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Introduction

New framework which combines a thermo-chemical disk model and an full gas-grain chemical model 
(Ruaud & Gorti, submitted to ApJ)
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•Dust collisions
•X-rays & UV
•H2 pump/form
•Chemical reactions
•…

Thermo-chemical disk model

produced in the very upper EUV-heated layer (D. Hollenbach &
U. Gorti 2008, in preparation) and some near-IR lines from ther-
mally excited vibrational transitions of molecules in the inner
(rP 5 AU) disk. Figure 6 shows the line spectrum from our
fiducial disk of some strong emission lines in the infrared and
submillimeter wavelength regions. Our disk models are compu-
tationally very intensive because a fine grid and many vertical
iterations are necessary in order to resolve chemical transitions
and for convergence of the disk structure solution. We therefore
restrict ourselves to a limited parameter survey of four different
models of disks around a 1M! star to study the dependence of
the line strengths on the stellar radiation field and on the dust /gas
ratio. Table 4 lists the predicted line luminosities from our mod-
els for some of the strongest transitions. Model A is our standard
run (Table 3), which is also presented in Figure 6. Model B has a
dust opacity (!H) 100 times lower thanmodel A and is considered
to represent a more evolved disk that has had substantial grain
growth or settling. Model C is a case with no X-rays, and in
model D the FUV luminosity of the star has been increased from
model A by a factor of 10.

In the following, we discuss each of the strong lines and com-
pare our results with model predictions by earlier authors when
they exist.We also discuss our results in the context of the ‘‘Cores
to Disks’’ (c2D) Spitzer Legacy Science Project data of gas line
emission from young, optically thick disks (Lahuis et al. 2007).
Spitzer IRS observations of disks by the c2D team were capable
of detecting gas emission only from a few disks with very strong
emission. The c2D survey of 76 circumstellar disks detected [Ne ii]
emission from"20% of sources and [Fe i] 24 "m emission from
"9%. A total of 8% of the sources had H2 0Y0 S(2) and/or S(3)
line detections, and these were anticorrelated with the [Fe i] de-
tections. H2 S(1) emission was seen in only one source. Typical
line luminosities range from 10#4 to 10#6 L! for all the lines. We
note that the many assumptions inherent to the models regarding
stellar and disk properties make direct comparisons for each
source possible only by individual detailedmodeling. Here, in this
first paper, we restrict ourselves to a more qualitative comparison

of results with data and model only one source, TW Hya, in
detail.

3.2.1. H2 Rotational Lines

The H2 rotational lines arise from the inner disk, at rP20 AU,
and at heights where AV to the star ranges from"1Y3 at the inner
edge to "0.3 at larger radii. The dominant H2 line in a region
shifts as the temperature in the AV " 1 region drops with radius,
from the 9 "m S(3) and 12 "m S(2) lines (at T " 500Y1000 K)
in the inner disk to the 17 "m S(1) (at T " 100Y900 K) and the
28 "m S(0) lines (at T " 60Y200 K) from the 5Y20 AU region.
The S(3) and S(2) line emission peaks mainly at the inner edge
(or rim, rP1 AU) where the gas temperatures are "1000 K at
these heights. S(1) emission is also significant here (30% of total
luminosity), but most of the S(1) and all of the S(0) line emission
is from r " 5Y20 AU. The S(1) line at 17 "m is the strongest line
for all our disk models, where we only report line emission from
beyond 0.7 AU. Since most of the S(2) and S(3) emission arises
from the inner edge of the disk in model A, we calculated an ad-
ditional case with a smaller inner disk radius. The S(2) and S(3)
line strengths are nearly doubled when the gas disk is extended
closer to the star (to 0.1 AU), or if we consider direct illumina-
tion of the rim of a disk with an inner hole (i.e., we include the
0.5Y0.7 AU region in our line emission). In these cases, the S(2)
line is comparable in strength to the S(1) line.
Gas heating in the H2-emitting region is mainly due to FUV-

initiated grain photoelectric heating by PAHs, X-rays, and FUV
pumping of H2. Inmodel B, where the dust and PAH abundances
are lowered by a factor of 100 from the standard model A, gas
heating due to the photoelectric effect is reduced and the decreased
heating leads to lower gas temperatures. This is especially true in
the rP 20 AU region. Here PAHs dominate the heating in the
AV " 0:1Y1 region and X-rays dominate at slightly higher AV

(Fig. 4). Gas-dust collisional cooling is important in the AV "
0:1Y1 region and is lower relative to other coolants for model B
due to the lower !H. The S(2) line arises from higher z (and lower
AV) where PAHs heat, and its strength decreases (at r < 5 AU)

Fig. 4.—Dominant heating and cooling agents in the disk at a radius of 8 AU, as a function of disk height. PAH heating here refers to the sum of the heating by PAHs
and by our grain size distribution, although PAHs tend to dominate this sum.
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due to the lower gas temperature. On the other hand, S(1) emis-
sion increases here, which compensates for its decrease at greater
radii (5Y20 AU), and the S(1) line strength remains relatively
unaltered. The S(0) line is unchanged as it arises at greater AV in
the 5Y20 AU disk where X-rays dominate heating and where the
gas temperature is marginally affected by the reduced PAH abun-
dance. Because of its lower excitation energy, the S(0) line is also
less temperature sensitive than the S(1), S(2), and S(3) lines. The
effect of neglecting X-rays (model C) removes this heating agent,
and the resulting lower temperatures decrease all H2 line strengths
in the disk. An increase in the FUV luminosity (model D) by a
factor of 10 from the standard model increases the strength of the
lines as is to be expected. FUV heating in this case is important
even at the higher AV layers of the r < 20 AU disk region where
the S(0) line originates.

The rotational line luminosities of H2 are!10"5L#, well above
the sensitivities of Spitzer and, in favorable cases ( luminous UV
and X-ray stars that are nearby), ground-based facilities such as
theTEXES spectrograph (Lacy et al. 2002) orMICHELLE (Glasse
et al. 1997) on large telescopes. However, the high dust contin-
uum at these wavelengths (!10"3 L# for a resolving power of
700 provided by the IRS on Spitzer) indicates a very poor line-to-

continuum ratio for Spitzer, and instruments with both high re-
solving power and high sensitivity are needed to see the lines.
For very young disks around classical T Tauri stars (CTTSs),
with strong FUV heating due to perhaps a higher accretion rate
(e.g., Gullbring et al. 1998), the H2 lines are strong, and the S(2)
line has been detected from several sources by the c2D teamwith
the Spitzer Space Telescope. Our predicted H2 S(2) line strength
for a CTTS disk compares reasonably well with the typical ob-
served value of 10"5 L# (Lahuis et al. 2007). For computational
tractability, we have restricted our disk models to radii larger
than !0.7 AU. Extending our models to smaller inner disk radii
results in thermal emission lines at higher excitation energies, such
as the S(2) and S(3), being stronger. The strengths of the S(0) and
S(1) lines are comparable to those of the S(2) and S(3) lines in our
models. However, S(0) and S(1) are undetected by the IRS, and
we suggest that the decreasing line-to-continuum ratio at longer
wavelengths is perhaps the explanation for the nondetection. The
c2D survey upper limits for the S(0) and S(1) lines are!10"5 L#,
consistent with our model predictions. The EXES instrument on
SOFIA has a sensitivity similar to that of the IRS, but a higher
resolving power (R ! 104), and thus is better suited to detect-
ing lines in the presence of a strong continuum. It is capable of

Fig. 5.—Chemistry of hydrogen, carbon, oxygen, and sulfur-bearing species at a disk radius of 8 AU, with the abundances of dominant species as a function of disk
height. Note that midplane (zP1 AU) chemistry may be subject to formation of ices on grains (see text).
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produced in the very upper EUV-heated layer (D. Hollenbach &
U. Gorti 2008, in preparation) and some near-IR lines from ther-
mally excited vibrational transitions of molecules in the inner
(rP 5 AU) disk. Figure 6 shows the line spectrum from our
fiducial disk of some strong emission lines in the infrared and
submillimeter wavelength regions. Our disk models are compu-
tationally very intensive because a fine grid and many vertical
iterations are necessary in order to resolve chemical transitions
and for convergence of the disk structure solution. We therefore
restrict ourselves to a limited parameter survey of four different
models of disks around a 1M! star to study the dependence of
the line strengths on the stellar radiation field and on the dust /gas
ratio. Table 4 lists the predicted line luminosities from our mod-
els for some of the strongest transitions. Model A is our standard
run (Table 3), which is also presented in Figure 6. Model B has a
dust opacity (!H) 100 times lower thanmodel A and is considered
to represent a more evolved disk that has had substantial grain
growth or settling. Model C is a case with no X-rays, and in
model D the FUV luminosity of the star has been increased from
model A by a factor of 10.

In the following, we discuss each of the strong lines and com-
pare our results with model predictions by earlier authors when
they exist.We also discuss our results in the context of the ‘‘Cores
to Disks’’ (c2D) Spitzer Legacy Science Project data of gas line
emission from young, optically thick disks (Lahuis et al. 2007).
Spitzer IRS observations of disks by the c2D team were capable
of detecting gas emission only from a few disks with very strong
emission. The c2D survey of 76 circumstellar disks detected [Ne ii]
emission from"20% of sources and [Fe i] 24 "m emission from
"9%. A total of 8% of the sources had H2 0Y0 S(2) and/or S(3)
line detections, and these were anticorrelated with the [Fe i] de-
tections. H2 S(1) emission was seen in only one source. Typical
line luminosities range from 10#4 to 10#6 L! for all the lines. We
note that the many assumptions inherent to the models regarding
stellar and disk properties make direct comparisons for each
source possible only by individual detailedmodeling. Here, in this
first paper, we restrict ourselves to a more qualitative comparison

of results with data and model only one source, TW Hya, in
detail.

3.2.1. H2 Rotational Lines

The H2 rotational lines arise from the inner disk, at rP20 AU,
and at heights where AV to the star ranges from"1Y3 at the inner
edge to "0.3 at larger radii. The dominant H2 line in a region
shifts as the temperature in the AV " 1 region drops with radius,
from the 9 "m S(3) and 12 "m S(2) lines (at T " 500Y1000 K)
in the inner disk to the 17 "m S(1) (at T " 100Y900 K) and the
28 "m S(0) lines (at T " 60Y200 K) from the 5Y20 AU region.
The S(3) and S(2) line emission peaks mainly at the inner edge
(or rim, rP1 AU) where the gas temperatures are "1000 K at
these heights. S(1) emission is also significant here (30% of total
luminosity), but most of the S(1) and all of the S(0) line emission
is from r " 5Y20 AU. The S(1) line at 17 "m is the strongest line
for all our disk models, where we only report line emission from
beyond 0.7 AU. Since most of the S(2) and S(3) emission arises
from the inner edge of the disk in model A, we calculated an ad-
ditional case with a smaller inner disk radius. The S(2) and S(3)
line strengths are nearly doubled when the gas disk is extended
closer to the star (to 0.1 AU), or if we consider direct illumina-
tion of the rim of a disk with an inner hole (i.e., we include the
0.5Y0.7 AU region in our line emission). In these cases, the S(2)
line is comparable in strength to the S(1) line.
Gas heating in the H2-emitting region is mainly due to FUV-

initiated grain photoelectric heating by PAHs, X-rays, and FUV
pumping of H2. Inmodel B, where the dust and PAH abundances
are lowered by a factor of 100 from the standard model A, gas
heating due to the photoelectric effect is reduced and the decreased
heating leads to lower gas temperatures. This is especially true in
the rP 20 AU region. Here PAHs dominate the heating in the
AV " 0:1Y1 region and X-rays dominate at slightly higher AV

(Fig. 4). Gas-dust collisional cooling is important in the AV "
0:1Y1 region and is lower relative to other coolants for model B
due to the lower !H. The S(2) line arises from higher z (and lower
AV) where PAHs heat, and its strength decreases (at r < 5 AU)

Fig. 4.—Dominant heating and cooling agents in the disk at a radius of 8 AU, as a function of disk height. PAH heating here refers to the sum of the heating by PAHs
and by our grain size distribution, although PAHs tend to dominate this sum.
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Gas-grain chemical model

•Surface and mantle diffusion

•Reactions through the Langmuir-Hinshelwood 
process

•Surface and sub-surface photoprocessing by 
stellar and interstellar photons and cosmic-rays 
generated photons

•Desorption restricted to the top two monolayers 
(thermal desorption, chemical desorption and 
photodesorption)

•Grain growth by accretion of molecules

Time-dependent three-phase chemical model (~500 species and ~7000 reactions)

Accretion
Desorption

Reaction

Dissociation
Diffusion

Reactive mantle

Reactive surface

Swapping

core

Three phase model:
gas, ice surface and ice mantle

(Ruaud et al. 2016)



Mdisk ~ mean disk mass derived from surveys in Taurus 
and Lupus regions (Ansdell et al. 2016)

Results obtained with a typical disk
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Ice mainly consists of simple molecules: H2O, CO, CO2, CH4, CH3OH, HCN, …

Predicted ice composition



Complex molecules efficiently form in the inner disk

~0.1-1% relative to water 

Predicted ice composition
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(1)

Chemistry of the midplane

Three chemically distinct regions in the disk midplane:

Efficient formation of COMs: radicals 
diffuse at the surface of grains

(1) Inner disk midplane (r<100 au):
- low UV flux
- Td>15 K
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Chemistry of the midplane

Efficient formation of COMs: radicals 
diffuse at the surface of grains

(1) Inner disk midplane (r<100 au):
- low UV flux
- Td>15 K

Hydrogenation reactions 
dominate the chemistry

(2) Outer disk midplane (r>100 au): 

- Substantial UV
- Td<15 K

Three chemically distinct regions in the disk midplane:



Chemistry of the midplane

(2)(1)

(3)

Efficient formation of COMs: radicals 
diffuse at the surface of grains

(1) Inner disk midplane (r<100 au):
- low UV flux
- Td>15 K

Hydrogenation reactions 
dominate the chemistry

(2) Outer disk midplane (r>100 au): 

- Substantial UV
- Td<15 K

Important photoprocessing of 
the ice

(3) Interface molecular layer / midplane or water 
condensation front:

- Important UV
- Td≳15 K

Three chemically distinct regions in the disk midplane:
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Impact of ice photochemistry on gas-phase composition
Photo-processing of the ice near the water condensation front:
•Photodesorption
•Photodissociation and re-formation at the surface of the ice: promotes chemical desorption
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•Efficient formation of sCO2 near water condensation 
front impacts the location of the vertical CO snowline: 
shifts higher up from the disk midplane

Td~35 K

sH2O+ h⌫ ! sOH + sH

14 Ruaud et al.

Figure 7. Same as Fig. 4 but for NH3, CS, H2S and SO.

is found to be located at a distance r ⇠ 1.6 au from the
central star. An other important aspect when talking
about ice lines, is the form of one particular compound
in the solid state. CO for instance, which is the main
gas phase carbon bearing molecule in disks, is thought
to be desorbed to the gas when Td & 20K (which repre-
sents the approximate temperature at which accretion
and thermal desorption of sCO from the grains are bal-
anced). However this implicitly assumes that most of
the carbon is on the form of sCO in the ice. As this
will be discussed in details below, in our case sCO is
e�ciently channeled to sCO2 in most of the disk mid-
plane (see Fig. 9). This e�cient conversion from sCO
to sCO2 has a strong impact on the location of the CO
snowline, which tends to move inward as a function of
time (i.e. as sCO gets channeled by sCO2). (PUT A
FIGURE) . This e↵ect has already been observed by
Furuya & Aikawa (2014) and Aikawa et al. (2015). An
important consequence of this e↵ect is that simple con-
siderations based on the balance between accretion and
thermal desorption may not be accurate when determin-
ing snow line locations, and chemical e↵ects have to be
taken into account.

Oxygen chemistry—As it can be seen in Fig. 9 oxygen
at the surface is mostly on the form of sH2O and form
through successive hydrogenation of oxygen atoms at
the surface. As already mentioned, our model suggests

that sCO is e�ciently channeled sCO2 and sHOCO by
reaction with sOH, through

sOH + sCO! sCO2 + sH (�E = 150K) (59)

! sHOCO (�E = 150K) (60)

where sOH is mainly produced by photodissociation
of water ice by interstellar FUV photons. sHOCO is
however quickly destroyed by reaction with sH to form
sH2O + sCO, sH2 + sCO2 and sHCOOH (with equal
branching ratios). As it can be seen in Fig. 9, sHCOOH
have a relatively low abundance in most of the disk mid-
plane (except in a thin layer located between AV⇤ ⇠ 3
and AV⇤ ⇠ 10). This is due to its e�cient destruction
interstellar FUV photons which leads to sHCO and sOH.
The region located between AV⇤ ⇠ 3 and AV⇤ ⇠ 10 is

characterized by an important photoprocessing of the ice
by interstellar FUV photons as well as an e�cient dif-
fusion of the radicals at the surface (Td ⇠ 30 K). In this
region solid water is e�ciently photodesorbed and pho-
todissocited by interstellar FUV photons. Photodesor-
pion of water explains the peak abundance of gas phase
water seen in Fig. 4 and Fig. 8 (i.e. between AV⇤ ⇠ 3
and AV⇤ ⇠ 10). Considering the relatively warm tem-
perature of the grains in this region, solid water does
not e�ciently reform after photodissociation due to the
low residence time of hydrogen at the surface. Instead,
most of the sOH reacts with sCO and sHCO to form
sCO2 and sHCOOH respectively. Photodesorption as

Impact on vertical CO snowline

Simple balance 
between accretion 
and desorption 
(r=120 au)

CO2 formation 
included 
(r=120 au)

∆z~2.5 au

Water 
condensation 
front
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Summary

•Chemistry in the midplane depends mainly on the radial and vertical gradients of the dust temperature 
and on photoprocesses



Summary

•Chemistry in the midplane depends mainly on the radial and vertical gradients of the dust temperature 
and on photoprocesses

•The disk interior can be divided into three chemically distinct regions:
(1) Inner disk midplane where the dust is warm enough for radical mobility
(2) The outer disk midplane where hydrogenation reactions dominate the chemistry
(3) The interface between the molecular layer and the midplane where grain surface chemistry is driven by 
photoprocessing of ices



Summary

•Chemistry in the midplane depends mainly on the radial and vertical gradients of the dust temperature 
and on photoprocesses

•The disk interior can be divided into three chemically distinct regions:
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Imaging of the CO Snow Line in a
Solar Nebula Analog
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Planets form in the disks around young stars. Their formation efficiency and composition are
intimately linked to the protoplanetary disk locations of “snow lines” of abundant volatiles.
We present chemical imaging of the carbon monoxide (CO) snow line in the disk around TW
Hya, an analog of the solar nebula, using high spatial and spectral resolution Atacama Large
Millimeter/Submillimeter Array observations of diazenylium (N2H

+), a reactive ion present in large
abundance only where CO is frozen out. The N2H

+ emission is distributed in a large ring, with
an inner radius that matches CO snow line model predictions. The extracted CO snow line radius
of ∼30 astronomical units helps to assess models of the formation dynamics of the solar system,
when combined with measurements of the bulk composition of planets and comets.

Condensation fronts in protoplanetary
disks, where abundant volatiles deplete
out of the gas phase and are incorporated

into solids, are believed to have played a critical
role in the formation of planets in the solar sys-
tem (1, 2), and similar “snow lines” in the disks
around young stars should affect the ongoing
formation of exoplanets. Snow lines can enhance
particle growth and thus planet formation effi-
ciencies because of (i) substantial increases in
solid mass surface densities exterior to snow line
locations, (ii) continuous freeze-out of gas dif-
fusing across the snow line (cold-head effect),
(iii) pile-up of dust just inside of the snow line in
pressure traps, and (iv) an increased “stickiness”
of icy grains compared with bare ones, which
favors dust coagulation (3–7). Experiments and
theory on these processes have been focused on
the H2O snow line, but the results should be gen-
erally applicable to snow lines of abundant vol-
atiles, with the exception that the stickiness of
different icy grain mantles varies. The locations
of snow lines of themost abundant volatiles—H2O,
CO2, and CO—with respect to the planet-forming
zone may also regulate the bulk composition of
planets (8). Determining snow line locations is
therefore key to probing grain growth—and thus,
planetesimal and planet formation efficiencies—
and elemental and molecular compositions of
planetesimals and planets forming in proto-
planetary disks, including the solar nebula.

According to the solar system’s composition
and disk theory, the H2O snow line developed at
∼3 astronomical units (AU, where 1 AU is the
average distance from the Earth to the Sun) from
the early Sun during the epoch of chondrite as-
sembly (9). In other protoplanetary disks, the
snow line locations are determined by the disk
midplane temperature structures, which are set
by a time-dependent combination of the lumi-
nosity of the central star, the presence of other
heating sources, the efficiencies of dust and gas
cooling, and the intrinsic condensation temper-
atures of different volatiles. Because of the low
condensation temperature of CO, the CO snow
line occurs at radii of tens of AU around solar-
type stars: this larger-sized scale makes the CO
transition zone the most accessible to direct ob-
servations. The CO snow line is also important in
its own right because CO ice is a starting point for
a complex, prebiotic chemistry (10). Also, with-
out incorporating an enhanced grain growth ef-

ficiency beyond that expected for bare silicate
dust, observations of centimeter-sized dust grains
in disks, including in TW Hya (11), are difficult
to reproduce in the outer disk. Condensation
of CO is very efficient below the CO freeze-
out temperature, with a sticking efficiency close
to unity according to experiments (12), and a CO
condensation–based dust growth mode may thus
be key to explaining these observations.

Protoplanetary disks have evolving radial and
vertical temperature gradients, with a warmer sur-
face where CO remains in the gaseous state
throughout the disk, even as it is frozen in the
cold, dense region beyond the midplane snow
line (13). This means that the midplane snow
line important for planet formation constitutes
a smaller portion of a larger condensation sur-
face. Because the bulk of the CO emission comes
from the disk surface layers, this presents a chal-
lenge for locating the CO midplane snow line.
Its location has been observationally identified
toward only one system, the disk around HD
163296, based on millimeter (or sub-millimeter)
interferometric observations of multiple CO ro-
tational transitions and isotopologues at high
spatial resolution, interpreted through detailed
modeling of the disk dust and gas physical struc-
ture (14). An alternative approach to constrain the
CO snow line, suggested in (15) and pursued here,
is to image molecular emission from a species that
is abundant only where CO is highly depleted
from the gas phase.

N2H
+ emission is expected to be a robust

tracer of CO depletion because the presence of
gas phase CO both slows down N2H

+ formation
and speeds up N2H

+ destruction. N2H
+ forms

through reactions between N2 and H3
+, but most

H3
+ will instead transfer a proton to CO as long as

the more abundant CO remains in the gas phase.
The most important destruction mechanism for
N2H

+ is proton transfer to a COmolecule, whereas
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Fig. 1. Observed images of dust, CO, and N2H
+ emission toward TW Hya. (Left) ALMA 372-GHz

continuum map, extracted from the line-free channels of the N2H
+ observations. Contours mark [5, 10,

20, 40, 80, 160, 320] millijansky (mJy) beam−1, and the root mean square (RMS) is 0.2 mJy beam−1.
(Center) Image of CO J = 3−2 emission acquired with the SMA (24). Contours mark (1–5) Jy km s−1

beam−1, and the RMS is 0.1 Jy km s−1 beam−1. (Right) ALMA image of N2H
+ J = 4−3 integrated

emission with a single contour at 150 mJy km s−1 beam−1, and the RMS is 10 mJy km s−1 beam−1. The
synthesized beam sizes are shown in each bottom left corner. The red dashed circle marks the best-fit
inner radius of the N2H

+ ring from a modeling of the visibilities. This inner edge traces the onset of CO
freeze-out according to astrochemical theory and thus marks the CO snow line in the disk midplane.
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•Radial CO snowline also impacted:
- Move closer to the star as a function of time
- Conversion driven by cosmic rays

•Impacts N2H+: tracer of CO snowline

Tkin=39K from N2H+ J=1-0 and J=4-3 
(Schwarz et al. 2019)
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Two-phase vs three-phase approximation

•Two-phase approximation over predicts gas-
phase abundances: all the mantle is available 
for desorption

•Most disk chemical models use the two-
phase approximation

•Could explain the systematic overestimation of 
cold water lines as compared to observations: 
depletion factors of ~100 for oxygen have been 
invoked (Du et al. 2017)
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