (see Ta-248

ble A.1). The uncertainties on the best-fit parameters are249

Table 1: The best fit parameters of the H2O slab models without
(top) and with line overlap (bottom).

Region log10 (N) T R N
[µm] [cm�2] [K] [au]

Without line overlap
5.0-6.5 18.4+0.2

�0.1 1000+250
�50 0.21+0.02

�0.04 7.79⇥1043

7.0-9.5 18.3+0.1
�0.1 1000+50

�100 0.21+0.02
�0.00 6.19⇥1043

10.5-13.0 18.1+0.3
�1.8 850+50

�50 0.87+5.18
�0.20 6.70⇥1044

13.6-16.3 18.4+0.0
�0.0 675+0

�0 0.93+0.00
�0.00 1.53⇥1045

17.0-23.0 18.9+0.6
�0.3 450+25

�50 1.31+0.14
�0.12 9.58⇥1045

23.0-27.0 20.1+2.0
�2.1 375+350

�175 1.55+1.92
�0.64 2.13⇥1047

With line overlap
5.0-6.5 18.5+0.1

�0.0 1150+100
�75 0.17+0.00

�0.00 6.43⇥1043

7.0-9.5 18.5+0.2
�0.1 850+75

�75 0.25+0.02
�0.02 1.39⇥1044

10.5-13.0 18.0+0.4
�1.3 850+50

�50 0.95+2.86
�0.30 6.35⇥1044

13.6-16.3 18.5+0.0
�0.0 675+25

�0 0.89+0.00
�0.06 1.76⇥1045

17.0-23.0 18.5+0.3
�0.2 500+25

�50 1.35+0.14
�0.08 4.05⇥1045

23.0-27.0 19.5+2.6
�1.8 400+350

�200 1.69+2.36
�0.68 6.35⇥1046

taken from the confidence intervals, which are determined 250

for, respectively, 1�, 2�, and 3� as �2
min+2.3, �2

min+6.2 and 251

�2
min+11.8 (Avni 1976; Press et al. 1992). 252

In accordance with previous works (e.g. Blevins et al. 2016; 253

Banzatti et al. 2023a; Gasman et al. 2023), the slab models probe 254

the inner, hotter regions at the shortest wavelengths, whereas the 255

outer, colder regions are traced by the longer wavelengths. The 256

trends hold for both the models with and without line overlap. 257

Figure 3 visualises the decreasing (increasing) trend of temper- 258

ature (emitting radius) with wavelength for the models without 259

overlap (squares) and those with line overlap (circles). We find 260

that the temperatures decrease from 1000 K to 400 K over a 261

span of 0.2 to 2.0 au, if Rem corresponds to the actual radius 262

of the emitting area. Additionally, we show the temperature as 263

a function of radius in the right panel of Figure 3. This panel also 264

includes the results from our three component fit (using method 265

3, see Section 3.3) and the 1� uncertainties. 266

All fits yield generally well constrained values for the col- 267

umn densities, excitation temperatures and emitting areas, pa- 268
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Fig. 6: Multi-component slab model fits for the di↵erent methods of radial gradients: method 1 (radial temperature gradient, without
overlapping regions) is shown in the top panel, whereas the methods 2 (radial gradients with overlapping regions, but no line
shielding) and 3 (radial and vertical temperature gradients) are displayed in the middle and bottom panels, respectively. The full
model is in each panel shown in green, whereas the components are coloured depending on the corresponding temperatures. Red
indicates the hottest component, followed by the light blue and dark blue ones. The green horizontal bars indicate the regions used
in the �2-fits.
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Excess of cold water in compact disks 
=> interpreted as inflow of H2O-rich pebble followed by diffusion but based on few H2O lines 
=> molecular lines not only tracing chemistry but also dynamical processes

between inner water enrichment and outer disk radius could
indeed be produced as a consequence of icy pebble trapping
beyond disk gaps (Figure 10 in Kalyaan et al. 2021). Models
also showed that in the absence of drift, a vertical “cold finger
effect” could quickly deplete the surface layer above the
midplane snow line, both for water and for CO (Meijerink et al.
2009; Krijt et al. 2018), whereas that region would be
replenished through ice sublimation and diffusion whenever
radial drift is active.

While models propose that it should be the innermost gap to
regulate the inner disk water enrichment through pebble drift
(Kalyaan et al. 2021), the observed dust disk size is instead set
by the location of the outermost gap that retains enough
pebbles to be detected with ALMA. The link between the inner
disk cool water excess and the outer dust disk size could
therefore not necessarily be ubiquitous and depend instead on
the number, depth, and location of gaps in disks (Kalyaan et al.
2023). It is worth noting that large disks may have multiple
pebble-stopping gaps across a range of disk radii, and this is
surely the case for the two large disks included in this work.
Object IQ Tau has at least two gaps located at ≈40 and 60 au,
and CI Tau has three gaps located at ≈14, 50, and 120 au (Long
et al. 2018), as well as possibly an additional gap at 5 au
(Jennings et al. 2022b). Moreover, CI Tau has higher-contrast
gaps even in comparison to IQ Tau that are likely more efficient
in trapping pebbles (e.g., Pinilla et al. 2012), potentially
explaining why this is the disk with the lowest cool water
excess among the large disks in this work (Figure 6).

While compact disks may have narrow gaps at <30 au that
remain unresolved by ALMA, none have been reported for the
two compact disks in our sample, even using superresolution
techniques (Jennings et al. 2022a, 2022b; Zhang et al. 2023).
Further, shallow gaps in inner disks may be very leaky and
effectively produce little or no reduction in inner water
enrichment (Kalyaan et al. 2023). Future high-resolution dust
continuum imaging is needed to better understand the presence
of the innermost disk dust gaps and their efficiency in trapping
pebbles. While this objective is at the spatial resolution limits
of ALMA, it may be possible with a future facility, such as the
next-generation Very Large Array (e.g., Andrews et al. 2018).

A reduced excess in the cool water reservoir may provide
high-priority disk targets for future high-resolution observa-
tions to spatially resolve gaps near the snow line at 1–5 au.
In summary, pebble drift and trapping provide a funda-

mental, natural process for a large-scale link between inner and
outer disk regions that may explain the cool water excess
revealed by MIRI in the compact disks analyzed in this work.
With additional high-resolution data for larger samples, future
work will establish how general this effect may be and further
establish if pebble drift is indeed the cause of the cool water
excess. The specific targets included in this work were
observed to test the pebble drift hypothesis by selecting
similar-luminosity stars with very different disk sizes
(Section 2), with the two large disks having multiple gaps
across the disk radii reducing the inward pebble drift (Pinilla
et al. 2012). The pebbles are, however, sufficiently large to
settle in the disk midplane and cannot be directly observed in
the innermost optically thick disk regions, nor can the midplane
water vapor mass be directly measured; indeed, the observed
surface water would need to be mixed up from the midplane,
likely by diffusion and turbulence. While the new observational
results from MIRI add evidence that is consistent with water
delivery by pebble drift, we consider in the following other
scenarios that may offer additional or alternate processes that
regulate the inner disk water abundance.
Inner disk dust cavities—The presence of a large inner dust

cavity (gaps that extend to the inner dust radius) has been found
to likely deplete the abundance of multiple molecules,
including water (Salyk et al. 2011b, 2019; Banzatti et al.
2017, 2020, 2022). Yet a small cavity may not have the same
effects. All four disks in this paper show CO rovibrational
emission tracing hot gas down to within 0.1 au (Appendix A).
This demonstrates that there is molecular gas at small radii,
without evidence for a gas cavity. The only disk for which the
mid-infrared spectral index suggests the presence of an inner
dust disk cavity, HP Tau, is a compact disk where the cool
water excess is detected. If HP Tau indeed has a <2 au (to be
undetected in the ALMA continuum image) gas-rich dust
cavity and a midplane snow line of ≈1 au (Table 1), icy
pebbles may still drift through the snow line and provide the

Figure 7. Illustration of the interpretation of the results in the context of the long-proposed scenario of inner water enrichment by pebble drift (Cyr et al. 1998; Ciesla
& Cuzzi 2006). The zoomed-in insets show the main processes of pebble drift, ice sublimation, and vapor diffusion as included in recent model explorations by
Kalyaan et al. (2021, 2023) in the context of how ice delivery and inner disk water enrichment may be regulated by dust gaps (pebble traps) observed with ALMA.
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Spectral mapping of inner disks: evidence of pebble 
drift from cold water lines

In Figure 4, the continuum-subtracted MIRI spectra of
GK Tau (compact disk) and CI Tau (large disk with multiple
gaps) are compared after scaling CI Tau to the same distance as
GK Tau and then applying to CI Tau a scaling factor of 0.42
from the luminosity ratio of the high-energy water lines to
remove the line-emitting area dependence on accretion
luminosity according to the correlation in Figure 3. The two
spectra are then subtracted to obtain the spectral difference in
water excitation, revealing that while the relative excitation of
high-energy lines is extremely similar in the two disks (after the
common scaling factor from the luminosity-dependent emitting
area is accounted for), the low-energy lines consistently show
some flux excess in the compact disk of GK Tau. The figure
also demonstrates that the lower resolution of previous Spitzer
spectra did not allow for an unambiguous detection of the cool
water excess, although, in hindsight, a slight excess in
correspondence of the lower-energy lines may now be
identified in the Spitzer-IRS spectrum of GK Tau (Figure 4).

The procedure of scaling and subtracting a template
spectrum of a large disk from that of a compact disk is applied
systematically to the sample included in this work as visualized
in Figure 5. In each column, line luminosities from a compact
disk (GK Tau or HP Tau) are divided by those from a large disk
(CI Tau or IQ Tau) to obtain the empirical scaling factor
between the higher-energy lines tracing the inner hotter
emitting region (from the median value of line luminosities
between Eu= 6000 and 9000 K). The expected scaling factor
from applying the linear correlation of the high-energy line

luminosities (Figure 3) is shown in orange for reference. The
high-energy spectral template is then subtracted, and the line
flux of the residuals is fitted with a single-temperature LTE
model (Banzatti et al. 2012; Salyk et al. 2011b; Salyk 2020).
The excess cool component in the two compact disks is
reproduced by an LTE model with rotational temperature
T≈ 400–500 K, column density N≈ 1–5× 1017 cm−2, and
equivalent emitting radius Req≈ 0.8–1 au. The residuals and
best-fit solutions are visualized in the rotation diagram in the
bottom part of Figure 5.
We note some dependency of the choice of template

spectrum on the measured parameters of the cool excess; T is
higher, while N and Req are lower when using IQ Tau as the
template instead of CI Tau (second and fourth columns in
Figure 5). We interpret this as due to a subtle difference in
excitation for the higher-energy lines in the two large disks
combined with the intrinsic degeneracies of single-temperature
slab model fits (Salyk et al. 2011b; Carr & Najita 2011).
Further, the temperature of the cool excess in HP Tau is ≈100
K higher than in GK Tau, possibly as a consequence of
differences in the inner disk physical structure, as suggested by
the higher infrared index n13–26 in HP Tau.
Lastly, we consider the relations between the properties of

the excess cool component and the ALMA dust disk radius in
Figure 6. The left panel shows the ratio between the line
luminosities of the low- and high-energy water transitions from
MIRI. With the four targets analyzed in this work, the
correlation coefficient is very high (0.99); this should be more

Figure 3. Correlations between water line luminosities and accretion luminosity. Left: using blended water lines at 17.1–17.4 μm from Spitzer-IRS (data and
regression adopted from Banzatti et al. 2020). Middle: using high-energy (6000–8000 K) water lines from JWST-MIRI from this work and Paper I. Right: using low-
energy (900–3000 K) water lines (see Figure 1).

Figure 4. Sections of the continuum-subtracted infrared water spectra of the compact disk GK Tau (in black) and the large disk CI Tau (in gray), at the top from
Spitzer-IRS (offset by 0.15 Jy) and in the middle from JWST-MIRI. A broader range of the spectrum is shown in Figure 10 in Appendix B. The CI Tau spectrum is
scaled to the distance of GK Tau and corrected for the different accretion luminosity (Section 3). The subtraction of the two spectra is shown in brown at the bottom,
with the single-temperature LTE model (blue area) from Figure 5 and Table 2. Vertical labels show the upper level energy Eu in kelvins, separated into higher energy
(>4000 K) in red and lower energy (<4000 K) in blue.
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gaps) are compared after scaling CI Tau to the same distance as
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common scaling factor from the luminosity-dependent emitting
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also demonstrates that the lower resolution of previous Spitzer
spectra did not allow for an unambiguous detection of the cool
water excess, although, in hindsight, a slight excess in
correspondence of the lower-energy lines may now be
identified in the Spitzer-IRS spectrum of GK Tau (Figure 4).

The procedure of scaling and subtracting a template
spectrum of a large disk from that of a compact disk is applied
systematically to the sample included in this work as visualized
in Figure 5. In each column, line luminosities from a compact
disk (GK Tau or HP Tau) are divided by those from a large disk
(CI Tau or IQ Tau) to obtain the empirical scaling factor
between the higher-energy lines tracing the inner hotter
emitting region (from the median value of line luminosities
between Eu= 6000 and 9000 K). The expected scaling factor
from applying the linear correlation of the high-energy line

luminosities (Figure 3) is shown in orange for reference. The
high-energy spectral template is then subtracted, and the line
flux of the residuals is fitted with a single-temperature LTE
model (Banzatti et al. 2012; Salyk et al. 2011b; Salyk 2020).
The excess cool component in the two compact disks is
reproduced by an LTE model with rotational temperature
T≈ 400–500 K, column density N≈ 1–5× 1017 cm−2, and
equivalent emitting radius Req≈ 0.8–1 au. The residuals and
best-fit solutions are visualized in the rotation diagram in the
bottom part of Figure 5.
We note some dependency of the choice of template

spectrum on the measured parameters of the cool excess; T is
higher, while N and Req are lower when using IQ Tau as the
template instead of CI Tau (second and fourth columns in
Figure 5). We interpret this as due to a subtle difference in
excitation for the higher-energy lines in the two large disks
combined with the intrinsic degeneracies of single-temperature
slab model fits (Salyk et al. 2011b; Carr & Najita 2011).
Further, the temperature of the cool excess in HP Tau is ≈100
K higher than in GK Tau, possibly as a consequence of
differences in the inner disk physical structure, as suggested by
the higher infrared index n13–26 in HP Tau.
Lastly, we consider the relations between the properties of

the excess cool component and the ALMA dust disk radius in
Figure 6. The left panel shows the ratio between the line
luminosities of the low- and high-energy water transitions from
MIRI. With the four targets analyzed in this work, the
correlation coefficient is very high (0.99); this should be more

Figure 3. Correlations between water line luminosities and accretion luminosity. Left: using blended water lines at 17.1–17.4 μm from Spitzer-IRS (data and
regression adopted from Banzatti et al. 2020). Middle: using high-energy (6000–8000 K) water lines from JWST-MIRI from this work and Paper I. Right: using low-
energy (900–3000 K) water lines (see Figure 1).

Figure 4. Sections of the continuum-subtracted infrared water spectra of the compact disk GK Tau (in black) and the large disk CI Tau (in gray), at the top from
Spitzer-IRS (offset by 0.15 Jy) and in the middle from JWST-MIRI. A broader range of the spectrum is shown in Figure 10 in Appendix B. The CI Tau spectrum is
scaled to the distance of GK Tau and corrected for the different accretion luminosity (Section 3). The subtraction of the two spectra is shown in brown at the bottom,
with the single-temperature LTE model (blue area) from Figure 5 and Table 2. Vertical labels show the upper level energy Eu in kelvins, separated into higher energy
(>4000 K) in red and lower energy (<4000 K) in blue.
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water spectra from Spitzer and Herschel showed that the region
near the water snow line at a temperature of ≈150 K dominates
the observed water spectrum at ≈25–180 μm (Zhang et al. 2013;
Blevins et al. 2016), whereas hotter gas within the snow line
dominates the emission at shorter wavelengths (Figure 1). While
the wavelength range of the Mid-Infrared Instrument (MIRI) on
the James Webb Space Telescope (JWST; Gardner et al. 2023) is
therefore most focused on hotter water emission (including the
rovibrational bands at <9 μm), cooler water emission with
temperatures of ≈150–500 K, just inward of the snow line region,
can still be traced at wavelengths as short as≈20 μm (Zhang et al.
2013; Blevins et al. 2016), well within the MIRI range.

While more complex models that include global temperature
gradients (150–1200 K) and non-LTE excitation are currently
being explored to fit the entire range of MIRI spectra, in this
Letter we investigate the effects of ice sublimation at the snow
line in a relative sense by following recent modeling
explorations (Kalyaan et al. 2021, 2023) and addressing this
question: what is the difference between water spectra in
compact disks, which should be enriched in warm water due to
efficient pebble drift, versus large disks with gaps, which
should be relatively deficient in water due to pebble trapping at
larger radii? The analysis of MIRI spectra in this paper finds
evidence in support of water enrichment by pebble drift by
spectrally separating water lines that were previously blended

in Spitzer-IRS spectra and revealing an excess cool water
reservoir near the snow line region in compact disks.

2. Sample and Observations

We present MIRI spectra of four protoplanetary disks around
single stars in the Taurus star-forming region with ages
estimated at 2–3Myr by Long et al. (2019) using nonmagnetic
evolutionary tracks from Feiden (2016). The disks were
selected from the sample of Long et al. (2019) to have similar
stellar and accretion luminosity to minimize the difference in
water spectra due to luminosity effects (Banzatti et al. 2020).
The disks were also selected to span a wide range in measured
millimeter dust disk sizes to maximize the relative difference in
inner disk water abundance expected in the pebble drift
scenario (Table 1). Figure 2 and Appendix A show the ALMA
images for the four disks with a spatial resolution of 0 12 from
Long et al. (2019). The two large disks, CI Tau and IQ Tau,
have multiple resolved gaps and rings at radial locations as
small as 10 au and as large as 150 au (Clarke et al. 2018; Long
et al. 2018), while the two compact disks are among the
smallest known around solar-mass stars (10–20 au). The
compact disks are resolved by ALMA but do not show any
substructures or millimeter emission at larger disk radii (see
more in Section 4). As a measure of the pebble disk radius,

Figure 2. JWST-MIRI-MRS spectra for the four disks. For clarity, the spectra are offset vertically by the following additive shifts: 0.05 Jy in CI Tau, 0.17 Jy in
GK Tau, and 0.4 Jy in HP Tau. Illustrative models of molecular emission are shown for guidance at the bottom. Prominent dust features are approximately identified
and marked with shaded regions. The estimated continuum that is subtracted before analyzing the water spectra is shown in red on each spectrum. Two ALMA images
are shown on the right for reference regarding disk sizes and structures (the whole sample is included in Appendix A).

Table 1
Sample Properties

Name Dist. Teff Må Lå log Lacc log Macc n13−26 Rdisk Incl. CO FW10%–50% RCO 10%–50% Rsnow

(pc) (K) (Me) (Le) (Le) (Me yr–1) (au) (deg) (km s−1) (au) (au)

CI Tau 160 4162 0.65 1.65 −0.7 −7.6 −0.51 190.5 50 265–105 0.02–0.12 2.7
GK Tau 129 4067 0.58 1.48 −1.39 −8.67 −0.40 12.9 39 180–85 0.03–0.11 0.9
HP Tau 177 4375 0.84 1.89 −1.09 −8.17 0.06 22.1 18 115–40 0.02–0.18 1.7
IQ Tau 131 3704 0.42 0.86 −1.40 −8.54 −0.74 109.6 62 190–150 0.03–0.05 0.9

Note. Distances are from Gaia DR3 (Gaia Collaboration et al. 2016, 2022); stellar and accretion properties are from Herczeg & Hillenbrand (2014), Donati et al.
(2020), Manara et al. (2023), and Gangi et al. (2022); Rdisk and disk inclinations are from Long et al. (2019); n13–26 is measured from the MIRI spectra in this work;
near-infrared CO line widths are measured at 10% and 50% of the line peak from the stacked profiles shown in Appendix A; RCO is the Keplerian radius of infrared
CO emission from the half line width velocities at 10% and 50%; and Rsnow is an expectation for the midplane snow line radius as set by accretion following
Equation (2) in Mulders et al. (2015), as previously adopted for a general comparison across disks in Banzatti et al. (2017).
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reservoir near the snow line region in compact disks.
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compact disks are resolved by ALMA but do not show any
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Excess of cold water emission in a compact disk
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Primary science goal of PRIMA: the role of water in 
driving planet formation

Water lines probed by Prima will best probe the water iceline superseeding JWST studies 
=> spectral resolution at short waelength enough to pinpoint emission location  
=> with HD(2-1), access to the O/H rati, crucial form planet formation and to test pebble drift scenario
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Emerging paradigm suggest that inner disk chemical makeup set by advection of gas and icy 
pebbles from outer disk 

=> diversity in inner disk linked to the location of various substructures? 
=> first JWST-ALMA results challenge this interpretation but mismatch in scale 
=> need the intermediate scales with PRIMA targeting species other than H2O + large samples!

Origin of the diversity: dust radial transport?

Gasman+2025

Easterwood+2024

Goal of my project

AMIS Meeting

Constraining C/O ratio from H O and C H  emission in inner disks using
the thermo-chemical model DALI (Dust And LInes) 

2 2 2
(Bruderer et al. 2012;  

Bruderer 2013)

JWST Spectra from disks (MINDS), Gasman et al. in prep.

Challenges :
H O  already implemented in DALI

Not yet C H  :

Study and implement C H  chemistry

Add spectral information of C H  in
DALI

Study the correlation between H O
and C H  emission with C/O (and
other parameters)

-

-

-

-

-

2

2 2

2 2
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Toward of global view of the chemical composition of disks

50 au

JWST ALMA

Inner most disk with JWST (<1 au) 
=> full coverage 5-27micron unique to 

spectrally map inner regions 
=> unique diversity in chemical makeup with 

T Tauri disk oxygen rich in general 
=> could be the result of radial transport of 

species

Inner disk with PRIMA (1-10 au) 
=> full coverage 25-300micron with FIRESS 

will be transformative 
=> spectrally resolve lines to infer emitting 

region directly with FIRESS-FTM 
=> some species not accessible without 

PRIMA (small hydrides like NH3)

Outer disk with ALMA (>10 au) 
=> rare giant planets on wide orbit 

=> but also gas and dust advected 

toward the inner regions

PRIMA, in synergy with JWST and ALMA is vital to enable the interpretation of exoplanet composition


