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Abstract

The dominant reservoirs of elemental nitrogen in protoplanetary disks have not yet been observationally identified.
Likely candidates are HCN, NH3, and N2. The relative abundances of these carriers determine the composition of
planetesimals as a function of disk radius due to strong differences in their volatility. A significant sequestration of
nitrogen in carriers less volatile than N2 is likely required to deliver even small amounts of nitrogen to the Earth
and potentially habitable exoplanets. While HCN has been detected in small amounts in inner disks (<10 au), so
far only relatively insensitive upper limits on inner disk NH3 have been obtained. We present new Gemini-TEXES
high-resolution spectroscopy of the 10.75 μm band of warm NH3, and use two-dimensional radiative transfer
modeling to improve previous upper limits by an order of magnitude to NH H 103 nuc

7< -[ ] at 1 au. These NH3

abundances are significantly lower than those typical for ices in circumstellar envelopes ( NH H 3 103 nuc
6~ ´ -[ ] ).

We also consistently retrieve the inner disk HCN gas abundances using archival Spitzer spectra, and derive upper
limits on the HCN ice abundance in protostellar envelopes using archival ground-based 4.7 μm spectroscopy
([HCNice]/[H2Oice]<1.5%–9%). We identify the NH3/HCN ratio as an indicator of chemical evolution in the
disk, and we use this ratio to suggest that inner disk nitrogen is efficiently converted from NH3 to N2, significantly
increasing the volatility of nitrogen in planet-forming regions.

Key words: ISM: molecules – planets and satellites: composition – planets and satellites: formation –

protoplanetary disks

1. Introduction

Understanding the pathways of volatiles from the interstellar
medium to planets is the subject of intense debate, with the
Earth and the solar system at its center, but with a growing
generalization to exoplanetary systems (Moriarty et al. 2014;
Ciesla et al. 2015). It remains unclear how the Earth obtained
its primary volatiles (carbon, nitrogen, and hydrogen/water),
and the answer may include multiple sources, including a
combination of cometary (Greenwood et al. 2011; Hartogh
et al. 2011) and chondritic late impactors (Morbidelli et al.
2000; Tartèse & Anand 2013). More broadly, both in situ
accretion, and the later delivery, of volatile elements to
exoplanets is likely intimately linked to the chemistry of
protoplanetary disks. The bulk molecular carriers of a given
element during the formation of planetesimals determine its
volatility; that is, how much of the element can be found in a
solid form as a function of temperature, and therefore how
much can be incorporated into planetesimals at a given location
in the disk. Once sequestered into planetesimals, the volatiles
may be delivered to forming terrestrial planets, either as a local
process, or through later delivery during dynamical scattering
events (Morbidelli et al. 2000).

The molecular environment in the inner regions of proto-
planetary disks (within a few astronomical unit) is likely
fundamentally different from that of the outer, icy regions (10 s
of au or more). As there is recent evidence, e.g., from
submillimeter dust imaging (Zhang et al. 2018), that some
planets exist at large radii of 10–100 au, we denote the inner

∼10 au as the “inner planet-forming region”, to indicate that
this is where the solar system formed its planets, and where
almost all known exoplanets likely formed.

1.1. Nitrogen in the Solar System

Delivery of volatiles to terrestrial planets is an inefficient
process. Indeed, carbon, nitrogen, and oxygen (CNO) are
highly abundant in volatiles in molecular clouds, prior to, and
during, the star formation process, with 10%–35% of elemental
nitrogen accounted for in observations of ices (Öberg et al.
2011a; Pontoppidan et al. 2014). The main carriers of nitrogen
in molecular clouds and circumstellar envelopes are N2, NH3,
HCN, and possibly a carbon-dominated refractory dust
component. In ices, a minor amount of what is likely the
OCN− ion is also sometimes seen.
Conversely, nitrogen is highly depleted in the bulk Earth

relative to its cosmic abundance, likely by as much as 5–6
orders of magnitude, and by 1–2 orders of magnitude relative to
the chondritic N/H2O abundance (Marty 2012). While it is
uncertain how much nitrogen might be sequestered in the deep
mantle, this uncertainty is unlikely to increase the terrestrial
nitrogen abundance by more than a factor of two (Halliday
2013). In solar system comets, elemental nitrogen is also
depleted, albeit by a somewhat smaller value of roughly two
orders of magnitude (Mumma & Charnley 2011). Further, the
relative depletion of nitrogen in the Earth is much higher than
that of carbon and hydrogen (as carried by water). Together,
relative abundances of nitrogen in various solar system bodies
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suggest that the bulk molecular carriers of nitrogen in the
Earth-forming disk material were significantly more volatile
than water. N2, for instance, is extremely volatile and generally
only available for inclusion into solids below ∼15 K for pure
ice, and ∼25 K in the case of N2 frozen on water (Bisschop
et al. 2006; Fayolle et al. 2016), corresponding to distances
beyond 20–50 au. Therefore, nitrogen present in the Earth and
other terrestrial planets was likely delivered in the form of a
less volatile carrier.

1.2. Nitrogen in the Inner Planet-forming Region

The dust temperatures in the inner regions of protoplanetary
disks are sufficiently high that no ices will exist at any depth. In
this region, the dominant CNO carriers will either be in the gas-
phase or in a refractory component, stable to temperatures of at
least a few 100 K. Consequently, infrared observations of gas-
phase lines from the most abundant nitrogen-bearing molecules
will directly constrain major carriers within a few au. The most
likely bulk carriers of nitrogen anywhere are NI and N2.
However, these species have no electric dipole or quadropole
transitions, nor magnetic dipole transitions, and the atomic
ground state has no hyperfine splittings, such that they are
unobservable in the gas-phase. Their abundance can be crudely
estimated as the fraction of the elemental abundance not
accounted for by observation of secondary species, such as
HCN and NH3 (Pontoppidan et al. 2014).

Warm NH3 in disks has not yet been detected. Mandell et al.
(2012) reported upper limits on warm NH3 in inner disks of
NH H O 0.16 0.23 2 < -[ ] , based on high-resolution Very
Large Telescope (VLT)-CRIRES spectra of transitions from
the ν1 band around 3 μm. Assuming an absolute water
abundance of H O H 5 102 nuc

5= ´ -[ ] , this corresponds to a
relatively weak upper limit on the absolute NH3 abundance
of NH H 103

5< -[ ] (where n n nH H 2 Hnuc 2= +( ) ( ) ( )). For
instance, this limit would not have detected NH3 in concentra-
tions similar to those in interstellar ices. NH3 has some of its
strongest warm bands in 8–13 μm regions, of which some were
observable with the R=600 high-resolution mode of Spitzer-
InfraRed Spectrograph (IRS). Using these bands, Salyk et al.
(2011) reported stronger, but uncertain, upper limits of
NH H O 0.013 2 <[ ] , based on a simple slab model and
assuming an NH3 gas temperature of 400 K. If accurate, these
limits suggest that NH3 has been destroyed in the inner disk,
relative to the primordial ice reservoir.

1.3. Nitrogen in Outer Disks and the Cold Interstellar Medium

In contrast to the inner disk, the outer disk is characterized
by the sequestration of bulk volatiles into ices, with only a
small fraction reaching the gas-phase due to the action of
nonthermal desorption mechanisms. Recently, gas-phase NH3

was detected in the outer disk of TW Hya (50–100 au, Salinas
et al. 2016). The location of the detected NH3 gas within the
TW Hya disk is not well constrained, and it may not be
cospatial with the detected cold water vapor (Hogerheijde et al.
2011). The detected gas has a low local abundance, but is
thought to be a tracer of photoevaporation, indicating the
presence of a much more massive reservoir of ice. The inferred
NH3 ice abundance relative to water, although with significant
uncertainty, could be higher than that of solar system comets by
as much as an order of magnitude, thus potentially accounting
for most of the elemental nitrogen. While the conversion

between gas-phase abundances and the abundances of the
underlying ice reservoir is uncertain, the current best evidence
nevertheless suggests that NH3 is an abundant carrier of
nitrogen in the cold outer parts of protoplanetary disks.
In interstellar ices, NH3 is the primary detected nitrogen

carrier ( NH H O 0.13 2 ~[ ] ; Bottinelli et al. 2010; Öberg et al.
2011a). The abundance of NH3 in interstellar ices is even
somewhat higher than in comets (Öberg et al. 2011a). While
HCN is commonly detected in inner disks from mid-infrared
spectroscopy (Salyk et al. 2011; Mandell et al. 2012; Najita
et al. 2013), and in outer disks through its rotational lines
(Öberg et al. 2010), it has yet to be detected in interstellar ices.

1.4. This Paper

With this paper, we aim to derive a more comprehensive
picture of the evolution of dominant nitrogen carriers toward
the formation of planets. To this end, we employ new and
archival infrared spectroscopy of warm gas in inner proto-
planetary disks to constrain the major reservoirs of nitrogen
near 1 au. Specifically, we report a deep 10.7 μm search, at
high spectral resolution, for warm NH3 at ∼1 au in proto-
planetary disks around solar-mass young stars. Using two-
dimensional radiative transfer models to retrieve the amount of
warm NH3 in the disk surfaces, we derive robust upper limits
on the NH3 abundance, improving on previous limits on warm
NH3 gas in disks by up to an order of magnitude. We use the
upper limits on inner disk NH3 to investigate whether inner
disk chemistry increases the average volatility of bulk nitrogen
by destroying NH3, and potentially re-partitioning it into highly
volatile N2. We also report new upper limits on the abundance
of HCN ice in prestellar dust using archival M-band
spectroscopy. Finally, we discuss the implications this may
have on our understanding of delivery of nitrogen to the Earth
and terrestrial exoplanets.

2. Observations and Data

To compare the chemical composition of carriers of bulk
nitrogen in inner protoplanetary disks to outer disks, protostars
and molecular clouds, we obtained high-resolution spectrosc-
opy of a section of the strong 10 μm NH3 ν2 band (“umbrella
mode”) for a small sample of protoplanetary disks using the
TEXES spectrometer (Lacy et al. 2002) mounted on the
Gemini North telescope on Maunakea, Hawai’i. This mode is
one of the strongest NH3 bands and is located in a clear part of
the Earth’s transmission spectrum without strong telluric
absorption lines. It has previously been detected in absorption
from the ground, using TEXES, toward a number of massive
protostars (Knez et al. 2009; Barentine & Lacy 2012), with
inferred abundances of NH H 5 103 nuc

7~ ´ -[ ] , as well as in
Jupiter’s atmosphere (Fletcher et al. 2014). The strongest lines
in the covered spectral range (10.715–10.77 μm) trace energies
of 1400–1800 K above the ground state. These are similar to
the upper level energies of the rotational water lines in the
15–30 μm range traced by Spitzer, which are known to
originate in ∼500 K gas (Carr & Najita 2011; Salyk et al.
2011). That is, the mid-infrared NH3 and water lines will trace
the same gas reservoir, and the observations will provide a
robust measurement of the [NH3/H2O] ratio, with the option to
infer a local [NH3/Hnuc] abundance using a canonical
[H2O/Hnuc] abundance of 5×10−5. In Figure 1, the TEXES
setting is shown in the context of the wider NH3 spectrum.
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We targeted three bright protoplanetary disks around solar-
mass young stars, AS 205N, DR Tau, and RNO 90, which were
selected based on the presence of strong mid-infrared rotational
water line emission and the rovibrational HCN ν3 band at
14 μm (Salyk et al. 2011) as observed with the Spitzer Space
Telescope IRS (Houck et al. 2004). We also retrieved Spitzer
high-resolution spectra of the same sample of disks from
Pontoppidan et al. (2010a) to derive consistent HCN
abundances using the strong 14 μm ν2 bending mode. All
three disks have velocity-resolved ground-based 12.4 μm
spectroscopy of a few of the water lines (Pontoppidan et al.
2010b; Banzatti et al. 2014), demonstrating that the water
emission originates from the inner disks. The presence of water
emission allows for the derivation of meaningful relative
abundances of NH3 and HCN. Further, all three disks orbit
stars of 0.8–1.0Me, and of ages 1–2Myr, implying that the
three objects trace general properties of this specific demo-
graphic. Table 1 summarizes the general properties of the disks.

Finally, we use archival ice spectroscopy of a sample of
unrelated protostars to estimate new upper limits on the general
HCN abundance in star-forming ices prior to the formation of
protoplanetary disks. While the NH3 abundance in circum-
stellar ices was measured by Spitzer (Bottinelli et al. 2010),
HCN has not yet been detected in the solid phase, and few or
no upper limits exist in the literature. Specifically, we estimate
upper limits on the HCN ice abundance in a sample of young
stars with Spitzer-based NH3 ice detections using the 4.757 μm
(2102 cm−1) HC-N stretch in spectra obtained with the ISAAC
instrument on the ESO Very Large Telescope, as part of the
large program 164.I-0605 (van Dishoeck et al. 2003).

2.1. Target Properties

RNO 90 is a solar-mass (1.5Me; Pontoppidan et al. 2011)
star surrounded by a classical protoplanetary disk. It is also one
of the brightest disks known to be rich in molecular emission
lines in the infrared, with double-peaked line profiles and
spectro-astrometry demonstrating an origin in a Keplerian disk
(Pontoppidan et al. 2008). AS 205N is an optical component in
a 1 3 binary. It is somewhat more massive than the Sun and is
still accreting at a relatively high rate of 8×10−8Me yr−1

(Prato et al. 2003; Salyk et al. 2013). It has rovibrational CO

line profiles that have been interpreted as evidence of a disk-
wind flow (Pontoppidan et al. 2011; Salyk et al. 2014). Thus,
AS 205N represents a more active, possibly younger system.
DR Tau is a well-known variable, high-accretion T Tauri disk,
and the brightest known molecule-rich disk in the Taurus star-
forming region (Carr & Najita 2011). Similar to AS 205N, the
CO profiles of DR Tau indicate a partial origin in a disk wind.

2.2. TEXES Spectroscopy of NH3

We obtained spectra of the 14NH3 Q-branch of the 2n band
near 10.75 μm (930 cm−1) toward the three protoplanetary
disks around the solar-mass young stars AS 205N, RNO 90,
and DR Tau. We used the cross-dispersed high-medium
configuration, which results in instantaneous coverage between
10.715 and 10.775 μm at a spectral resolving power of
λ/Δλ∼85000. A two-dimensional radiative transfer model
of the RNO 90 disk (Blevins et al. 2016) predicts that this
spectral region contains some of the strongest NH3 lines visible
from the ground (see Figure 1).
The TEXES data were reduced using standard procedures,

including division by a flat field, linearization, registration, and
co-addition of individual nod-cycles. The spectra were
calibrated using equivalent observations of bright asteroids,
which are used to remove the combined signature of the system
spectral response function and telluric absorption. The
wavelength solution was determined using an atmospheric
model of the sky emission spectrum. Based on the fit of the
observed sky background and the sky emission model, we
estimate that the wavelength solution is accurate to ∼3 km s−1.
The reduced TEXES spectra are presented in Figure 2. They

show no detection of NH3 lines in any of the disks down to the
5%–10% line-to-continuum level. Some residual low-fre-
quency noise is apparent, which may be due to residual
fringing not removed by the telluric calibrators. This leads to
spurious features with widths similar to those of individual
spectral orders (∼0.01 μm, or 200–300 km s−1). However,
based on the observed widths of the (energetically similar) CO
fundamental rovibrational lines of 37–92 km s−1 (Banzatti &
Pontoppidan 2015), the low-frequency noise is not likely to be
confused with intrinsic NH3 line emission.

Figure 1. Model spectrum showing the NH3 ν2 band region at different spectral resolving powers, relevant for TEXES (top curve; R=85000), JWST-MIRI (middle
curve; R=2000), and Spitzer-IRS (bottom curve; R = 600). The shaded region indicates the coverage of the TEXES NH3 spectral setting. The model shown assumes
an inner disk NH3 abundance of 2.5×10−7 per H. Note that in actual disk spectra, other molecular species contribute additional strong lines, some of which will be
blended with some of the NH3 lines.
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2.3. Archival Observations of HCN ice in Circumstellar
Envelopes

In addition to NH3, HCN is another potential carrier of
significant amounts of nitrogen. While there are many
detections of HCN gas in protoplanetary disks (Dutrey et al.
1997; Öberg et al. 2011b), as well as in protostellar envelopes
(Jørgensen et al. 2004), there is, to our knowledge, no direct
detection of a solid counterpart in interstellar ices, nor have any
upper limits been reported. Indirect tracers of solid HCN exist,
such as observations of warm gas in hot core regions, thought
to trace recently evaporated ices. Based on inference from
observations of warm gas-phase HCN, HCN ice is expected to
have relatively low abundance compared to major ice species;
approximately 2.5 10 7´ - relative to H, or 0.3%–0.5% relative
to water (Lahuis & van Dishoeck 2000).

In order to better estimate the primordial HCN content of
primordial ices, for comparison with the observed abundances of
HCN in disks, we report estimated upper limits on HCN ice on
grain mantles present during the cold phases of star formation.
We use archival M-band spectra from Keck-NIRSPEC and VLT-
ISAAC of the strong, narrow 4.75μm (2100 cm−1) C–N stretch
of HCN toward a number of circumstellar envelopes around low-
mass young stars. This is the most promising band for HCN
detection, as the stronger C–H stretch around 3.2μm is blended
with the 3.1 μm water ice band, and other bands are weaker
(Gerakines et al. 2004). The ISAAC spectra were previously
published in Pontoppidan et al. (2003), whereas the Keck-
NIRSpec spectra of RNO 91 and EC 90 have not previously been
published. We include sources from Pontoppidan et al. (2003) for
which the water ice band has an optical depth τ>1, and with a
signal-to-noise ratio of ∼50 or more.

A challenge to using the CN stretch to detect HCN ice is that it
is often affected by absorption and/or emission from warm gas-
phase CO, requiring high-resolution spectroscopy (R10000)
to clearly separate any broad ice absorption from multiple CO gas

lines. We define the continuum as a linear function, fit to regions
between 4.71–4.735 μm and 4.79–4.82 μm. The optical depth
spectra are then calculated as τ=−ln(F/C), where F and C are
the flux density and continuum spectra, respectively. The upper
limits are derived as 3σ values using the pure HCN ice spectrum
and band strength (5.1 10 cm molec18 1´ - - ) from Gerakines
et al. (2004). The shape of the HCN band is somewhat sensitive
to composition of the ice mantles, with mixtures with other polar
molecules, such as water, leading to significant broadening and
reddening (Noble et al. 2013). Figure 3 shows the M-band ice
spectra compared to laboratory ice spectra scaled to the
maximum HCN column density consistent with the data. The
resulting upper limits on the HCN ice column densities are given
in Table 2. Compared to the water ice column densities toward
the same sources, the upper limits on HCN generally correspond
to maximum [HCN/H2O] abundances of 2%–5%, consistent
with the relative abundance of gas-phase HCN observed in hot
cores. It follows that improvements in sensitivity to solid HCN by
at least an order of magnitude are likely necessary to detect it in
protostellar sightlines.

3. Analysis

3.1. Radiative Transfer Modeling and Abundance Retrieval

In order to retrieve upper limits of the local abundance of
NH3 gas at ∼1 au, we use the modeling framework described in
Zhang et al. (2013) and Blevins et al. (2016). This framework
uses the two-dimensional line radiative transfer code RADLite
(Pontoppidan et al. 2009) to render predicted line spectra given
a disk density structure and molecular abundance structure. The
model was fitted in detail to the broad-band SED and
10–180 μm Spitzer-IRS and Herschel-PACS water spectra for
RNO 90. It was used to retrieve inner disk H2O and CO
abundances (see Pontoppidan et al. 2014; Blevins et al. 2016,
for details on the modeling approach).

Figure 2. High-resolution TEXES spectra of part of the NH3 2n mode, compared to the RNO 90 reference disk model (Blevins et al. 2016), assuming different inner
disk NH3 abundances relative to H at ∼1 au. Some response function and/or fringe residuals are seen, but these are not coincident with the expected NH3 lines and
tend to be much broader. The derived upper limits fall between the models with NH3 abundances of 5×10−8 and 5×10−7 per H.
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The model includes both dust and gas. The dust density
structure is fitted to the observed continuum Spectral Energy
Distribution (SED). The dust model includes dust grains up to
40 μm in size, with a power-law size index of −2.5, relevant
for the disk surface traced by the infrared molecular lines;
larger grains are assumed to have settled to the midplane,
where they no longer contribute to the infrared properties of the
disk. The molecular abundances are degenerate with respect to
the assumed gas-to-dust ratio, such that lower absolute
abundances tend to be needed to produce a given observed
line flux for higher gas-to-dust ratios. This is due to a larger gas
column being visible for lower opacity disks. Following the
procedure in Blevins et al. (2016), we assume a constant gas-
to-dust mass ratio of 100 everywhere in the disk. While this is
unlikely to be universally true, the infrared molecular spectra
trace a relatively small part of the disk (the surface at ∼1 au), so
the assumed gas-to-dust ratio is relevant for a relatively
restricted region. There is significant uncertainty in the surface
gas-to-dust ratio, as competing processes are thought to be
active. For instance, dust settling and growth acts to increase
the gas-to-dust ratio (Meijerink et al. 2009; Horne et al. 2012;
Carmona et al. 2014), disk dispersal mechanisms such as
photoevaporation tend to decrease it (Bruderer et al. 2014;
Ansdell et al. 2016), and chemical effects may mask the true
ratio (Kama et al. 2016; Miotello et al. 2017).
The gas temperature is estimated using the thermo-chemical

calculation of Najita et al. (2011) and scaled to the specific
RADLite dust model using the vertical column density at each
disk radius (see Figure 4 in Blevins et al. 2016). The level
populations are assumed to be in local thermodynamic equili-
brium. While the critical densities of infrared molecular transitions
for collisions with H2 tend to be high (n 10 10 cm10 12 3~ -– ), a
combination of infrared pumping from the local warm dust and
with collisions with atomic H provides an efficient mechanism
leading to near-thermalization. This has been observed both for
rovibrational CO lines (Blake & Boogert 2004; Thi et al. 2013), as
well as for the mid-infrared rotational H2O lines (with high
rotational quantum numbers; Meijerink et al. 2009), and has been
supported by models for HCN (Bruderer et al. 2015). For disks
around early-type stars, UV fluorescence can in some cases also
be important (Brittain et al. 2007), but this is expected to be a
small effect for disks around low-mass and solar-mass stars where
the local UV fields are less intense. While the expectation is that
non-LTE effects are relatively small, in particular for lower-mass
stars with low UV fields, non-LTE models for NH3 and HCN are
ultimately needed to confirm the results presented in this work.
Figure 4 shows the gas density and temperature structure of the
disk model.
The warm water and CO rovibrational line-to-continuum

ratios in all three disks fall within a factor of 2–3 of each
other, and the previous applications of this retrieval approach
indicate water and CO abundances that are consistent
with canonical abundances of H O H CO H2 nuc nuc~ ~[ ] [ ]
5 10 5´ - (Pontoppidan & Blevins 2014). The three sources
also have similar spectral energy distributions, and their
luminosities all fall within a factor 2 (see Table 1).
Consequently, we consider the three disks to differ only to
first order, which means we can use the model spectra for
RNO 90, scaling by constant factors to the observed 10.7 μm
continua of AS 205N and DR Tau. The implicit assumption is

Figure 3. Fits of the 4.75 μm (2100 cm−1) band of solid HCN to archival
M-band spectra of nearby embedded young stars. The curves show the 1σ and
5σ upper limits on the strengths of the HCN band. The vertical rectangles
indicate the regions of the spectrum used to define the continuum. The deep
absorption feature at 4.67 μm is due to CO ice. Also visible in most spectra are
emission and absorption lines from rovibrational CO gas-phase transitions.

5

The Astrophysical Journal, 874:92 (11pp), 2019 March 20 Pontoppidan et al.



that, all other model parameters (abundance structure) being
equal, infrared line fluxes scale linearly with source
luminosity within the narrow range of luminosity of the
sample (as does the continuum). Even if there are inherent
uncertainties in the absolute abundance relative to H, the
abundances relative to water and CO will be self-consistent.

The molecular abundances are implemented as “jump
models”, in which the abundance is high inside a critical radius,
Rcrit, and low outside. Further, the gas abundance is assumed to
be low where the dust temperature is below the relevant freeze-
out temperature. If Rcrit is very large, the disk abundance
structure follows the location of the snowline. Conversely, if
Rcrit is small, the abundance jump may be interpreted as being
due to a chemical effect, rather than freeze-out.

3.2. Inner Disk NH3 Upper Limits

Using the RNO 90 structure model, we calculate a grid of
models by varying the NH3 gas abundance between
NH H 5 103 nuc

8= ´ -[ ] and 10−6, as models outside of this
range are clearly inconsistent with the data (see Figure 2). Since
more face-on configurations will increase the line-to-continuum
ratios, and therefore the detectability for the same abundance,
we calculate a separate model grid for the known disk
inclinations (see Table 1). The non-detections offer no
constraints on a critical radius, so we assume the NH3

abundance has a large Rcrit=11 au, which is the measured
location of the surface water snowline in RNO 90 by Blevins
et al. (2016). The midplane water snowline in the same disk is
at 1 au, but this is not likely to be traced by our data. For each
model in the grid, we then identify spectral channels of the
model spectrum with significant potential line emission (>10%
of the peak line flux) and calculate the least-squares (χ2)
statistic relative to the observed spectrum on those channels.
The model with the lowest abundance that can be excluded
with 99% confidence is identified and adopted as the
appropriate upper limit. A caveat to upper limits is that we
have no measurement of line ratios and opacities, and we
therefore cannot rule out higher local NH3 abundances with a
small filling factor. That is, it is possible that high-abundance

NH3 is concentrated in a small area (=10 au); we can only say
that the average abundance in the inner disk surface is low.

3.3. New Inner Disk HCN Abundances

Since a key comparative nitrogen reservoir in the inner disk
is warm HCN, we use the same radiative transfer framework to
retrieve the HCN abundance by fitting to the Spitzer spectra
presented in Pontoppidan et al. (2010a). Salyk et al. (2011)
estimated abundances for the same data set using a simple slab
model; however, a more self-consistent two-dimensional
RADLite model is expected to significantly improve the
estimate. The HCN abundance is constrained not only by
the fundamental 14 μm v 01 0 00 01 0=  intensity, but also by
the shape of the band and the presence of the v 02 0 01 00 1= 
band near 14.3 μm. These bands have different opacities and
excitation temperatures and allow for an independent estimate
of the critical radius of a jump model. For HCN, we find that a
small critical radius of 1±0.2 au is needed to fit the shape of
both the 14 and 14.3 μm bands. This is illustrated in Figure 5,
where a large radius leads to HCN with too low opacity,
as seen by a narrow 14 μm band and relatively weak
14.3 μm band.
Bruderer et al. (2015) presented a non-LTE model for HCN

in the AS 205N disk. They found that the primary excitation
mechanism is radiative pumping, and that retrieved abundances
using the 14 μm band are essentially unaffected by an
assumption of LTE. Their model also provides a benchmark
to the RADLite model, as they estimate the HCN for the same
Spitzer spectrum of the AS 205N disk. For AS205N, we
estimate an absolute abundance of HCN H 2 10nuc

6= ´ -[ ]
for a gas-to-dust ratio of 100. In comparison, Bruderer et al.
(2015) also find that a sharp jump is needed around 1 au and
estimate an inner abundance of HCN H 3 10nuc

7= ´ -[ ] for
an assumed gas-to-dust ratio of 1000. These values are
consistent given the degeneracy of the assumed gas-to-dust
ratio (if Bruderer et al. had assumed a smaller gas-to-dust ratio,
the retrieved abundance would increase in proportion).
The NH3 limits and HCN gas abundances are shown in

Table 3.

Figure 4. Left panel: the gas temperature structure. Some temperature contours are indicated in units of K. Right panel: the NH3 abundance of a model close to the
upper limit. The solid white curves show the τ=1 surface at 10.7 μm, whereas the dashed curves indicate the surface corresponding to a vertical column density of
1022 cm−2.
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4. Discussion

4.1. Comparison to NH3 in the Outer Disk

A detection of high abundances of cold NH3 gas was
reported by Salinas et al. (2016) using Herschel-HIFI
observations of the ortho-NH3 10–00 line at 572.5 GHz. The
line was reported to have a spectral FWHM of 0.9 km s−1,
which corresponds to disk radii 30 au, assuming a stellar
mass of 0.7Me (Herczeg & Hillenbrand 2014) and an
inclination of the outer disk of 7° (Qi et al. 2004). While the
retrieved gas-phase NH3 abundance is low relative to the total
nitrogen content, its presence is interpreted as being the
photodesorption product of a much larger reservoir of NH3 ice.
The inferred nebular ice abundance, while uncertain, could be
as high as NH H 103

5~ -[ ] , even higher than that inferred by
solar system comets (up to NH H 10 ;3

6~ -[ ] see references in
Figure 6). The inferred total NH3 abundance in the outer disk of
TW Hya is comparable to that of the most enriched interstellar
ices observed in young stellar envelopes (Bottinelli et al. 2010).

4.2. Constraints on the Nitrogen Budget

In combination with existing detections of warm HCN from
the same region of the disk, the presented NH3 observations
constrain the budget of elemental nitrogen, not sequestered in
N2, in the inner disk surface. We find that at radii inside of
10 au, the average NH3 abundance is at least an order of
magnitude lower than that of interstellar ice, and at least
marginally lower than that of comets. We rule out the
possibility that a significant amount of nitrogen is sequestered
in NH3 in the inner disk surface. In comparison, the inner disk
HCN abundance is higher than that of comets at 1 au, but likely
significantly lower at radii between 1 and 10 au. This indicates
that the chemistry of disk volatiles in the terrestrial region has
been significantly altered from its primordial state, possibly
with a greater fraction of the nitrogen driven into N2.

In Figure 6, we compare the observed abundances, relative
to water, of HCN and NH3 in inner regions of disks to those of
comets and interstellar ices. The figure demonstrates that the
new upper limits on the inner disk NH3 abundance are
significantly lower than those observed in reservoirs tracing
colder material. Although the NH3 abundance in comets is
already known to be depleted relative to interstellar ices, the
inner disk abundance appears to be depleted by at least another
order of magnitude. At the same time, a self-consistent
abundance retrieval suggests that HCN abundances are some-
what enhanced in the inner disk. The upper limits on HCN in
interstellar ices are not constraining, as they are consistent with

both comets and the inner disk abundances. The implication is
that some of the nitrogen lost from NH3 could be driven into
HCN in the innermost disk, inside of 1 au. Outside of this
region, the HCN abundance remains low. The presented data
do not reveal where the liberated nitrogen went in the 1 au
region, but chemical models suggest N2 is a likely candidate
(see Section 4.3).
An important caveat is that the observations only probe the

disk surface, down to vertically integrated column densities of
a few×1022 cm−2 (see Figure 4). Thus, the midplane region,
where the bulk of the molecular mass resides is not directly
constrained. Nevertheless, given that all disk material is
inherited from a protostellar envelope, the fact that the
observed upper limits on the NH3 abundance in the inner disk
are ∼50 times lower than that observed in the outer disk of TW
Hya is strong evidence for the efficient destruction of NH3 in
inner disk surfaces.

4.3. Comparison to Chemical Models

In recent years, a number of studies of the observable
chemistry of inner disks have become available to better
understand the observed infrared tracers of warm molecular gas
in disks (Heinzeller et al. 2011; Schwarz & Bergin 2014; Walsh
et al. 2015; Agúndez et al. 2018). Models including full
nitrogen-bearing chemical networks predict that the bulk
carriers of nitrogen in protoplanetary disks consist of N2,
HCN and NH3, with only relatively minor contributions from
other simple species. Disk models by Schwarz & Bergin (2014)
predict large abundances of gas-phase NH3 at a few
astronomical unit in the midplane exceeding 10−5 in models
that initialized with most nitrogen in NH3, and an order of
magnitude less in models initialized with most nitrogen in N or
N2. Disk models also generally predict large abundances of
NH3 ice throughout the disk midplane at radii where the dust
temperature remains below ∼60 K, and that there is a tendency
to form more NH3 ice with time (Furuya & Aikawa 2014).
If photodissociation is the main destruction mechanism of all

three species, which is an appropriate assumption within a
column density of 1022 cm−2, the following destructive
reactions apply:

hN N N 12 n+  + ( )
hHCN H CN 2n+  + ( )

hNH NH H or NH H . 33 2 2n+  + + ( )
For a 4000 K blackbody, the unshielded photodissociation

rates for the above three reactions are: 3.2×10−16 s−1, 5.7 ´
10 s12 1- - , and 3.6 10 s9 1´ - - , respectively (Heays et al. 2017).

Table 1
Source Properties and TEXES Observing Log

Disk M* Luminositya Distance Incl. Date Calibrator Int. Time
(Me) (Le) (pc) (degrees) (Minutes)

AS 205N 1.0b 4.1b 128c 20d 2014 Aug 11 Eunomia 19
DR Tau 0.8d 2.2e 196c 9d 2014 Aug 14 Europa 26
RNO 90 1.5d 2.9e 117c 37d 2014 Aug 13 Eunomia 45

Notes.
a Total (stellar+accretion) system luminosity.
b Andrews et al. (2010), corrected to the GAIA distance.
c Gaia Collaboration et al. (2016, 2018).
d Pontoppidan et al. (2011).
e Blevins et al. (2016), corrected to the GAIA distance.
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The balance of N between these three species will be governed
by the rates of destruction versus reformation from constituent
atoms/radicals. The unshielded destruction rates already

indicate a preferential depletion of NH3 and HCN relative to
N2 in the inner disk surface. Furthermore, we have recently
learned that N2 self-shields efficiently (Li et al. 2013; Heays
et al. 2014). N2 is therefore even more robust against
photodissociation than both HCN and NH3 in the disk surface.
Together, this provides theoretical support for the preferential
sequestration of N from NH3 into N2. Reformation of HCN will
occur through CN+H2, which has a small barrier easily
overcome in warm-to-hot gas. Reformation of NH3 from N,
NH, or NH2, on the other hand, has several barriers, which will
slow this reaction sequence down, even in warm-to-hot gas.
Any available atomic N is easily converted to N2 via barrierless
reactions, e.g., N NO N O2+  + or N CN N N2+  + ,
provided there is adequate supply of small radicals in the gas-
phase.
The discrepancy between the low NH3 abundance found in

the inner disk and the potentially large reservoir of NH3 ice in
the outer disk is that, once the temperature is sufficiently cold
to retain both N, NH, NH2, and atomic H on dust grain
surfaces, then the formation of NH3 ice via sequential
hydrogenation is rapid. Once formed, the high binding energy
of NH3 protects it in the ice until the dust grains are warmed to
the sublimation temperature, at which point gas-phase
chemistry takes over. Indeed, HCN has an experimental
binding energy on astrophysical surfaces in the range
3400–3800 K with some uncertainty (Noble et al. 2013; Rice
et al. 2018), whereas NH3 has a binding energy of 4000 K on
compact water ice. When mixed with water NH3 desorbs at the
same temperature as the water, or ∼145 K at laboratory
pressures (He et al. 2016). Chemical models therefore predict a

Table 2
Nitrogen-bearing Ice Column Densities in Protostellar Envelopes

Disk N(NH3) N H O2( ) N HCN( ) Instrument Reference

IRAS 08242-5050 4.77±0.46 77.9±7.7 <2.7 VLT-ISAAC Pontoppidan et al. (2003)
SVS 4-5 2.4: 56.5±11.3 <4.0 VLT-ISAAC Pontoppidan et al. (2003)
R CrA IRS5 0.91±0.23 35.8±2.6 <2.6 VLT-ISAAC Pontoppidan et al. (2003)
L1489 IRS 2.31±0.3 42.6±5.1 <1.7 Keck-NIRSPEC Boogert et al. (2002)
RNO 91 2.03±0.3 42.5±3.6 <1.5: Keck-NIRSPEC This paper
EC 90 0.67±0.2 16.9±1.6 <0.8 Keck-NIRSPEC This paper
CrA IRS 7B 3: 110.1±19.7 <1.9 VLT-ISAAC Pontoppidan et al. (2003)
WL 6 1.2093±0.24 41.7±6 <2.9 VLT-ISAAC Pontoppidan et al. (2003)
IRS 44 1.258±0.25 34±4 <1.2 VLT-ISAAC Pontoppidan et al. (2003)
IRS 46 0.65±0.13 12.8±2 <3.1 VLT-ISAAC Pontoppidan et al. (2003)
IRS 51 0.53±0.11 22.1±3 <0.3 VLT-ISAAC Pontoppidan et al. (2003)
IRS 63 1.16±0.23 20.4±3 <0.3 VLT-ISAAC Pontoppidan et al. (2003)

Note. All column densities are provided in units of 1017 cm−2. Colons indicate high uncertainty.

Figure 5. Fits of the inner disk HCN abundance to archival Spitzer spectra
using the RADLite grid. The water abundance is held constant at
[H2O/Hnuc]=5×10−5, while the HCN abundance and radial size of the
region where the HCN abundance is high are varied. The RNO90 fit is
consistent with that presented in Pontoppidan et al. (2014). Top panel: best fits
assuming a large critical radius. Bottom three panels: best fits assuming
Rcrit�1 au.

Table 3
Observed Gas-phase Nitrogen Carriers in Inner Disks

Disk [HCN/Hnuc] [NH3/Hnuc]
a [H2O/H]

% Miss-
ing Nb

AS 205N (2±0.5)×10−6 <1.1×10−7 5×10−5 97.0
DR Tau (1±0.2)×10−6 <1.4×10−7 5×10−5 95.5
RNO 90 (3±1.0)×10−6 <2.5×10−7 5×10−5 98.5

Notes. All absolute abundances are referenced to an assumed gas-to-dust ratio
of 100.
a Upper limits are 3σ.
b Assuming a solar nitrogen abundance of N H 6.76 10nuc

5= ´ -[ ] (Asplund
et al. 2009).
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reservoir of abundant gas-phase NH3 within its snowline in the
disk midplane due to a lack of efficient destruction mechanisms
deeper in the disk. In this regime, NH3 is mostly chemically
inert, although cosmic rays can modify the composition and
elemental partitioning over long timescales (>1Myr; see
Eistrup et al. 2016, 2018). Over time, cosmic ray processing
also has the effect of driving NH3 into N2 (Eistrup et al. 2018).

Ultimately, the ability of the inner disk to retain abundant
NH3 likely depends on the efficiency of vertical mixing to
expose shielded NH3 from the midplane to the surface
chemistry, and mix the processed results back down. Both
vertical and radial transport are known to link disparate
chemical regions in the disk (Ilgner et al. 2004; Semenov &
Wiebe 2011). More specifically, the theoretical expectation is
that vertical mixing will transport chemically rich material
upwards and increase the abundances of many species in the
inner disk surface, including NH3 (Heinzeller et al. 2011). The
fact that we do not see abundant NH3 in the surface could mean
that either vertical mixing is weak, or that the surface
destruction of NH3 is fast. An argument against weak vertical
mixing is that the water abundance is known to be high in all
three observed disks, suggesting that we are indeed witnessing
the active destruction of NH3 and transfer of nitrogen into N2.

In Figure 6, we compare the observed and predicted NH3

and HCN abundances in the inner disk surface for a 0.5Me star
from Walsh et al. (2015) as a function of radius. Note that this
model is static, and midplane abundances may be affected by
the presence of vertical mixing. It is expected that the inner
disk surface has reached chemical steady state, whereas the
midplane at the same radii evolves slower, resulting in
significant chemical decoupling. Further, the inner disk mid-
plane chemistry, because of the longer chemical timescale, is
dependent on its initial condition.

It is seen that the observed upper limits on the average NH3

abundance are consistent with the model just outside of 0.3 au.
At radii between 0.3 and several astronomical unit, the model

HCN abundances are not consistent with the observations,
while the NH3 abundances are very low, consistent with the
upper limits. The combination of the HCN and NH3 data
therefore supports a scenario in which we are observing
relatively abundant HCN in the innermost disk within 1 au, and
that the NH3 abundance is low throughout the inner disk
surface, except perhaps for a very small region in the inner few
tenths of an astronomical unit. It also predicts that modest
improvements in our sensitivity to warm NH3 should lead to
detections from the same gas giving rise to the observed
warm HCN.

4.4. Potential Impact on Planetary Composition

This strong chemical evolution in nitrogen and other common
elements has been used to trace the path of biogenic material from
the interstellar medium to planetary systems. The degree of
volatile depletion in planetesimals and terrestrial exoplanets can be
constrained by models (Lee et al. 2010; Furuya & Aikawa 2014;
Schwarz & Bergin 2014), or by directly measuring the
abundances of the main carbon, nitrogen, and hydrogen carriers
in protoplanetary disks (e.g., Hogerheijde et al. 2011; Pontoppidan
et al. 2014; McClure et al. 2015; Min et al. 2016). For instance,
the ratio of carbon to nitrogen (C/N) in comets, chondrites, and
the Earth was used by Bergin et al. (2015) to constrain the
delivery and loss of volatiles from terrestrial planets, generally
finding an increasing C/N ratio as material was transported
toward the disk radius forming the Earth. In this picture, the solar
system exhibits evidence for increasing nitrogen volatility relative
to water and carbon at smaller distances to the Sun. If a significant
fraction of the inner disk nitrogen is redistributed from the less
volatile NH3 to HCN and N2, as suggested by the observations in
this work, this leads to an increase of the C/N ratio in condensible
species, at least inside of a few astronomical unit. This is
consistent with the measured C/N ratio in chondrites and the
Earth. Other mechanisms than just nitrogen volatility may also act

Figure 6. Observed evolution of the nitrogen chemistry, as traced by the HCN and NH3 abundances, from interstellar ices to inner protoplanetary disk surfaces. Inner
disks are defined at regions within 10 au from the central star. Also included for reference are the observed abundances in solar system comets. The comet data points
from Smyth et al. (1995), Schloerb et al. (1987), Meier et al. (1994), Biver et al. (1999), Kawakita & Watanabe (1998), Bird et al. (1997), Biver et al. (2012), Kawakita
& Mumma (2011), Kobayashi & Kawakita (2009), and Dello Russo et al. (2014). The elliptical regions are added as a guide to indicate the approximate regions that
may be populated for ices, comets, and inner disks. Finally, the data points are compared to the model abundances of the inner disk surface of a T Tauri disk from
Walsh et al. (2015). Note that since this figure displays ratios of observed molecular species, it is insensitive to absolute abundances and the assumed gas-to-dust ratio.
The range of the outer disk NH3 abundance in TW Hya from Salinas et al. (2016) is also indicated.
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to change the C/N ratio, such as differential loss of volatiles from
parent bodies at later stages in the evolution of the planetary
system (Kerridge 1999; Marty 2012). Nevertheless, the primordial
branching ratio of nitrogen carriers is likely to play a key role in
the volatile composition of planet-forming material.

5. Conclusions

We have presented new, sensitive upper limits on the amount
of warm NH3 gas in the inner regions of protoplanetary disks
known to be rich in water. We also presented upper limits on
the abundance of HCN in interstellar ices, as well as new
estimates of the inner disk surface HCN abundance. We
compared the relative NH3 and HCN abundances in different
reservoirs, tracing different evolutionary stages toward the
formation of planets. We found that the observed NH3

abundance relative to H2O is lower than predicted by static
chemical models. The observed highly depleted NH3 abun-
dances in inner disk surfaces at ∼1 au suggests that a global
route for NH3 destruction in the inner disk surface is efficient.
However, we are not constraining the midplane abundances nor
to which degree these may be affected by mixing processes. If
vertical mixing is efficient, then the inner disk nitrogen
reservoir is likely globally depleted in NH3, leading to a
higher mean volatility of the planet-forming nitrogen reservoir.
This could have important consequences for the ability of the
disk to deliver nitrogen to the surfaces of terrestrial planets.
Future sensitive observations of warm NH3 with the James
Webb Space Telescope will be critical for constraining the
nitrogen chemistry of planet-forming material.
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