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LET’S BEGIN OUR JOURNEY

SCIENTIFIC CONTEXT

▸ Methanol has been observed in large quantities in the ISM. 

▸  Up to about 10% of elemental carbon in the solid phase. 

▸ From molecular clouds and prestellar cores to protostars. 

▸ Methanol is the precursor molecule for many astronomic 
complex organic molecules. 

▸ Even though it was first detected decades ago, its routes of 
formation and destruction in the ISM are still a mystery!
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deconvolved position angle in Table 4 for the low-resolution
image of L1448 IRS3B does not reflect the emission that is
extended orthogonal to the outflow because the fitting routine
attempts to fit both the main protostar and the companion along
the outflow direction.

IRAS 03292+3039 also has structured continuum emission
that is extended in the north–south direction at an angle of
49°with respect to the outflow. There are no strong peaks
standing out from this structure, even when imaging with
higher resolution, but there are three weak sub-peaks separated
from each other by ∼0″.4.

3.1.3. Smooth Continuum Structures

The sources IC 348-MMS, L1448C, and L1451-MMS have
rather smooth continuum structures. They all have resolved
envelopes extended over several resolution elements in the B
and C combined imaging as shown in Figure 1. The higher-
resolution imaging from the B-array data alone does not reveal
strong evidence of sub-structure, and they are all consistent
with smooth source structure at this resolution (Figure 2).
However, the deconvolved position angle of L1448C has an

angle of 83°with respect to the outflow, perhaps indicative of a
disk-like structure at the limit of our resolution.

3.1.4. Asymmetric Resolved Structures

Several sources show evidence of resolved structure at high
resolution, but these are not clearly disk-like in appearance and
are often only extended toward one side. L1448 IRS3C (also
called L1448 NW; Terebey & Padgett 1997) appears resolved
at an angle of 99°with respect to outflow, but only toward the
northeast (Figure 2). IRAS 03282+3035 is also extended at a
slight angle (109°) with respect to the outflow direction, but
only toward the north (Figure 2). The Class I source L1448
IRS3A shows a roughly symmetric structure in the northwest
and southeast directions (Figure 3). The outflow direction from
this source is uncertain (see Appendix and Kwon et al. 2006),
so this could be a disk-like structure, but it is uncertain without
clear knowledge of the outflow direction.
The strongest asymmetric structure is found toward

IRAS 03292+3039 (Figures 1 and 2). This source was also
identified as a candidate multiple, due to its multiple peaks.
However, its extended source structure stands out relative to

Figure 2. Same as Figure 1, but with emphasis on sub-arcsecond structures. All plots are zoomed in relative to Figure 1, except IRAS 03292+3039.
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scattered light emission (Akiyama et al. 2015; Rapson
et al. 2015; Debes et al. 2013, 2016).
In this Letter, we present and analyze observations

that shed new light on the substructure in the TW Hya
disk. We have used the long baselines of ALMA to mea-
sure the 870µm continuum emission from this disk at
an unprecedented spatial resolution of ⇠1AU. Section 2
presents these observations, Section 3 describes a broad-
brush analysis of the continuum data, and Section 4 con-
siders potential interpretations of the results in the con-
texts of disk evolution and planet formation.

2. OBSERVATIONS AND DATA CALIBRATION

TW Hya was observed by ALMA on 2015 Novem-
ber 23, November 30, and December 1. The array in-
cluded 36, 31, and 34 antennas, respectively, configured
to span baseline lengths from 20m to 14 km. The corre-
lator processed four spectral windows centered at 344.5,
345.8, 355.1, and 357.1GHz with bandwidths of 1875,
469, 1875, and 1875MHz, respectively. The observa-
tions cycled between the target and J1103-3251 with a
1 minute cadence. Additional visits to J1107-3043 were
made every 15 minutes. J1037-2934, J1058+0133, and
J1107-4449 were briefly observed as calibrators. The pre-
cipitable water vapor (PWV) levels were ⇠1.0mm on
November 23 and 0.7mm on the latter two executions.
The total on-target integration time was ⇠2 hours.
These raw data were calibrated by NRAO sta↵. After

applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s inte-
grations and flagged for problematic antennas and times.
The bandpass response of each spectral window was cal-
ibrated using the observations of J1058+0133. The am-
plitude scale was determined from J1037-2934 and J1107-
4449. The complex gain response of the system was cal-
ibrated using the frequent observations of J1103-3251.
Although images generated from these data are relatively
free of artifacts and recover the integrated flux density
of the target (1.5 Jy), folding in additional ALMA obser-
vations with a higher density of short antenna spacings
improves the image reconstruction.
To that end, we calibrated three archival ALMA ob-

servations of TW Hya, from 2012 May 20, 2012 Nov 20,
and 2014 Dec 31, using 16, 25, and 34 antennas span-
ning baselines from 15–375m. The first two observa-
tions had four 59MHz-wide spectral windows centered
at 333.8, 335.4, 345.8, and 347.4 GHz. The latter had
two 235MHz windows (at 338.2 and 349.4GHz), one
469MHz window (at 352.0GHz), and one 1875MHz win-
dow (at 338.4GHz). J1037-2934 was employed as a gain
calibrator, and Titan and 3C 279 (May 20), Ceres and
J0522-364 (Nov 20), or Ganymede and J0158+0133 (Dec
31) served as flux or bandpass calibrators. The weather
for these observations was excellent, with PWV levels

Figure 1. A synthesized image of the 870µm continuum emission
from the TW Hya disk with a 30mas FWHM (1.6AU) circular
beam. The RMS noise level is ⇠35µJy beam�1. The inset shows
a 0.200-wide (10.8AU) zoom using an image with finer resolution
(24⇥ 18mas, or 1.3⇥ 1.0AU, FWHM beam).

of 0.5–1mm. The combined on-target integration time
was 95 minutes. The basic calibration was as described
above. As a check, we compared the amplitudes from
each individual dataset on overlapping spatial frequen-
cies and found exceptional consistency.
The calibrated visibilities from each observation were

shifted to account for the proper motion of the target
and then combined after excising channels with potential
emission from spectral lines. Some modest improvements
were made with a round of phase-only self-calibration.
Continuum images at a mean frequency of 345.9GHz
(867µm) were generated by Fourier inverting the visi-
bilities, deconvolving with a multi-scale, multi-frequency
synthesis version of the CLEAN algorithm, and then restor-
ing with a synthesized beam. All calibration and imaging
was performed with the CASA package (v4.5.0).
After some experimentation, we settled on an analysis

of two images made from the same composite dataset.
The first used a Briggs weighting (with a robust param-
eter of 0) to provide a 24⇥ 18mas synthesized beam (at
P.A.=78�). While this provides enhanced resolution, it
comes at the cost of a dirty beam with ⇠20% sidelobes
(due to the sparse coverage at long baselines) that de-
grades the image quality. A second image was made with
a robust parameter of 0.5 and an elliptical taper to create
a circular 30mas beam with negligible sidelobes. Both
images are consistent (within the resolution di↵erences)
and have RMS noise levels around 35µJy beam�1.

3. RESULTS

Figure 1 shows a high resolution map of the 870µm
continuum emission from the TW Hya disk, revealing a

deconvolved position angle in Table 4 for the low-resolution
image of L1448 IRS3B does not reflect the emission that is
extended orthogonal to the outflow because the fitting routine
attempts to fit both the main protostar and the companion along
the outflow direction.

IRAS 03292+3039 also has structured continuum emission
that is extended in the north–south direction at an angle of
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rather smooth continuum structures. They all have resolved
envelopes extended over several resolution elements in the B
and C combined imaging as shown in Figure 1. The higher-
resolution imaging from the B-array data alone does not reveal
strong evidence of sub-structure, and they are all consistent
with smooth source structure at this resolution (Figure 2).
However, the deconvolved position angle of L1448C has an

angle of 83°with respect to the outflow, perhaps indicative of a
disk-like structure at the limit of our resolution.

3.1.4. Asymmetric Resolved Structures

Several sources show evidence of resolved structure at high
resolution, but these are not clearly disk-like in appearance and
are often only extended toward one side. L1448 IRS3C (also
called L1448 NW; Terebey & Padgett 1997) appears resolved
at an angle of 99°with respect to outflow, but only toward the
northeast (Figure 2). IRAS 03282+3035 is also extended at a
slight angle (109°) with respect to the outflow direction, but
only toward the north (Figure 2). The Class I source L1448
IRS3A shows a roughly symmetric structure in the northwest
and southeast directions (Figure 3). The outflow direction from
this source is uncertain (see Appendix and Kwon et al. 2006),
so this could be a disk-like structure, but it is uncertain without
clear knowledge of the outflow direction.
The strongest asymmetric structure is found toward

IRAS 03292+3039 (Figures 1 and 2). This source was also
identified as a candidate multiple, due to its multiple peaks.
However, its extended source structure stands out relative to

Figure 2. Same as Figure 1, but with emphasis on sub-arcsecond structures. All plots are zoomed in relative to Figure 1, except IRAS 03292+3039.
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beam. The RMS noise level is ⇠35µJy beam�1. The inset shows
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(24⇥ 18mas, or 1.3⇥ 1.0AU, FWHM beam).
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comes at the cost of a dirty beam with ⇠20% sidelobes
(due to the sparse coverage at long baselines) that de-
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and have RMS noise levels around 35µJy beam�1.

3. RESULTS

Figure 1 shows a high resolution map of the 870µm
continuum emission from the TW Hya disk, revealing a
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the outflow direction.
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49°with respect to the outflow. There are no strong peaks
standing out from this structure, even when imaging with
higher resolution, but there are three weak sub-peaks separated
from each other by ∼0″.4.

3.1.3. Smooth Continuum Structures

The sources IC 348-MMS, L1448C, and L1451-MMS have
rather smooth continuum structures. They all have resolved
envelopes extended over several resolution elements in the B
and C combined imaging as shown in Figure 1. The higher-
resolution imaging from the B-array data alone does not reveal
strong evidence of sub-structure, and they are all consistent
with smooth source structure at this resolution (Figure 2).
However, the deconvolved position angle of L1448C has an

angle of 83°with respect to the outflow, perhaps indicative of a
disk-like structure at the limit of our resolution.

3.1.4. Asymmetric Resolved Structures

Several sources show evidence of resolved structure at high
resolution, but these are not clearly disk-like in appearance and
are often only extended toward one side. L1448 IRS3C (also
called L1448 NW; Terebey & Padgett 1997) appears resolved
at an angle of 99°with respect to outflow, but only toward the
northeast (Figure 2). IRAS 03282+3035 is also extended at a
slight angle (109°) with respect to the outflow direction, but
only toward the north (Figure 2). The Class I source L1448
IRS3A shows a roughly symmetric structure in the northwest
and southeast directions (Figure 3). The outflow direction from
this source is uncertain (see Appendix and Kwon et al. 2006),
so this could be a disk-like structure, but it is uncertain without
clear knowledge of the outflow direction.
The strongest asymmetric structure is found toward

IRAS 03292+3039 (Figures 1 and 2). This source was also
identified as a candidate multiple, due to its multiple peaks.
However, its extended source structure stands out relative to

Figure 2. Same as Figure 1, but with emphasis on sub-arcsecond structures. All plots are zoomed in relative to Figure 1, except IRAS 03292+3039.
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MILLIMETRE SPECTROSCOPY

OBSERVATIONS IN THE GAS

▸ Methanol was detected for the first time by Ball et al. 1970 in Sagittarius A 
and B2. 

▸ Since then it has been detected in diffuse molecular clouds; prestellar 
cores (Bizzocchi et al. 2014, Vastel et al. 2014 ), hot cores (Blake et al. 
1997) and hot corinos (Schöier et al. 2002). 

▸ In the pre-stellar stages its abundance in the gas phase is comparable to 
other trace species like HCN (XCH3OH~10-9-10-10/H2 e.g. Tafalla et al. 2006). 

▸ In regions with protostars its abundance can be as high as 1% of that of 
CO due to the sublimation of the ice mantles (XCH3OH~10-6/H2 e.g. Maret 
et al. 2005).



M. Tafalla et al.: On the internal structure of starless dense cores. II. 579

Fig. 1. Integrated intensity maps from our molecular survey of L1498. The two top left panels show the 1.2 mm continuum and N2H+(1–0) data
presented in Paper I. In contrast with these centrally concentrated distributions, the other molecular-line maps are ring-like or centrally-depressed,
and have relative minima at the 1.2 mm/N2H+ peak. This is an indication of a central drop in the abundance of most species (see text). Both
IRAM 30 m and FCRAO maps have been convolved with a Gaussian beam of 20–30 arcsec to filter out high-frequency noise, and for all lines,
the contours are at 15, 30, ... percent of the peak intensity (peak intensity in K km s−1 is indicated on the top right corner of each panel). To better
compare the survey line maps with the N2H+(1–0) emission, the contour at 75% of the peak is superimposed in red. The dots indicate the original
map sampling. Central coordinates are α1950 = 4h7m50.s0, δ1950 = 25◦02′13.′′0.

seen in C18O and CS, and in Paper I it was shown that they re-
flect the presence of a central depletion hole (see also Kuiper
et al. 1996; Willacy et al. 1998). The maps in Fig. 1 show now
that depletion holes must be the rule for most species in L1498.

For the more compact L1517B core, the pattern of line
emission is similar to that in L1498, although less distinct for
some species because of angular resolution. In this core, most
molecules present a single emission peak offset to the west from
the dust/N2H+ peak, being the most extreme example that of
SO. This pattern is again similar to that found in C18O and CS

(Paper I), and for the same reasons as in L1498, it requires a
central depletion hole.

A simple inspection of the maps in Figs. 1 and 2 shows
that different molecular species have depletion holes of differ-
ent sizes. Using again the larger L1498 core as a reference,
we note that CH3OH presents a rather prominent hole, while
DCO+ has a central depression barely resolved by our observa-
tions. This variety of hole sizes most likely arises from the differ-
ent sensitivity to depletion of the different species and from the
complex chemical changes resulting from the freeze out of CO,

The B1 shock in the L1157 outflow as seen at high spatial resolution 3

Figure 2. Interferometric images of L1157–B1. The first contour and steps correspond to a 3σ level and are: 0.75 Jy beam−1 km s−1 for
CS (3–2), 3 Jy beam−1 km s−1 for CH3OH (3K–2K), 0.54 Jy beam−1 km s−1 for p-H2CO (202–101) and 0.15 Jy beam−1 km s−1 for
HC3N (16–15). The filled ellipse in the bottom left corner represent the HPBW, the arrow indicates the direction toward the central
driving source L1157–mm.

spectrum of each transition produced summing the emission
measured at PdB in a circle of diameter equal to the HPBW
of the IRAM–30m telescope, with the spectrum measured at
the single dish IRAM-30m (Gómez-Riuz et al. in prep). In
Fig. 1 we show the two spectra of the CS (3–2) line. We
found that the percentage of the missing flux depends on
the velocity: for the high velocity gas (v < - 6 km s−1) PdB
recovers 100% of the flux while for the low velocity gas (v >
- 6 km s−1) the flux measured at PdB is ∼ 62% of the IRAM
flux. Similar percentage of missing flux is also found for the
other observed lines HC3N (16–15) and p-H2CO (202–101)
while for methanol is not possible to evaluate the missing
flux because the lines are blended. We performed the same
analysis for the CS (2–1) line previously observed with PdB
(Benedettini et al. 2007) with the same CD configuration
but a slightly higher value of the shortest baseline (19 m),
resulting in a similar value of the largest sensible structure
(14′′) and spatial resolution (3.11′′× 2.79′′) of the 2 mm ob-
servations. Unlike the case of the CS (3–2) transition, for

the CS (2–1) line the flux filtering affects all the velocities
(see Fig. 1). In particular, for the high velocity gas (v < - 6
km s−1) about half (∼ 50%) of the IRAM flux in the (2–1)
line is missed in the PdB spectrum while for v > -6 km s−1

a similar percentage (∼ 57%) of filtering is measured in the
two lines. However, the largest sensitive structure for the CS
(2–1) line is similar to the value of the CS (3–2), therefore
the difference in the missing flux indicates that a consis-
tent part of the emission of the CS (2–1) line comes from
extended (>14′′) structures also for high velocity gas and
therefore is filtered in the PdB spectrum while the emission
of this high velocity structure in the CS (3–2) is negligible
(see Sect. 5.1 for further discussion).

4 RESULTS

Line maps of the four observed transitions are shown in
Fig. 2. The morphology is well in agreement with that of
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Fig. 4. Same as Fig. 2, but for IRAS4A.
The cuts are performed at a P.A. of 90� per-
pendicular to the outflow direction (P.A. =
0�).
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Fig. 5. Same as Fig. 2, but for L1448C.
The cuts are performed at a P.A. of 70� per-
pendicular to the outflow direction (P.A. =
160�).

than this factor of 4. Accordingly, the modelling of our obser-
vations always requires for these two sources a higher binding
energy of CO than the value of multilayer desorption for pure
CO ices within the range of uncertainties in source luminosity.
However, as mentioned in Sect. 3.1, the internal luminosities of
IRAS4A and IRAS4B derived from Herschel 70 µm data are 3.4
L� and 1.5 L�, respectively, which are a factor of ⇠3 smaller
than the bolometric values we use in Sect. 4, derived by Karska
et al. (2013). If the Herschel internal luminosities were used, we
would need to assume a lower CO binding energy in IRAS4A
and 4B than in L1448C and L1157, implying a di↵erent ice com-
position. We note that adopting bolometric luminosities for all
sources, as we have done, gives equal CO ice binding energies
for all of them.

The temperature profiles are also subject to other uncertain-
ties beyond variation of the source luminosity only. In their pa-
per, Kristensen et al. (2012) do not provide estimates for these
uncertainties, but in a detailed description of their modelling3

they exemplarily show for a Class I source that the temperature
profiles as a function of radius are very robust with respect to
changes in the power-law density slopes, and variations in the
sub-mm and mm fluxes at radii larger than ⇠100 au. The uncer-
tainty in the temperature profiles, however, grows strongly for
smaller radii. Accordingly, while the determination of the CO
freeze-out temperature that is reached at radii of a few hundred
au should be rather robust (given the luminosity values are ba-

3 https://github.com/egstrom/Dusty
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Fig. 2. Top row: Comparison of the obser-
vations (contours) with the synthetic maps
(colour background) produced by the best
fit model for IRAS4B with Eb(CO) = 1200
K and Eb(N2) = 1000 K. Top left: C18O
(2–1), centre: N2H+ (1–0), right: CH3OH
(51–42), integration intervals are the same
as in Fig. 1, while the contour spacing is
in steps of 3�, starting at 3�. The white
dashed lines show the outflow direction,
while the dotted lines show the direction
of the intensity cuts. The scaling of the
maps can be understood in comparison with
the cuts in the bottom row. Bottom row:
Cuts perpendicular to the outflow direction
(P.A. = 0�) for C18O, N2H+, and CH3OH
(left to right). Grey lines show the data, red
lines the model. The blue bars in the top
right corners of the bottom panels show the
HPBW along the cut.
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Fig. 3. Fractional chemical abundances,
relative to H2, of C18O (red lines), N2H+
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computed by Astrochem for the enve-
lope structures of IRAS4A (top left),
L1448C (top right), L1157 (bottom left),
and IRAS4B (bottom right). The light grey
dotted lines show the HWHM of the mod-
elled emission, the dark grey dotted lines
the HWHM of the observed emission in
C18O (see Table 3), while the light blue
dashed line shows the location of the CO
snow line in the model (see Table 5). The
figure also indicates the dust temperature
values at the respective radii. In IRAS4B,
the observed and modelled HWHM are the
same.

sented in Figs. 4, 5, and 6. In all sources, the emission intensity
profile of C18O is well reproduced, as well as the overall peak
location and thickness of the N2H+ ring.

In IRAS4A the size of the C18O emission obtained from
Gaussian fits in the uv-plane is a bit smaller for the model than
the observed size (4.500 versus 4.8±0.0700). The match of the in-
tensity cuts in the image plane is however satisfactory with an
inner C18O abundance of ⇠2⇥10�8 relative to H2, which corre-
sponds to an inner abundance of C16O of 9⇥10�6. The emission

of N2H+ appears strongly disrupted by the influence of the pre-
cessing outflow, therefore it is di�cult to evaluate the quality
of the fit based on one single cut. In the cut displayed in Fig 4,
the synthetic observations do not fit the observations very well,
but the edges of the emission ring as well as the part of the ring
at positive o↵sets satisfactorily correspond to the modelled ring.
We note that in this source, as well as in L1448C, the deconvo-
lution of the modelled observations has to account for the fact
that the first sidelobes of the synthesised beam have about the
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than this factor of 4. Accordingly, the modelling of our obser-
vations always requires for these two sources a higher binding
energy of CO than the value of multilayer desorption for pure
CO ices within the range of uncertainties in source luminosity.
However, as mentioned in Sect. 3.1, the internal luminosities of
IRAS4A and IRAS4B derived from Herschel 70 µm data are 3.4
L� and 1.5 L�, respectively, which are a factor of ⇠3 smaller
than the bolometric values we use in Sect. 4, derived by Karska
et al. (2013). If the Herschel internal luminosities were used, we
would need to assume a lower CO binding energy in IRAS4A
and 4B than in L1448C and L1157, implying a di↵erent ice com-
position. We note that adopting bolometric luminosities for all
sources, as we have done, gives equal CO ice binding energies
for all of them.

The temperature profiles are also subject to other uncertain-
ties beyond variation of the source luminosity only. In their pa-
per, Kristensen et al. (2012) do not provide estimates for these
uncertainties, but in a detailed description of their modelling3

they exemplarily show for a Class I source that the temperature
profiles as a function of radius are very robust with respect to
changes in the power-law density slopes, and variations in the
sub-mm and mm fluxes at radii larger than ⇠100 au. The uncer-
tainty in the temperature profiles, however, grows strongly for
smaller radii. Accordingly, while the determination of the CO
freeze-out temperature that is reached at radii of a few hundred
au should be rather robust (given the luminosity values are ba-

3 https://github.com/egstrom/Dusty
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INFRARED SPECTROSCOPY

OBSERVATIONS IN THE ICE

▸ Methanol was first detected in the ices by Tielens et al. 1991. 

▸ Since then it has been observed towards protostars and pre-
stellar phase material in absorption in front of strong continuum 
sources. 

▸ From these observations it was inferred that the abundance of 
methanol in the ices can vary from 1% to 30% of the abundance 
of water ice (Pontoppidan et al. 2003; Gibb et al. 2004). 

▸ This very high abundance corresponds to ~10% of the total 
carbon abundance.
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Figure 10: Schematic view of the observationally constrained composition of icy grain mantles, highlighting the physical and chemical processes at

play. Six phases are shown, which could represent progressive evolutionary phases in quiescent clouds (phases 1-3) and YSO envelopes and disks

(phases 3-6). Gas phase species participating in grain surface reactions are indicated in red. In phases 1-5, the ices experience CR and secondary

UV fields that only minimally affect the main ice species. As the ice temperature rises (phases 4 and 5), thermal reactions or reactions involving

radicals may proceed. Stage 6 is least observationally constrained. The relative grain and mantle sizes in the first 5 stages are realistic (maximum

mantle thickness of 50 Å and minimal grain core sizes of 20 Å). After the initial ice layers are formed (phase 1), grain coagulation accelerates.

Observations of the Icy Universe; ARAA 53 (2015; accepted), 1/13/2015 5

Figure 1: Overview of the strongest ice and dust features in the MYSO AFGL 7009S

(Dartois et al., 1998). The calculated spectrum of pure H2O ice spheres at 10 K is

shown (dashed line) to indicate the multiple H2O bands.

1990), which enables mapping of ices in reflection nebulae. This has rarely been

done. Similarly, the lattice modes (∼ 25-300 µm; §4.5) are suited for ice mapping.
They are the only ice bands that may appear in emission, because, in contrast to

the intra-molecular modes, their excitation energy is below the binding energy of the

ices.

Indirect constraints on the ice composition are provided by observations of gas-

phase rotational lines at (sub)-millimeter wavelengths. First, low gas phase abun-

dances (depletions) of specific molecules in clouds imply their presence in the ices

(Bergin & Tafalla, 2007). Second, gas phase species observed in hot core regions

surrounding YSOs originate from sublimated ices, either directly or after gas phase
chemical reactions (Blake et al., 1987; Herbst & van Dishoeck, 2009). Third, some

gas near cloud edges originates from photodesorbed ices (Öberg et al., 2009a). These

results are not reviewed here, but are quoted when relevant.

6 Boogert, Gerakines, & Whittet

Figure 2: Compilation of weak ice absorption features in the 3.3-4.0 (top), 7.0-7.9
(middle) and 8.0-10.4 (bottom) µm regions. Identifications are labeled, and tentative

identifications are followed by question marks. Data for AFGL 2136 were taken from

Dartois et al. (2003), for W 33A from Schutte et al. (1999), and for IRAS 15398-3359

from Boogert et al. (2008) and Bottinelli et al. (2010).

Boogert et al. 2015



CHEMICAL PATHS

FORMATION MECHANISMS 

▸ GAS-PHASE CHEMISTRY 

▸ GRAIN SURFACE CHEMISTRY



CHEMICAL PATHS

FORMATION MECHANISMS 

▸ GAS-PHASE CHEMISTRY 

▸ GRAIN SURFACE CHEMISTRY

DESTRUCTION MECHANISMS 
▸ UV PHOTONS (6.9 - 13.6 eV) 

▸ COSMIC RAYS (keV - MeV) 

▸ IONS (H3+ - He+ - HCO+ - H3O+)



FORMATION

GAS-PHASE PROCESS

▸ CH3
+ + H2O —> CH3OH2

+  

▸ CH3OH2
+ + e- —> CH3OH + H 

▸ CH3OCH3 + C —> C2H2 + CH3OH 

▸ CH3OCH3
+ + e- —> CH2 + CH3OH 

▸ CH3 + OH- —> CH3OH + e- 

▸ COOCH4
+ + e- —> CO + CH3OH 

▸ H5C2O2
+ + e- —> HCO + CH3OH 

▸ CH3OCH4
+ + e- —> CH3 + CH3OH

KIDA database  09/2016
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CIAO GAS PHASE CHEMISTRY!

ONE PLAUSIBLE MECHANISM

▸ CH3+ + H2O —> CH3OH2+  

▸ CH3OH2+ + e- —> CH3OH + H 

▸ Modelled abundance around 10-13: 

▸ Below the observed values in dark clouds  

▸ Below the detection limits for existing telescopes 

Geppert W. D. et al., 2006, Faraday Discuss., 133, 177
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MEANWHILE ON THE GRAINS

SOLID-STATE PROCESS

▸ HYDROGENATION OF CO

Rimola et al., 2014, A&A, 572, A70
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MEANWHILE ON THE GRAINS

SOLID-STATE PROCESS

▸ HYDROGENATION OF CO

Rimola et al., 2014, A&A, 572, A70

~1000 K ~1300 K

@10 K ??

+

+++



QUANTUM MECHANICS FTW

TUNNELLING EFFECT

~1000 K ~1300 K

Rimola et al., 2014, A&A, 572, A70

▸ HCO: Tx = 142 K 

▸ CH3O: Tx = 175 K



QUANTUM MECHANICS FTW

TUNNELLING EFFECT

~1000 K ~1300 K

Rimola et al., 2014, A&A, 572, A70

▸ HCO: Tx = 142 K 

▸ CH3O: Tx = 175 K

Tunnelling contribution can operate!!!



▸ Easy mechanism. 

▸ Explains relative abundances of CO, H2CO, CH3OH observed 
in ices. 

▸ Experimental evidence (Watanabe et al. 2003, Fuchs et al. 2009) 

▸ Tunnelling effect can dominate the process.

MYSTERY SOLVED?

HYDROGENATION OF CO: PROS

~1000 K ~1300 K



▸ Gas-phase observations in the cold ISM                                             
No thermal desorption 

▸ Minissale et al. 2016 experiment                                                        
Importance of competing reactions

NOT SO GOOD AFTER ALL

HYDROGENATION OF CO: CONS

~1000 K ~1300 K





LET’S GO INTO MORDOR

FUTURE DIRECTIONS

▸ Comprehensive experiments on the "methanol cycle”. 

▸ Solid phase + UV irradiation + Energetic ions + gas phase. 

▸ Control over gas phase products in solid state experiments. 

▸ Quantum chemistry calculations of tunnelling mechanisms 
for surface reactions. 

▸ Desorption experiments (with H2O, CO and mixed ices). 

▸ Coupled gas-phase + solid phase mechanisms.



MORDOR

▸ Quantum level calculation with periodic boundary conditions with 
amorphous H2O-CO ice.



THANK YOU!!!
THE TEAM


