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ABSTRACT

Methanol (CH3OH) ice is abundant in space and is a key feedstock for seeding chemical complexity
in interstellar and circumstellar environments. Despite its ubiquity, gas-phase methanol has only been
detected in one disk around a Solar-type star to date, TW Hya. Here we present new high sensitivity
(∼ 1 mJy/beam) observations of TW Hya with ALMA that detect four individual transitions of gas-
phase methanol spanning upper level energies from 17 to 38 K. We confirm the presence of gas-phase
methanol in the luke-warm molecular layer of the disk (35.9+25.9

−10.6 K) and with a disk-integrated column

density of 1.8+1.3
−0.5 × 1012 cm−2. A radially-resolved analysis suggests that the gas-phase methanol is

centrally compact, peaking within the spatial extent of the mm-sized dust grains (. 80 au). Static gas-
grain chemical disk models confirm photodesorption as an important mechanism releasing methanol
into the gas phase, with the column density further boosted by the inclusion of grain-surface chemistry,
reactive desorption, and an increase in dust-grain surface area assuming fractal grains. However, no
model can fully reproduce the observed column density nor the radial distribution, and we suggest that
the inclusion of dynamic processes such as vertical mixing and radial drift would be required to do so.
Our results demonstrate that the abundance and distribution of the precursors for complex chemistry
in the planet-forming regions around Solar-type stars is ultimately controlled by the interplay of grain
surface chemistry coupled with the evolution of dust in their disks.

Keywords: Protoplanetary disks(1300) — Astrochemistry(75) — Interstellar molecules(849) — Planet
formation(1241)

1. INTRODUCTION

Methanol (CH3OH) is the fourth most abundant ice
species observed in interstellar clouds (e.g., A. C. A.
Boogert et al. 2015) and is considered to be an im-
portant feed-stock for growing molecular complexity in
space, including as a building block for potentially pre-
biotic molecules such as amino acids and sugars (e.g.,
L. J. Allamandola et al. 1988; C. J. Bennett & R. I.
Kaiser 2007; K. I. Öberg et al. 2009; P. Modica & M. E.
Palumbo 2010; Y. J. Chen et al. 2013; A. Bergantini
et al. 2018; C. Zhu et al. 2020). Gas-phase methanol
is almost ubiquitously observed across the diverse range
of environments in interstellar and circumstellar space;
within cold, starless cores (e.g., see a recent survey by S.
Spezzano et al. 2022), in the warm cocoons around low-
mass (e.g., S. Maret et al. 2005) and high-mass proto-
stars (e.g., F. F. S. van der Tak et al. 2000), in the shocks
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emanating from the impact of jets from young stars on
their surroundings (e.g., R. Bachiller et al. 1995), and
even in the interstellar media of other galaxies (e.g., C.
Henkel et al. 1987). Methanol masers have long been
used as indicators of the onset of star-formation activ-
ity within massive, dense, molecular cloud complexes
where other observations cannot penetrate (e.g., S. L.
Breen et al. 2010). Notably, methanol ice is also a major
component of cometary ices, possessing an abundance
of 0.6% to 6.2% relative to water ice, revealing an in-
triguing chemical link between interstellar and cometary
ices (see, e.g., the review by D. Bockelée-Morvan & N.
Biver 2017). Indeed, chemodynamical models have sug-
gested that young disks may inherit a substantial frac-
tion of interstellar methanol indicating that disks al-
ready begin their chemical evolution with this impor-
tant feed-stock for seeding further complexity (M. N.
Drozdovskaya et al. 2014).

Gas-phase methanol has now been detected in five
(Class II) protoplanetary disks to date: TW Hya (C.
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Walsh et al. 2016), HD 100546 (A. S. Booth et al. 2021,
2024a; L. Evans et al. 2025), IRS 48 (N. van der Marel
et al. 2021; A. S. Booth et al. 2024b), HD 164192 (A. S.
Booth et al. 2023), and HD 100453 (A. S. Booth et al.
2025). There are also non-detections and upper lim-
its determined for the disks around HD 163296 (M. T.
Carney et al. 2019) and MWC 480 (Y. Yamato et al.
2024). All of these disks, with the exception of TW
Hya, are disks around Herbig Ae/Be stars. These de-
tections were only possible because of the increase in
line sensitivity provided by the Atacama Large Mil-
limeter/submillimeter Array (ALMA) compared with
previous facilities. The challenges related to detecting
gas-phase methanol (and indeed other complex organic
molecules, henceforth referred to as COMs) are due to
the physical conditions present in protoplanetary disks,
as well as their small apparent size (typically a few arc-
seconds at most) relative to other astrophysical envi-
ronments (e.g., clouds, or protostellar envelopes). The
vast majority of the dust and gas in most protoplanetary
disks is cold (� 100 K) and so molecules such as H2O
and CH3OH are frozen as ice on dust grains beyond the
snowline, which lies at around 1 – 2 au for disks around
T Tauri stars and between 5 – 15 au for disks around
Herbig Ae/Be stars (e.g., M. Agúndez et al. 2018), with
some variation in these numbers expected due to the
presence of disk sub-structures (e.g., cavities).

The successful detections of gas-phase methanol in the
inner regions of now four disks around Herbig Ae/Be
stars is likely due to their possession of dust cavi-
ties. This allows direct irradiation of the inner cavity
edge, exposing the ices in the midplane to heat, thereby
driving efficient thermal desorption and detectable gas
masses of methanol (see, e.g., the discussion in A. S.
Booth et al. 2025). This picture is consistent with
the non-detections of gas-phase methanol in the Her-
big Ae/Be disks of HD 163296 and MWC 480 which
do not possess large dust cavities, although the inner-
most region of MWC 480 does show emission from other
large O-bearing molecules, e.g. dimethyl ether (Y. Yam-
ato et al. 2024). Nevertheless, TW Hya remains the
only disk around a Solar-type star in which gas-phase
methanol has been robustly detected to date.

The origin of gas-phase methanol in TW Hya, differs
from that from the Herbig Ae/Be disks discussed above
due to its snowline lying at only a few au from the central
star. For gas-phase methanol to exist in the gas-phase
beyond the snow line, there must be a non-thermal des-
orption mechanism at work that is able to release the
molecule from the ice at a sufficient rate to counteract
(re)freeze-out onto dust grains. An alternative possibil-
ity is that there is sufficient dust depletion in the disk
molecular layers that the freeze-out timescales become
longer that the disk life-time, effectively switching off
grain-surface interactions and chemistry. In this latter
case, gas-phase methanol would need to have an efficient
gas-phase formation mechanism to counteract destruc-

tion in the molecular layer via UV and X-ray photons,
and ion-molecule chemistry.

Due to its proximity (60 pc; Gaia Collaboration et al.
2023) and well characterised physical structure, TW Hya
provides a unique laboratory to study the non-thermal
desorption mechanism of methanol (and other COMs)
in a protoplanetary disk around a Sun-like star, and
in particular to explore the relative importance of pho-
todesorption, X-ray desorption, and reactive desorption
in setting the abundance of gas-phase methanol in the
disk molecular layer. Determining the dominant chem-
ical origin will then help to better constrain the abun-
dance and distribution of the methanol ice reservoir to
compare with the cometary record in the Solar System.

Here, we present new ALMA observations of rota-
tional lines of gas-phase methanol in TW Hya that span
a range of excitation energies from 16 to 68 K. These
data enable us, for the first time, to constrain the exci-
tation temperature and column density of methanol in
the TW Hya disk and to perform a spatially resolved
analysis to constrain the radial distribution. For the
previous detection reported in C. Walsh et al. (2016),
whilst several lines were targeted, the lines needed to
be stacked in order to successfully image the data and
to confirm detection (although subsequent analysis con-
firmed the detection of the individual lines in uv space
via matched filtering, see R. A. Loomis et al. 2018). We
compare the empirically derived column density and ex-
citation temperature with the results of a full chemical
model in which we test the impact of varying the rates
of non-thermal desorption on the resulting abundance
and distribution of gas-phase methanol, and explore the
possibility of an active gas-phase route in the case of
dust depletion in the molecular layer.

In Section 2 we describe our observations, in Sec-
tion 2.3 we present the results of our imaging analy-
sis including radial profiles, in Section 3 we compare
our data driven results with those from a full chemical
model, in Section 4 we discuss the possible chemical ori-
gins of gas-phase methanol in TW Hya, and in Section 5
we summarise our work and state our conclusions.

2. OBSERVATIONS

TW Hya was observed by ALMA in Band 7 on the 3rd
of December 2016 for 5.7 hours in configuration C40-4
under project code 2016.1.00464.S (P.I. C. Walsh) with
a precipitable water vapour measurement of 1.0 mm.
Baseline lengths ranged from 15–704 m with 39–46 an-
tennas depending on execution. Quasar J1037−2934
was used as both a phase and flux calibrator, while
J1058+0133 was used as a bandpass calibrator. The cor-
relator was configured for dual polarisation across one
continuum and eight line-containing spectral windows
across a frequency range of 291–307 GHz with spectral
resolutions of 32.0 and 0.13 km s−1, respectively. Table
1 details the targeted methanol transitions.
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Figure 1. Morphology of the methanol (CH3OH) emission toward TW Hya. (a) 290 GHz continuum emission from J. Huang

et al. (2018) overlaid with the dust disk extent derived from our observations in J. D. Ilee et al. (2022) (dashed ellipse). (b)

Integrated intensity map of the 0.′′7 stacked methanol transitions. (c-f) As (b), but for the individually detected transitions.

Data (self-)calibration and imaging were performed
with CASA version 5.6.1 ( CASA Team et al. 2022).
A continuum visibility measurement set was created by
combining all channels in the continuum spectral win-
dow after flagging those containing strong line emis-
sion. Two rounds of phase self-calibration and one round
of amplitude self-calibration were undertaken, improv-
ing the peak signal-to-noise ratio in the continuum im-
age by a factor of 14. The phase centre was set to
11h01m51.s811, −034◦42′17.′′267 throughout. The con-
tinuum self-calibration solutions were applied to the
measurement sets containing line emission. An analy-
sis of the continuum emission is presented in J. D. Ilee
et al. (2022).

2.1. Matched filtering

Due to the weak nature of the targeted methanol tran-
sitions, we initially processed the measurement sets of
the line-containing spectral windows using a matched fil-
ter technique, which is fully described in R. A. Loomis
et al. (2018). Briefly, this utilises a known morphological
and kinematic structure of a source in order search for
line emission directly in the Fourier domain, resulting in
an improvement of signal-to-noise ratio when compared
with imaging alone. We experimented with a variety of

Keplerian filters with varying radial extents from 50 –
200 au, finding that the strongest filter responses for the
methanol transitions came from filters of radius 50 au,
demonstrating the compact nature of the emission. Ap-
pendix A shows the results of the matched filter for all
spectral windows in the observations.

2.2. Imaging

We then imaged the detected transitions with the
CASA tclean task, using Keplerian masks calculated
from the known geometry of the TW Hya disk (an incli-
nation of 5◦ and position angle of 152◦; J. Huang et al.
2018) to select regions in position-position-velocity space
expected to have emission. After experimenting with a
range of Briggs robust parameters (R) and different lev-
els of uv-tapering, we produced two sets of images for
subsequent analysis. Our high resolution case, used to
investigate radially-resolved emission while still allow-
ing adequate detections of all transitions, was imaged
with R = 0.0 and no taper to achieve a 0.4′′ beam ma-
jor axis (rms per channel = 1.15 mJy beam−1). Our
high sensitivity case, used to investigate extended disk-
integrated emission, was imaged with R = 0.5 and a
uv-taper to achieve a 0.7′′ beam major axis (rms per
channel = 1.45 mJy beam−1). In both cases, the beams
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Figure 2. Radial profiles of emission for the detected methanol (CH3OH) transitions. The upper panels show the 0.′′4

observations, while the lower panels show the 0.′′7 observations. Transitions are labelled with Eu, shaded regions indicate 1σ

uncertainties and the beam FWHM is shown with a horizontal bar.

were subsequently circularised using the imsmooth task
(although we note that the original size of the minor axes
were within 10% of the major axes due to the favourable
declination of TW Hya during the observations). We
adopted a common velocity resolution of 0.2 km s−1 in
order to improve signal-to-noise compared to the native
spectral resolution. Channel maps for both sets of im-
ages are presented in Appendix B.

2.3. Results

The matched filter results (see Appendix A) confirm
the successful detections (& 4σ) of the rotational lines of
gas-phase methanol spanning upper level energies from
17 to 38 K. We do not detect the higher energy line
with an upper level energy of 64 K (see Table 1) which al-
ready hints that the rotational temperature of gas-phase
methanol in TW Hya is low. In this section, we present
data products derived from the methanol image cubes of
the detected lines, including integrated intensity maps,
disk-integrated flux measurements, radial emission pro-
files, and rotational diagram analysis using the relative
strengths of the detected transitions.

2.3.1. Integrated intensity maps

To investigate the general morphology of the methanol
emission, we generated integrated intensity (zeroth mo-
ment) maps for each transition with the bettermoments
package (R. Teague & D. Foreman-Mackey 2018) us-
ing Keplerian masks. Such an approach has the benefit
of significantly improving the fidelity of intensity maps
generated from weaker transitions (see C. J. Law et al.
2021, their Appendix A, for a full discussion of this ap-
proach). Figure 1 shows the integrated intensity maps

of the methanol transitions generated from the 0.′′7 im-
ages compared to high-resolution dust continuum ob-
servations of TW Hya at a similar frequency (290 GHz;
from J. Huang et al. 2018).

The individual transitions appear to show a range
of different morphologies including arcs/rings, central
peaks and more extended emission. The 11,0–10,1 tran-
sition appears to emit from a ring at approximately
30 au, while the 21,1–20,2 appears anti-correlated to this
with a central peak. The 31,2–30,3 transition, which is
strongest, is also centrally peaked but shows an extended
shelf of emission out to approximately 60 au. The 41,3–
40,4 transition appears to be intermediate between these
two cases, with a central depression surrounding by an
asymmetric arc to the North-East. Figure 1b shows the
integrated intensity map of these detected transitions
stacked in the image plane. From this, it is clear that,
in general, the methanol emission is entirely contained
within the extent of the millimetre dust disk (out to
between 60–90 au).

2.3.2. Radial profiles

To further investigate the emission morphology, we
created radial emission profiles for each transition using
the GoFish package R. Teague (2019), with a grid set
to the inclination (5◦) and position angle (152.0◦) of
TW Hya (J. Huang et al. 2018). We assumed a flat
emission layer (e.g., z/r = 0), but note that due to the
near face-on orientation of the disk, other choices do not
affect the resulting emission profiles. Figure 2 shows the
profiles derived for both the high resolution 0.′′4 and high
sensitivity 0.′′7 image cubes.
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Table 1. List of targeted methanol (CH3OH) transitions and molecular

spectroscopic data† assumed during our calculations. Also given are mea-

surements of the peak matched filter response (σf) and disk-integrated fluxes

(Sν∆v) obtained from the 0.′′7 observations.

Transition Frequency Eu log10(Aij) gu σf Sν∆v

(GHz) (K) (mJy km s−1)

1(1,0)-1(0,1) A 303.3669 16.9 −3.49308 12 5.8 14.3± 2.5

2(1,1)-2(0,2) A 304.2083 21.6 −3.49028 20 7.8 12.1± 2.1

3(1,2)-3(0,3) A 305.4735 28.7 −3.48628 28 7.6 24.6± 2.7

4(1,3)-4(0,4) A 307.1659 38.0 −3.48073 36 4.9 13.0± 2.7

6(1,5)-5(1,4) A 292.67289 63.7 −3.97483 52 < 3 < 7.4

† obtained from the Cologne Database for Molecular Spectroscopy (CDMS,

https://cdms.astro.uni-koeln.de/cdms/portal/)

The profiles confirm the slightly different morpholo-
gies of emission for the different transitions. A cen-
tral depression is clearly seen in the 11,0–10,1 transition,
while the intensity of the other transitions decreases
monotonically from either a central peak or plateau.
The profiles also confirm the compact nature of the emis-
sion, with only significant signal detected out to between
50–100 au depending on transition. There may be hints
of radial substructure seen in the 0.′′4 profiles between
approximately 50–70 au, however the size of these fea-
tures is comparable to the beamsize, and their signifi-
cance is relatively low.

2.3.3. Rotational diagrams

The detection of multiple methanol transitions that
span a range of upper state energy levels (Eu = 16.8–
38.0 K) allows us to use their relative strengths to quan-
tify the physical conditions of the gas in the emitting
region. To this end, we performed a rotational diagram
analysis. In the first instance, we measure disk inte-
grated fluxes using the line shifting and stacking tech-
nique provided by the integrated spectrum() func-
tion within GoFish (R. Teague 2019). This process de-
projects the rotation profile of the disk and combines
Doppler-shifted emission onto a common centroid ve-
locity reference frame, yielding a single disk-integrated
spectrum from which to measure the strength of each
transition. In the case of weak lines such as those pre-
sented here, these spectra provide an increase in the
signal-to-noise ratio when compared with other tech-
niques. The resulting disk-integrated line flux measure-
ments are given in Table 1.

Our calculation of a rotational diagram from these
measurements is fully outlined in J. D. Ilee et al. (2021).
Briefly, this involves determining a rotational tempera-
ture, Trot, and total column density, NT , from a lin-
ear least squares regression deriving the best fitting

slope and intercept of the relationship between the rela-
tive strength of transitions as a function of their upper
state energy level, Eu. This assumes that local ther-
modynamic equilibrium (LTE) governs the level popu-
lations, which is the case for the strong lines of gas-phase
methanol targetted in this work (see the analysis con-
ducted in S. Y. Parfenov et al. 2017). We note that
methanol exists in two nuclear spin states, A-type (all
proton spins are parallel) and E-type (one proton spin
is antiparallel). While all of our targeted transitions
correspond to A-type methanol, the molecular spectro-
scopic data we use intrinsically accounts for these multi-
ple states, meaning that all column densities we report
reflect the total (A-type plus E-type) abundance (see,
e.g., R. M. Lees 1973 and S. Muller et al. 2021). For the
calculation of the column density, we assume an emit-
ting area based on a region 80 au in radius since this
encompasses all of the significant emission from each of
the targeted methanol transitions.

Figure 3 shows the rotational diagram calculated from
the disk-integrated line flux measurements from the 0.′′7
images. The diagram is relatively well fit by a sin-
gle component, with median values of column density
and rotational temperature from the posterior proba-
bility distribution of the MCMC fitting procedure are
NT = 1.8+1.3

−0.5 × 1012 cm−2 and Trot = 35.9+25.9
−10.6 K, re-

spectively (where uncertainties correspond to the 16th–
84th percentile of the distribution). All transitions have
calculated optical depth values of τ < 10−2 demonstrat-
ing they are optically thin.

We can extend this analysis to investigate the radial
behaviour of column density and excitation temperature
using the radial profiles of the higher resolution 0.′′4 im-
ages, and calculating a rotational diagram for each ra-
dial bin. Figure 4 shows the corresponding NT(r) and
Trot(r) profiles derived from this analysis. The rota-
tional temperature shows little radial dependence out

https://cdms.astro.uni-koeln.de/cdms/portal/
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to 80 au (beyond which there is insignificant signal from
multiple transitions), and agrees very well with the disk-
integrated value. The lack of rotational temperature
variation within 30 au (despite a drop in intensity of the
lowest energy 11,0–10,1 transition) can be explained by
the fact that the gradient of the fit in these regions is
driven primarily by the other strongly detected higher
energy transitions. The column density profile mono-
tonically decreases from a central peak of 1013 cm−2

and reaches agreement with the disk-integrated value
beyond a radius of approximately 50 au. There appears
to be little in the way of substructure in either profile,
with any variations well within the associated uncertain-
ties for each quantity.

3. GAS-GRAIN CHEMICAL MODELS OF THE
DISK OF TW HYA

3.1. The chemical origin of methanol in TW Hya

Both our disk-integrated and radially resolved ro-
tational diagram analysis indicates that the methanol
emission in TW Hya is rotationally cold, with
Trot ≈ 36 K across the full radial extent of the emission
(out to ∼80 au). We can compare this to the evapo-
ration temperature expected if the methanol were being
thermally desorbed from icy dust grains in the disk. De-
pending on assumptions regarding the composition of
the icy grain surface, M. Minissale et al. (2022) find
evaporation temperatures for methanol between 130–
170 K. Such values are significantly higher than our de-
rived rotational temperatures, indicating that the origin
of the gas phase methanol in TW Hya cannot be due
to direct thermal desorption. Instead, it must originate
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Figure 4. Radially resolved rotational diagram for the 0.′′4

observations, where shaded regions indicate uncertainties ob-

tained from the 16th–84th percentile of the posterior distri-

bution. Dashed lines show values derived from the disk in-

tegrated analysis (see Figure 3). The vertical grey region

indicates a radial extent of half the beam size.

from either non-thermal desorption processes or form in
the gas phase directly.

Methanol ice is efficiently formed from sequential hy-
drogenation of CO ice at low temperatures (see, e.g. K.
Hiraoka et al. 1994, N. Watanabe & A. Kouchi 2002,
and G. W. Fuchs et al. 2009). On the other hand, it
has been proposed for some time that gas-phase forma-
tion of methanol is inefficient because it relies on the
formation of a protonated complex formed by radiative
association (which is typically slow),

CH3
+ + H2O −−→ CH3OH2

+ + hν,

that then undergoes dissociative recombination with an
electron which results in fragmentation of the complex
(R. Garrod et al. 2006; W. D. Geppert et al. 2006),

−−→ CH2 + H2O + H

−−→ CH3 + H2O

CH3OH2
+ + e− −−→ CH3 + OH + H (1)

−−→ H2CO + H2 + H

−−→ CH3OH + H

with only 3% of dissociations leading to intact
methanol. A potential solution to this issue is that re-
actions of the protonated complex with a proton ac-
ceptor such as NH3 can provide a route to intact gas-
phase methanol (S. D. Rodgers & S. B. Charnley 2001);
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however, one would need a sufficient abundance of NH3

available in the gas in the molecular layer, which brings
us back to the requirement for the release of molecules
with high binding energies from an ice reservoir via non-
thermal desorption.

Non-thermal desorption from ices can arise in disks
via photodesorption, where photons can be produced
internally in media due to the interaction of cosmic rays
and /or X-rays with molecular hydrogen or originate ex-
ternally from, e.g., the host star. A second non-thermal
desorption mechanism is reactive desorption, where a
proportion of the excess energy created in bond forma-
tion goes into releasing the product of a grain surface as-
sociation reaction into the gas-phase (see the reviews by

K. I. Öberg 2016 and H. M. Cuppen et al. 2017). There
are also alternative explanations presented in the litera-
ture such as grain-grain collisions (e.g., J. Kalvāns & K.
Silsbee 2022) and rotational desorption due to radiative
torques (e.g., T. Hoang & N.-D. Tung 2019). However
these mechanisms are both unlikely to be occurring in
the outer regions of disks where the grain relative veloc-
ities are low, and where the radiation field is too weak,
respectively. It has also been proposed that CH3OH
may be able to co-desorb with CO ice at and around
the location of the CO snowline and surface; however,
sensitive laboratory experiments could only put an up-
per limit on the process of ≈ 10−6 methanol molecules
per CO molecule (N. F. W. Ligterink et al. 2018).

Similar to the issue with gas-phase formation of
methanol, experiments have shown that pure and mixed
methanol ices fragment upon irradiation with UV pho-
tons. For UV irradiated ices, a desorption yield of
10−5 − 10−6 molecules per photons has been measured
(M. Bertin et al. 2016; G. A. Cruz-Diaz et al. 2016),
which can be compared with the higher photodesorpion
yields for more simple species such as CO, N2, CO2,
and H2O (10−4 − 10−2 molecules per photon; see re-

views by K. I. Öberg 2016 and H. M. Cuppen et al.
2017). On the other hand, for X-ray irradiated ices, in-
tact methanol desorption has been detected with a much
higher yield of 10−2 molecules per 564 eV X-ray pho-
ton (R. Basalgète et al. 2021). The simulation of such
processes in astrochemical models is complicated by the
fact that irradiation induces a cascade of processes on
the molecular level that includes excitation, ionisation,
dissociation, diffusion, recombination, reaction, and des-
orption.

3.2. Description of the chemical model

We next use a gas-grain chemical model combined
with an observationally-constrained physical structure
for the disk around TW Hya (from J. K. Calahan et al.
2021), to compute the abundance of gas-phase and ice-
phase methanol for a suite of models in which we in-
clude/exclude various chemical ingredients. We do this
to investigate which chemical processes are most impor-

tant for setting the abundance and distribution of gas-
phase methanol in the disk of TW Hya.

As already discussed, the most likely explanation is
that the gas-phase methanol detected in TW Hya arises
due to non-thermal desorption from the ice mantle. To
test this theory, and to quantify the impact of the pos-
sible chemical origins (e.g., photodesorption, X-ray des-
orption, and reactive desorption) on the abundance of
gas-phase methanol, we run a suite of gas-grain chemical
models. The model and network is identical to that used
in C. Walsh et al. (2015) with some additional modifica-
tions introduced to maximise the calculated abundance
of gas-phase methanol, and to enable a more realistic
treatment of dust properties. Early gas-grain models
often assume a fixed dust grain size and density based
on that constrained for the interstellar medium. How-
ever, it is now known from observations that the dust
in protoplanetary disks has undergone substantial evo-
lution through growth, settling, radial drift, and trap-
ping (see the recent review by T. Birnstiel 2024), that
will modify the local dust size and density distribution.
Several protoplanetary disks thermochemical codes now
account for these effects by adopting two dust popula-
tions, one population of “small” dust grains (up to 1 µm
in size) and a second population of “large” dust grains
(up to 1 mm in size), which have different total masses
and scale heights, with the “large” grains more settled
(i.e., with a smaller scale height) than the small (fol-
lowing the parametrised approach first suggested by P.
D’Alessio et al. 2006). For simplicity, both dust popula-
tions are often assumed to follow the typical MRN size
distribution (J. S. Mathis et al. 1977), dn/da ∝ a−3.5,
where n is the number of grains, and a is the grain size.

The gas-grain model from C. Walsh et al. (2015) has
now been modified to ingest a dust density and size dis-
tribution which allows the available dust grain surface
area per unit volume to vary through the disk which will
affect the rates for accretion, desorption, and diffusion of
species on the dust grain surfaces. Further, the code also
has two additional flags to allow, i) an increase in avail-
able dust-grain surface area due to the proposed fractal
nature of dust (as is suggested to be the case in IM Lup
by R. Tazaki et al. 2023), and ii) an increase in the ice-
to-gas mass ratio scaled by the dust-to-gas mass ratio,
which makes the simple assumption that the ice reser-
voir has followed the large grains, and has become more
radially and vertically concentrated in the midplane of
the disk. The first flag scales the available dust-grain
surface area by the area-to-mass ratio, A/m, constrained
by R. Tazaki et al. (2023) for the disk of IM Lup, where
A/m ' 1.5 × 104 cm2 g−1. The second flag simply
scales the initial abundance of all ice species by the ra-
tio of the input dust-to-gas mass ratio to the canonical
value of 0.01, i.e., if the dust-to-gas mass ratio is reduced
by a factor of 10 relative to the canonical value, then
the initial abundances of ice species in that part of the
disk are also reduced by a factor of 10 (and vice versa).
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The code has also been modified to treat X-ray desorp-
tion as a separate process to photodesorption, using the
depth-dependent desorption yields recently measured in
the laboratory for CO, H2O, CH3OH, and CH3CN (R.
Dupuy et al. 2018, 2021; R. Basalgète et al. 2021, 2023).
For species without an available measurement we used
the yields for H2O by default. Fragmentation upon pho-
todesorption of methanol ice is already included in the
code (M. Bertin et al. 2016).

We adopt the physical structure from J. K. Calahan
et al. (2021) for the disk of TW Hya which was cal-
culated using the thermochemical code, rac-2d (F. Du
2017). This model reproduces well many observations
of TW Hya including the spectral energy distribution
(SED), the flux in the HD J = 1 − 0 line, and the ra-
dial distribution of the integrated intensity of several
CO (including 13CO and C18O) rotational lines (from
J = 2 − 1 to J = 6 − 5). We present and discuss the
physical structure in the next subsections.

Our initial chemical abundances are generated from
a single-point gas-grain chemical model of a cold, dark
molecular cloud with a temperature of 10 K, a gas num-
ber density of 104 cm−3, a visual extinction of 10 magni-
tudes, and a cosmic-ray ionisation rate of 1.3×10−17 s−1,
with the abundances extracted at a time of 1 Myr.
Hence, we begin our calculations with already formed
ice mantles, with fractional abundances (relative to total
H nuclei) for H2O, CO2, CO, and CH3OH of 1.8×10−4,
2.8×10−6, 2.2×10−5, and 2.3×10−5, respectively, which
are only adjusted through the disk when the flag for ice
mass scaling is switched on.

3.3. Abundance of methanol gas and ice at 30 au

To explore how the various chemical processes affect
the column density of gas-phase methanol calculated for
TW Hya, we first run a suite of models with different
chemical ingredients, across a vertical slice of the disk
at a radius of 30 au. We choose 30 au as this roughly
coincides with the size of the beam in our observations
(see Section 2).

3.3.1. Physical structure

Figure 5 shows the physical conditions over this slice
as a function of height, z, over the radius, r. The hy-
drogen nuclei density increases from ∼ 105 cm−3 at the
disk “surface” (z/r = 0.4) to a few times 1010 cm−3

at the disk midplane. The gas temperature increases
from a value of 10 K at the midplane to � 100 K at
the disk surface. At a height of z/r ≈ 0.23 the gas and
dust temperatures decouple with the gas cooler than
the dust up to z/r ≈ 0.35 beyond which inefficient gas
cooling increases the gas temperature relative to that
for the dust. The dust temperature plateaus at a value
of 80 K above z/r ≈ 0.3 . The midplane is fully ex-
tincted from external UV photons; however, the X-rays
are more penetrative and have an appreciable flux of
∼ 10−7 erg cm−2 s−1 at the midplane. At a height of

z/r ≈ 0.13 the UV flux becomes larger than that for the
X-rays reaching a plateau value of ∼ 10 erg cm−2 s−1

above z/r ≈ 0.26 which is a factor of ∼ 104 times
stronger than the average value for the interstellar ra-
diation field. Despite the X-rays having an appreciable
flux in the midplane, below z/r ≈ 0.1 the ionisation
rate is dominated by cosmic rays, and we adopt here
the lower-than-canonical ionisation rate (see, e.g., L. I.
Cleeves et al. 2015) of ∼ 10−18 s−1. Above this height,
the X-ray ionisation rate monotonically increases reach-
ing a value of ∼ 10−11 s−1 at z/r = 0.4.

The bottom two panels in Figure 5 show the dust-
grain fractional abundance (left) and dust-to-gas mass
ratio (right) as a function of z/r at a radius of 30 au.
These data include the contributions from both the
“small” (0.0005 to 1 µm) and “large” (0.005 µm to
1 mm) dust-grain populations. Evident in these plots is
the impact of dust settling towards the midplane, with
the fractional abundance of dust grains decreasing from
a few times 10−10 relative to the H nuclei density to a few
times 10−14 at the top of our disk model. These numbers
can be compared with the typical fixed value assumed
for the interstellar medium of ∼ 10−12. In addition, the
dust-to-gas mass ratio is greater than the canonical in-
terstellar value (0.01) below z/r ≈ 0.05 reaching a max-
imum of 1 at the disk midplane, and decreasing above
this height to reach a minimum of a few times 10−6 at
the disk surface. This distribution reflects the smaller
scale height of the “large” dust population versus the
“small” dust population in the best-fit model from J. K.
Calahan et al. (2021), with characteristic scale heights,
hc, of 8.4 au and 42 au, respectively, at the characteris-
tic radius, rc of 400 au (see J. K. Calahan et al. 2021,
for full details). The distribution also reflects the differ-
ent mass contained in the two dust grain populations,
with a mass of 1 × 10−4 M� in the “small” grains and
4 × 10−4 M� in the “large” grains. It is also worth to
point out that the best-fit model also suggests a global
dust-to-gas mass ratio of 0.02 for TW Hya, which is a
factor of 2 larger than that commonly assumed for the
ISM (0.01).

3.3.2. Chemical structure without grain-surface chemistry

We run 14 iterations of the chemical model, in which
we systematically increase the complexity, following a
similar approach adopted in C. Walsh et al. (2014). We
do this to separate out and quantify the effects of differ-
ent processes on the abundance of gas-phase methanol.
We start with a model which includes gas-phase chem-
istry, freezeout, and thermal desorption (TD) only, to
which we add photodesorption (PD), and/or X-ray des-
orption (XD), then a model assuming fractal grains (FR)
and, finally a model scaling the ice mass reservoir by the
dust mass reservoir (D2G). We run a second series of
models with grain-surface chemistry switched on (GR)
that includes thermal desorption (TD), photodesorption
(PD), and X-ray desorption (XD) by default, and then
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Figure 5. Physical conditions across a vertical slice of TW Hya at a radius of 30 au (model results from J. K. Calahan

et al. 2021). Shown are the Hnuc density (top left), gas (dotted) and dust (dashed) temperature (top right), UV (dotted) and

X-ray (dashed) flux (middle left), cosmic-ray (dotted) and X-ray (dashed) ionisation rate (middle right), dust grain fractional

abundance (bottom left) and dust-to-gas mass ratio (bottom right), all as a function of z/r (i.e., height divided by radius).

including reactive desorption (RD), and photoprocess-
ing of the ice (PP), as well as iterations assuming frac-
tal grains (FR), and scaling of the ice mass reservoir
(D2G). Table 2 lists the different model iterations and
the chemical processes and assumptions included in each
one. We take an optimistic approach and extract abun-
dances and column densities at a time of 1 Myr at which
we expect most of the chemistry through the disk atmo-
sphere to have reached steady state. However, TW Hya
has been deemed to be a rather old system, with a recent
age estimate of 8 Myr (K. R. Sokal et al. 2018).

Figure 6 shows the number density of gas-phase
methanol (left) and ice-phase methanol (right) as a func-
tion of z/r (top four panels), as well as the total column
density of both (bottom two panels) for each iteration of
the chemical model. We choose to show the total num-

ber density as opposed to the fractional abundance, as
this better reflects where the bulk of the calculated col-
umn resides vertically in the disk. With thermal desorp-
tion alone (TD; solid lines in top panels of Fig. 6), the ice
reservoir extends to a higher vertical extent (z/r . 0.26)
reflecting the cool dust temperature (. 80 K), and the
peak in the gas-phase abundance occurs at the methanol
snow surface for thermal desorption alone, reaching a
value a few times 10−6 cm−3. This leads to a column
density of 5.2× 107 cm−2 which is around five orders of
magnitude lower than the observationally-derived disk-
integrated column density of 1.8×1012 cm−2 (see Fig. 3).
Further, the gas temperature here is 50− 70 K which is
higher than the observationally-derived disk-integrated
value of 36 K (see Fig. 3). Thermal desorption alone
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Table 2. Chemical processes and assumptions included in each iteration of the chemical model.

Model name Thermal Photo- X-ray Grain-surface Reactive Ice photo- Fractal Scaled

desorption desorption desorption chemistry desorption processing grains ice mass

TD X

TD+PD X X

TD+XD X X

TD+PD+XD X X X

TD+PD+XD+FR X X X X

TD+PD+XD+D2G X X X X

TD+PD+XD+FR+D2G X X X X X

GR X X X X

GR+RD X X X X X

GR+PP X X X X X

GR+PP+RD X X X X X X

GR+RD+FR X X X X X X

GR+RD+D2G X X X X X X

GR+RD+FR+D2G X X X X X X X

Note—All chemical models include gas-phase chemistry, freeze-out, and thermal desorption by default.

cannot reproduced the values derived from the observa-
tions.

The inclusion of photodesorption in the model
(TD+PD; dashed lines in top panels of Fig. 6), pushes
the position of the methanol ice snow surface down to
z/r ≈ 0.17, where the gas temperature is 30 − 40 K.
This temperature is more in line with that derived
from the observations, and results in a peak abun-
dance of 6 × 10−3 cm−3 leading to a column density
of 1.1 × 1011 cm−2. This is significantly closer to that
derived from observations, albeit still an order of mag-
nitude too low. X-ray desorption alone (XD; dotted
lines in top panels of Fig. 6) is less efficient than that
for photodesorption and leads to a column density of
6.6 × 109 cm−2, although this process does elevate the
abundance of gas-phase methanol over a larger verti-
cal extent of the disk. With both processes included
(TD+PD+XD; dashed-dotted lines in top panels of
Fig. 6), photodesorption dominates with very similar
profiles and column densities for the results from models
TD+PD and TD+PD+XD.

A boost in the dust-grain surface area by assuming
fractal grains (TD+PD+XD+FR; tight dotted lines in
top panels in Fig. 6), helps to slightly increase the ver-
tical width over which gas-phase methanol reaches its
peak abundance relative to the model which does not
assume fractal grains. This leads to a moderate in-
crease in the column density by ≈ 30%. Scaling of the
ice mass and distribution by the dust-to-gas mass ratio
(TD+PD+XD+D2G; long dashed lines in top panels
of Fig. 6), leads to a drop in the column density by
around a factor of ≈ 7. This is because, in this model,
the ice is more concentrated in the midplane and de-
pleted in the elevated disk layers where photodesorp-
tion is most efficient, leading to a drop in both the peak

abundance (to ∼ 10−3 cm−3) and total column den-
sity. Combining a model with both fractal grains and
scaling of the ice mass (TD+PD+XD+FR+D2G; tight
dashed-dotted lines in top panels in Fig. 6), leads to an
increase in the column density by a factor of ≈ 3 rel-
ative to the model with scaled ice mass alone. Scaling
of the ice-to-gas mass ratio by the dust-to-gas mass ra-
tio has also led to an increase in the column density of
methanol ice (bottom-right panel of Fig. 6), from a value
of 4.4 − 4.8 × 1019 cm−2 (with only a small variation
between models with different desorption mechanisms
included), to 2.9 × 1020 cm−2. This is due to the large
increase in abundance of methanol ice in the disk mid-
plane by around two orders of magnitude when this ice
mass scaling is applied (see top-right panel of Fig. 6).

So far, the inclusion of photodesorption, and the as-
sumption of fractal grains, has generated the largest cal-
culated column density of gas-phase methanol at 30 au,
approaching that derived from the observations. We
now explore if the inclusion of grain-surface chemistry as
well enables a further increase in abundance and column
density of gas-phase methanol.

3.3.3. Chemical structure including grain-surface chemistry

The middle panels of Fig. 6 show the abundances
of methanol gas (left) and ice (right) when grain-
surface chemistry is switched on. As already discussed,
methanol is only efficiently formed in the ice phase via
hydrogenation of CO ice. Hence, this suite of models al-
low (re)formation of methanol ice following destruction
via e.g., photodissociation in the ice and/or gas phase.

The inclusion of grain-surface chemistry alone (GR;
solid lines in middle panels of Fig. 6) does not have
a major effect on neither the gas-phase nor ice-phase
abundance and column density of methanol. There is a
small increase in the column density of both of ≈ 16%
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Figure 6. Abundance (top and middle; cm−3) and column density (bottom; cm−2) of methanol gas (left) and ice (right) as

a function of z/r (i.e., height divided by radius) at a radius of 30 au. The top row shows results from models with thermal

desorption only (TD), with the addition of photodesorption (+PD) and X-ray desorption (+XD), treating the grains as fractal

(+FR) and scaling the ice mass by the dust-to-gas mass ratio (+D2G). The middle row shows the results from models also

including all listed desorption mechanisms and grain-surface chemistry (GR), with the addition of reactive desorption (+RD),

photo-processing of the ice (+PP), treating the grains as fractal (+FR), and scaling the ice mass by the dust-to-gas mass ratio

(+D2G). The disk-averaged column density of gas-phase methanol derived from the observations (1.8+1.3
−0.5×1012 cm−2) is shown

by the grey box in the bottom left plot. The starred models in the bottom left plot are those for which the methanol gas column

density is highest and thus for which the full models were run.
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and ≈ 12%, respectively. Adding reactive desorption
with a conservative efficiency of 1% (GR+RD; dashed
lines in middle panels of Fig. 6), has a negligible effect,
with the results closely overlapping with those including
grain-surface chemistry alone. A model including both
grain-surface chemistry and photo-processing of the ices
(GR+PP; dotted lines in middle panels of Fig. 6) is
catastrophic for the abundance and column density of
gas-phase methanol. The peak abundance falls to a few
times 10−6 cm−2 and the column density falls to a value
of 2.0 × 108 cm−2. This likely indicates that adopt-
ing the same rates for the photodissociation of ices as
those for the gas phase is an oversimplification and/or
overestimation in the two-phase model used here, lead-
ing to the destruction of methanol ice faster than it can
be reformed. A model including both reactive desorp-
tion and photoprocessing (GR+PP+RD; dashed-dotted
lines in Fig. 6), does help to boost the abundance of
gas-phase methanol relative to the model with photopro-
cessing only; however, the column density still remains
around one order of magnitude lower than that for the
base model including grain-surface chemistry (GR).

The grain-surface model in which reactive desorption
and the assumption of fractal grains are also included
(GR+RD+FR; tight dotted lines in Fig. 6) leads to
the largest column density of gas-phase methanol across
all models, 2.5 × 1011 cm−2, showing that an increase
in surface area in conjunction with grain-surface chem-
istry can help to increase further the abundance of gas-
phase methanol. This increase is due to the expansion
of the vertical width over which methanol reaches its
peak abundance of ∼ 10−2 cm−3. As found for the
models without grain-surface chemistry, scaling of the
ice mass by the dust-to-gas mass ratio leads to a boost
in the column densities for both gas-phase and ice-phase
methanol, relative to the models without this assump-
tion. These models predict a further increase in the
ice-phase methanol column density to 4.9× 1020 cm−2,
indicating that grain-surface chemistry is active in pro-
ducing methanol ice in the disk midplane. For gas-phase
methanol, the column is increased by a factor of 3.7
when scaling the ice mass, and when fractal grains are
not assumed. For the converse, scaling of ice mass re-
duces the column of gas-phase methanol by a factor 1.9.

In summary, photodesorption of methanol ice remains
the key process producing methanol in the gas phase.
Grain-surface chemistry does help to increase the abun-
dance of methanol in the ice phase in the disk midplane,
but this has a limited impact on the abundance of gas-
phase methanol in the molecular layer. The assumption
of fractal grains with the addition of grain-surface chem-
istry and reactive desorption does boost the column den-
sity of gas-phase methanol to its highest predicted value
at a radius of 30 au; however, this is still around an or-
der of magnitude lower than the disk-integrated value
derived from observations.

3.4. Abundance of methanol gas and ice in the full
model

We next explore the two-dimensional abundance of
gas-phase and ice-phase methanol as well as the radially-
dependent column densities. We do this for the sub-
set of models which predict the highest column den-
sity of gas-phase methanol at 30 au. These are iden-
tified with a diamond symbol in the bottom-left panel
of Fig. 6. These are models with i) thermal desorption,
photodesorption, X-ray desorption and fractal grains
(TD+PD+XD+FR), ii) the same as model i) but in-
cluding grain-surface chemistry and reactive desorption
(GR+RD), iii) the same model as ii) but including frac-
tal grains (GR+RD+FR), and iv) the same model as iii)
but scaling the ice mass by the dust-to-gas mass ratio
(GR+RD+FR+D2G).

3.4.1. Physical structure of the full model

Figure 7 shows the full two-dimensional structure of
the disk for TW Hya from J. K. Calahan et al. (2021).
Shown are the H nuclei density (top left), integrated
UV flux (top right), dust temperature (second left), gas
temperature (second right), integrated X-ray flux (third
left), total ionisation rate (third right), dust grain frac-
tional abundance (bottom left), and dust-to-gas mass
ratio (bottom right). The maps for the UV and X-ray
integrated fluxes contain noise related to the stochastic
method used to compute the UV and X-ray radiation
fields in rac-2d (see F. Du et al. 2017, and references
therein). The structure follows a similar behaviour to
that already described for the slice of the disk at 30 au.
The disk midplane is well shielded from UV radiation
below a height of z/r from 0.1 (at 4au) to 0.15 (at 200
au). The gas and dust temperatures decouple above a
height of z/r of 0.2 (at 4 au) to 0.3 (at 200 au). X-
rays are able to penetrate deeper into the disk than UV
photons leading to an appreciable X-ray flux in the disk
midplane (& 10−7 − 10−6 erg cm−2 s−1); however, cos-
mic rays still dominate the ionisation rate below a height
of z/r from 0.05 (at 4 au) to 0.2 (at 200 au). The impact
of dust settling and drift is clearly seen in the bottom
two panels of Fig. 7. The fractional abundance of grains
is & 10−10 relative to the H nuclei density below z/r
equal to 0.05 out to a radius of ≈ 60 au, leading to a
higher dust-to-gas mass ratio in this region than com-
monly assumed in the ISM (i.e., > 0.01), and a lower
dust-to-gas mass ratio everywhere else in the disk.

3.4.2. Chemical structure in the full models

Figure 8 shows the two-dimensional number densi-
ties (cm−3) of gas-phase (left) and ice-phase (right)
methanol for the four models which predict the high-
est column density of gas-phase methanol at 30 au.
The gas-phase methanol is most abundant in the warm
molecular layer spanning a gas temperature of ≈ 40 to
50 K in the inner disk (. 10 au) to a gas tempera-
ture range of ≈ 20 to ≈ 30 to 40 K (depending on
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Figure 7. Physical conditions as a function of disk radius, r and height divided by the radius, z/r (model results from J. K.

Calahan et al. 2021). Shown are the Hnuc density (top left), integrated UV flux (top right), dust temperature (second left), gas

temperature (second right), integrated X-ray flux (third left), total ionisation rate (third right), dust grain fractional abundance

(bottom left), and dust-to-gas mass ratio.
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the model) in the outer disk (≈ 100 au). These tem-
perature ranges overlap with that derived from the ob-
servations of gas-phase methanol in TW Hya. In the
model which includes thermal and non-thermal des-
orption and fractal grains but excludes grain-surface
chemistry (TD+PD+XD+FR; top panels in Fig. 8),
the location of the gas-phase methanol is bounded be-
low and above by integrated UV field strengths of ∼
10−6 erg cm−2 s−1 and ∼ 10−2 erg−2 s−1, respectively.
This indicates the sweet spot over which photodesorp-
tion is efficient at releasing ices from the dust grains,
but at which photodissociation is not yet efficient at
destroying these species in the gas phase. All models
have this same lower boundary with some small varia-
tions in upper boundary depending on the model. In
the bottom two models shown in Fig. 8 (GR+RD and
GR+RD+FR+D2G), this upper boundary lies at the
lower integrated UV flux of ∼ 10−3 erg−2 s−1, indicat-
ing the importance of the available dust grain surface
area and initial ice abundance in setting the position of
the snow surface.

In the models with both grain-surface chem-
istry and assuming fractal grains (GR+RD+FR and
GR+RD+FR+D2G), there is a region in the outer disk
(& 60 au) extending towards the midplane over which
gas-phase methanol also reaches an appreciable abun-
dance (∼ 10−3 cm−3). The assumption of fractal grains,
with the corresponding increase in available dust-grain
surface area, is helping to increase the efficiency of grain-
surface chemistry and non-thermal desorption in this re-
gion. In the model in which the ice mass has been scaled
by the dust-to-gas mass ratio (GR+RD+FR+D2G; bot-
tom panels of Fig. 8), the effects of the redistribution of
ices can be seen in the methanol ice abundance. There is
an increase in the abundance within the disk midplane
(r . 70 au; z/r . 0.05) corresponding to where the
dust-to-gas mass ratio is greater than 0.01, relative to
the models without this scaling.

The top panels of Fig. 9 show the vertically-integrated
column density of gas-phase (left) and ice-phase (right)
methanol as a function of radius, r, for the four models
discussed here. The three models which include grain-
surface chemistry (GR+) all have a very similar column
density profile for gas-phase methanol which increases
from 1 – 2 × 1011 cm−2 at 30 au to 5 – 6 × 1011 cm−2

at 200 au. In contrast, the model without grain-surface
chemistry (TD+PD+XD+FR; dotted lines in Fig. 9)
has a column density profile which generally decreases
with radius, from a value of 1.5 × 1011 cm−2 at 30 au
to 4.0 × 1010 cm−2 at 200 au. It is worth to note that
no model reaches the disk-integrated column density de-
rived from the observations (1.8× 1012 cm−2) by a time
of 1 Myr with the models including grain-surface chem-
istry achieving the highest column densities, albeit in the
very outer disk and still a factor of 2 – 3 lower than the
column density derived at ≈ 75 au. Arguably, the model
without grain-surface chemistry has a column density

profile more similar to the shape the profile constrained
from the observations (see Fig. 4); however, this would
need to be scaled up by a factor of ∼ 100 within 50 au
and a factor of ∼ 10 beyond in order to be fully consis-
tent.

Regarding the ice column density, all models with the
exception of that including the scaling of the ice mass,
have the same or very similar profiles. For the model
in which the ice mass is scaled by the dust-to-gas mass
ratio (GR+RD+FR+D2G; tight dotted-dashed lines in
Fig. 9), the ice column density is greater by a factor of ≈
25 within 60 au, and is lower by a factor of ≈ 2.5 beyond
80 au. This reflects the distribution of dust grains shown
in the bottom right panel of Fig. 7.

All model results discussed thus far are based on abun-
dances extracted at a time of 1 Myr. This is based on
previous gas-grain models that suggested that methanol
ice, and as a consequence methanol gas, can be depleted
over longer timescales (∼ 8 Myr; N. F. W. Ligterink
et al. 2018) which would be more akin to the age of
TW Hya. In the bottom panels of Fig. 9 we show the
column density of gas-phase methanol as a function of
radius, r, for two models, one without (left) and with
(right) grain-surface chemistry and reactive desorption,
at timesteps of 1, 2, 5, and 10 Myr. We choose these
models to assess the impact of grain-surface chemistry
and reactive desorption on the column density of gas-
phase methanol predicted through the disk. For the
model without grain-surface chemistry and reactive des-
orption, the column densities are reduced only by a fac-
tor of a few over timescales from 1 to 10 Myr. For the
model including these processes, there is little difference
in the results from 1 to 5 Myr, however, by 10 Myr, there
is an appreciable increase in the column density of gas-
phase methanol in the outer disk to ∼ 1013 cm−2. This
shows that grain-surface chemistry can help to boost the
abundance of gas-phase methanol in the outer disk, but
only on long timescales.

4. DISCUSSION

What have we learned from the chemical models? The
model results confirm photodesorption as a key mecha-
nism releasing methanol from the ice into the gas phase.
This is in agreement with previous gas-grain chemical
modelling of the disk of TW Hya (S. Y. Parfenov et al.
2017; C. Walsh et al. 2018). The assumption of fractal
grains, and the inclusion of grain-surface chemistry and
reactive desorption, can help to boost further the col-
umn density of gas-phase methanol. However, reactive
desorption tends to increase the abundance of gas-phase
methanol deeper in the disk where the gas temperature
is . 20 K, rather than in the molecular layer (see also
S. Y. Parfenov et al. 2017 and C. Walsh et al. 2018). On
the other hand, enabling photodissociation of the ice as
well as scaling the ice mass by the dust-to-gas mass ra-
tio, generally have the effect of decreasing the column
density of methanol in the molecular layer of the disk,
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Figure 8. Number density of gas-phase (left) and ice-phase (right) methanol as a function of disk radius, r, and height divided

by the radius, z/r. Shown are the results from the four models which predict the highest column density of gas-phase methanol

at 30 au: TD+PD+XD+FR (top), GR+RD+FR (second), GR+RD (third) and GR+RD+FR+D2G (bottom). The contours

in the left-hand plots present the gas temperature structure in units of K, whereas those in the right-hand plots present the

integrated UV field in units of erg cm−2 s−1. All model ingredients are listed in Table 2.
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Figure 9. Column density of gas-phase (top left) and ice-phase (top right) methanol as a function of disk radius, r, at a

time of 1 Myr. Shown in the top panels are the results from the four models which predict the highest column density of

gas-phase methanol at 30 au: TD+PD+XD+FR (dotted lines), GR+RD+FR (dashed lines), GR+RD (dotted-dashed lines)

and GR+RD+FR+D2G (tight dotted-dashed lines). All model ingredients are listed in Table 2. Shown in the bottom panels are

the results from two models, one without (TD+PD+XD+FR; bottom left) and with (GR+RD+FR; bottom right) grain-surface

chemistry and reactive desorption, at times of 1, 2, 5, and 10 Myr. The grey shaded region in the gas-phase column density

plots shows the column density profile inferred from the observations (see Fig. 3).
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relative to the models excluding these ingredients. In
the former case, methanol ice is destroyed more rapidly
than it can be reformed, and in the latter case, the scal-
ing reduces the initial abundance of methanol ice in the
layers of the disk exposed to sufficient UV radiation to
drive photodesorption.

The full chemical models predict that gas-phase
methanol resides in a layer with a temperature range
consistent with that derived from the observations; how-
ever, most models are not able to reach the disk-
integrated column density of methanol derived from
the observations. The one exception to this is the
model with grain-surface chemistry, reactive desorption
and fractal grains, which reaches a column density of
3× 1012 cm−2 similar to that inferred from the observa-
tions, albeit only at the very outermost radius of the disk
at a time of 10 Myr (see Fig. 9). This timescale is more
in line with the age of the TW Hya system; hence, more
efficient grain-surface chemistry in the inner disk regions
(e.g., due to a larger dust-grain surface area and/or more
efficient diffusion and reactive desorption) may help to
boost the gas-phase methanol abundance in the inner
disk.

The radial distribution of gas-phase methanol pre-
dicted by the models including grain-surface chemistry
(as traced by the column density) differs from that in-
ferred from the observations. The models suggest that
the column density of gas-phase methanol monotonically
increases with radius, whereas the observations suggest
the opposite. This is again similar to earlier gas-grain
models for TW Hya (S. Y. Parfenov et al. 2017; C. Walsh
et al. 2018). Even in models where we have reduced sig-
nificantly the initial abundance of ice phase methanol
due to scaling of the initial abundance by the dust-to-
gas mass ratio, there appears to remains sufficient dust
grain surface area to form methanol ice in the disk on
timescales of ∼ 10 Myr (see Fig. 9).

So how do we reconcile the difference between model
predictions and observations in terms of gas-phase
methanol column density and distribution? One limi-
tation of our chemical models is that they are static in
nature and do not include the effects of vertical mix-
ing driven by turbulent diffusion. Generic models of
a protoplanetary disk (i.e., not tailored to TW Hya)
which include turbulent mixing predict that the abun-
dance (and thus column density) of gas-phase methanol
can increase by factors of ∼ 100 in the molecular layer
of disk, for the case of strong/fast mixing (D. Semenov
& D. Wiebe 2011; D. Heinzeller et al. 2011; K. Furuya &
Y. Aikawa 2014; S. Y. Parfenov et al. 2016). Hence, the
inclusion of turbulent mixing may increase the column
density to values in better agreement with observations.
However, measurements of the turbulence in TW Hya
have suggested that it is sub-sonic, with estimates for
the turbulent velocity, . 0.1 cs, where cs is the local
sound speed in the disk (K. M. Flaherty et al. 2018;
R. Teague et al. 2018). This turbulent velocity corre-

sponds to α . 0.01 where α is the commonly assumed
scaling parameter used to estimate the turbulent vis-
cosity in accretion disks (ν ≈ αcsH, where H is the
scale height of the disk; N. I. Shakura & R. A. Sunyaev
1973). Hence, it is likely that vertical mixing is weak
in TW Hya. However, determining the precise impact
of vertical mixing on the abundance and distribution of
gas-phase methanol will require a disk-specific chemical
model of TW Hya that self-consistently includes turbu-
lent mixing.

In addition, in our models with dust-to-gas mass ice
mass scaling, we only rescale the initial ice abundances.
There is now compelling observational evidence that
gas-phase CO is depleted by a factor of up to ∼ 100 in
TW Hya (see, e.g., K. Zhang et al. 2017; J. K. Calahan
et al. 2021). This is thought to arise via a combination of
chemistry and dust evolution, with chemistry helping to
convert CO to less volatile forms which freeze out as ice,
and dust evolution helping to leach this converted CO
from the outer and upper regions of the disk, concen-
trating it in the inner midplane (e.g., R. A. Booth et al.
2017; K. R. Schwarz et al. 2018; A. D. Bosman et al.
2018; R. A. Booth & J. D. Ilee 2019; S. Krijt et al. 2020).
Our simulations begin with an assumed fractional abun-
dance for CO (gas plus ice) of 7.4 × 10−5 with respect
to the H nuclei density, so we begin with a very moder-
ate depletion only of CO (by a factor of ≈ 2 compared
with assuming that all carbon is contained in CO). An
excess of CO available in the outer disk could be help-
ing to enhance the formation and survival of methanol
ice and gas in the outer disk, thus boosting the column
density there, and creating the column density profile in
conflict with that derived from observations. In Fig. 10
we present a calculation of the CO depletion factor as a
function of radius, r, at 1, 2, 5, and 10 Myr. We show
this for the models with grain-surface chemistry, reac-
tive desorption, and fractal grains, and with and with-
out scaling of the ice mass by the dust-to-gas mass ratio.
We choose these models to assess the impact of scaling
of the ice mass on the CO depletion factor. The CO
depletion factor here is calculated by taking the ratio of
the vertically-integrated CO gas-phase column density
to the H2 column density, and then scaling this with the
total abundance of carbon in the disk with respect to
H2 (2.8× 10−4). We show two versions of this plot, one
for the full vertical range of the disk (left-hand panel),
and one where we restrict the calculation to above the
CO snow surface (right-hand panel).

The left-hand panel in Fig. 10 shows that the deple-
tion of CO over the full vertical column increases with
time (in agreement with previous gas-grain models, e.g.,
A. D. Bosman et al. 2018), and that the model with ice
mass scaling also generally has higher CO depletion fac-
tors than that without. This CO depletion factor falls
below 0.1 (i.e., 10 times less CO than canonical) beyond
≈ 70, ≈ 60, ≈ 50, and ≈ 30 au at times of 1, 2, 5,
and 10 Myr, respectively in the model without ice-mass
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Figure 10. CO depletion factor as a function of radius, r, at 1, 2, 5, and 10 Myr for the model that includes grain-surface

chemistry, reactive desorption, and fractal grains (GR+RD+FR; solid lines), and the same model but also scaling the ice mass

by the dust-to-gas mass ratio (GR+RD+FR+D2G; dotted lines). The empirically-derived CO depletion factors from J. K.

Calahan et al. (2021) are overlaid in black stars. The left-hand panel shows the ratio of gas-phase CO to H2 for the full vertical

extent of the disk, whereas the right-hand plot shows that calculated for the molecular layer only (i.e., restricting the calculation

to above the CO snow surface only).

scaling. These values are similar at 1 and 2 Myr for the
model with ice mass scaling; however, at 5 and 10 Myr,
this model falls below a value of 0.1 at a radius of ≈ 35
and ≈ 10 au, respectively. All models tend towards a
similar value of ∼ 0.01 in the very outer disk, which is
consistent with the factor of ∼ 100 depletion inferred
from observations. Note that this depletion level has
naturally emerged from a model that includes only static
chemical evolution with no dynamic element to the dust
population. If we restrict the calculation to above the
CO snow surface and in the molecular layer only, the
maximum CO depletion factor reached by both models
at all times tends to ∼ 0.1 with a non-linear behaviour
with time indicating a recovery in the CO abundance in
the molecular layer at timescales of 10 Myr (yellow lines
in Fig. 10).

We can compare the profiles in Fig. 10 with radially-
dependent depletion factors empirically determined for
TW Hya from observations in J. K. Calahan et al. (2021,
plotted as black stars in Fig. 10). In the inner disk, we
get best agreement for the model with ice mass scaling
at time of 10 Myr which has the steepest depletion pro-
file with radius. However, we do not recover the very low
depletion factors inferred from observation for the outer
disk (� 0.01), indicating that additional processes, such
as dust evolution, are still needed. Inspection of these
model results suggest that imposing further CO deple-
tion in the outer disk and/or including dust evolution
in a 2D model with gas-grain chemistry, could help to
reduce the column density of methanol in the outer disk
and bring the shape of the modelled column density pro-
file more in line with that inferred from the observations.

We run a final set of models where we apply global
oxygen depletion by factors of 10 and 100 and impose a
C/O ratio of 2 in both cases (as suggested in previous
work; E. A. Bergin et al. 2016; K. Zhang et al. 2019;
J. K. Calahan et al. 2021; L. I. Cleeves et al. 2021). We
do this for a vertical slice of the disk at 100 au for the

two models for which we have computed the CO deple-
tion factor generated by chemistry alone (GR+RD+FR
and GR+RD+FR+D2G). Fig. 11 shows the vertically-
integrated column density for gas-phase methanol as a
function of time (indicated by the colour scale), for each
set of elemental abundances and each model. Somewhat
counter intuitively, global depletion of oxygen by a fac-
tor of 10 and a carbon-rich environment does not lead
to a drop in the column density of gas-phase methanol.
Under these conditions, the models with ice-to-gas mass
scaling generate an increase in the column density by
almost an order of magnitude at timescales of 2 Myr
and longer, relative to the canonical model with no im-
posed depletion. In the carbon-rich environment almost
all oxygen will be in the form of CO; hence, methanol ice
(and by extension gas) can still form via hydrogenation
of CO ice, with little to no competition from hydro-
genation of oxygen to form water ice. The model with
ice-mass scaling applied has a higher C/O ratio relative
to that without because dominant oxygen carriers in the
ice such as H2O and CO2 are further depleted by this
scaling relative to CO (recall that we begin with 50%
only of CO in ice form). This is why the column densi-
ties for model GR+RD+FR+D2G are generally larger
than those from model GR+RD+FR.

We do see a drop in the column density of methanol
to . 1011 cm−2 when oxygen is depleted globally by a
factor of 100, but only for the model where we do not
scale the ice mass by the dust mass (GR+RD+FR; see
explanation above). These values are more consistent
with the observations of gas-phase methanol analysed
here and suggest a radial gradient of C/O across the
disk. Hence, the lack of methanol emission from the
outer disk supports the requirement for oxygen (and by
extension CO) to be depleted by around two orders of
magnitude in the outer disk of TW Hya, as suggested
in the analysis of emission from other carbon-bearing
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Figure 11. Column density of gas-phase methanol

(CH3OH) at a radius of 100 au for the canonical elemen-

tal abundances (C/O = 0.43; O/H = 3.2 × 10−4), and two

models where oxygen is globally depleted by factors of 10

and 100 and C/O is set to 2. Shown are the results for the

models with grain-surface chemistry, reactive desorption and

fractal grains and with (GR+RD+FR+D2G) and without

(GR+RD+FR) ice-to-gas mass scaling.

species in the outer disk of TW Hya with ALMA (e.g.,
E. A. Bergin et al. 2016; L. I. Cleeves et al. 2021).

5. SUMMARY

We report the successful detection of individual rota-
tional lines of gas-phase methanol in the disk around
TW Hya with ALMA. We detect emission from four
lines spanning upper level energies from 16 to 38 K. A ro-
tational diagram analysis constrains the disk-integrated
column density to 1.8+1.3

−0.5×1012 cm−2 and disk-averaged

rotational temperature to 35.9+25.9
−10.6 K. A radially re-

solved analysis confirms that the emission is compact,
peaking within the spatial extent of mm-sized grains.
The radially-resolved rotational temperature of gas-
phase methanol is similar to that derived from the
disk-averaged analysis and appears constant over the
disk. The radially-resolved column density peaks at
1013 cm−2 in the inner disk, and monotonically de-
creases to a few times 1012 cm−2, i.e., to a similar value
as found in the disk-integrated analysis.

A comparison with the outputs of gas-grain chemical
models of the disk of TW Hya confirms photodesorption
as a key process releasing methanol from the ice mantle.
This is despite adopting rates which include fragmenta-
tion upon photodesorption as confirmed in laboratory
experiments. Models including photodesorption predict
that the gas-phase methanol resides in a layer in the
disk at a temperature of 20 to 50 K, consistent with
the rotational temperature constrained from the obser-
vations. The column density of gas-phase methanol is
further boosted by the inclusion of grain-surface chem-
istry, reactive desorption, and fractal grains. However,
even in the most optimistic case, the peak calculated
column density at a time of 1 Myr remains around a
factor of 2 to 3 lower than the disk-integrated value de-

rived from the observations. The inclusion of vertical
mixing in a disk model tailored to TW Hya may help to
increase the column density further.

Models with grain-surface chemistry included predict
an increase in gas-phase column density with radius, in
contrast with that inferred from the observations. We
ran models in which we also scaled the initial ice-to-gas
mass ratio by the dust-to-gas mass ratio, thereby be-
ginning our calculations with the outer regions of the
disk depleted in ice, and the inner disk midplane corre-
spondingly enhanced in ice. There appears still sufficient
dust-grain surface area in the outer disk to produce gas-
phase methanol, with the column density in the outer
disk gradually increasing until 10 Myr. Additional de-
pletion of oxygen (and by extension CO) in the outer
disk by a factor of 100, can reduce further the abun-
dance and column density of methanol to below that
constrained by the observations.

TW Hya remains the only disk around a Solar-type
star within which we have successfully detected gas-
phase methanol, and as such, it remains an impor-
tant target for constraining the efficiency and efficacy of
grain-surface chemistry in building chemical complex-
ity in an environment similar to that present in the
disk around the young Sun. The analysis conducted
here provides compelling empirical evidence that the ice
reservoir in TW Hya is compact, likely following the lo-
cation of the large mm-sized dust grains, and confirms
photodesorption, grain-surface chemistry and reactive
desorption as important processes releasing methanol
from the ice phase in cold regions of the disk. However,
despite the inclusion of successive amounts of chemical
complexity, our static chemical disk model is unable to
fully reproduce the magnitude and shape of the observed
methanol column density profile. We suggest that the
inclusion of dynamic processes such as vertical mixing
and the radial drift of dust are required to move suffi-
cient amounts of methanol-rich ice from the colder re-
gions of the disk into the luke-warm molecular layers in
order to fully match the observed column densities.

Our results demonstrate the importance of fully con-
sidering the interplay between complex chemical evo-
lution in gas and ice, along with the growth and evo-
lution of dust, in setting the abundance of prebiotic
molecules. The ability to fully understand the distribu-
tion and properties of these molecules in the comet- and
planet-forming regions of protoplanetary disks offers a
unique insight into the chemical complexity inherited by
forming planets, and helps us understand how organic
material can be delivered to young planetary systems.
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APPENDIX

A. MATCHED FILTER ANALYSIS

Given the high sensitivity of our observations, we performed the matched filter analysis across the entire spectral
range of the data in order to confirm the detection of the methanol transitions, and search for serendipitous molecular
line detections. We note that due to a coarse velocity resolution (32 km s−1) it was not possible to perform this analysis
on the continuum spectral window. Figure 12 shows the filter results for the targeted CH3OH transitions and the
additional spectral windows. The latter shows detections of ortho- and para-H2CO (see J. Terwisscha van Scheltinga
et al. 2021 for a full analysis) and a non-detection of H13

2 CO. No other molecular transitions appear to be strongly
detected across the other frequency ranges.
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B. CHANNEL MAPS

In Fig. 13 we show the channel maps for gas-phase methanol after stacking. We stack only the four transitions with
confirmed detections with the matched filter analysis (see Table 1). The top panels show the channel maps for the
images with a 0.′′4 beam, whereas the bottom panels show those after applying uv tapering and smoothing to a beam
of 0.′′7.
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ApJ, 778, 162, doi: 10.1088/0004-637X/778/2/162

Cleeves, L. I., Bergin, E. A., Qi, C., Adams, F. C., &
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