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ABSTRACT

We present an analysis of Spitzer Infrared Spectrograph observations of H2O, OH, HCN, C2H2, and CO2 emission,
and Keck-NIRSPEC observations of CO emission, from a diverse sample of T Tauri and Herbig Ae/Be circumstellar
disks. We find that detections and strengths of most mid-IR molecular emission features are correlated with each
other, suggesting a common origin and similar excitation conditions for this mid-infrared line forest. Aside from the
remarkable differences in molecular line strengths between T Tauri, Herbig Ae/Be, and transitional disks discussed
in Pontoppidan et al., we note that the line detection efficiency is anti-correlated with the 13/30 μm spectral
slope, which is a measure of the degree of grain settling in the disk atmosphere. We also note a correlation between
detection efficiency and Hα equivalent width, and tentatively with accretion rate, suggesting that accretional heating
contributes to line excitation. If detected, H2O line fluxes are correlated with the mid-IR continuum flux, and other
co-varying system parameters, such as L�. However, significant sample variation, especially in molecular line
ratios, remains, and its origin has yet to be explained. Local thermal equilibrium (LTE) models of the H2O emission
show that line strength is primarily related to the best-fit emitting area, and this accounts for most source-to-source
variation in H2O emitted flux. Best-fit temperatures and column densities cover only a small range of parameter
space, near ∼1018 cm−2 and 450 K for all sources, suggesting a high abundance of H2O in many planet-forming
regions. Other molecules have a range of excitation temperatures from ∼500 to 1500 K, also consistent with an
origin in planet-forming regions. We find molecular ratios relative to water of ∼10−3 for all molecules, with the
exception of CO, for which n(CO)/n(H2O) ∼ 1. However, LTE fitting caveats and differences in the way thermo-
chemical modeling results are reported make comparisons with such models difficult, and highlight the need for
additional observations coupled with the use of line-generating radiative transfer codes.
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1. INTRODUCTION

The chemistry of protoplanetary disks plays a pivotal role in
the development of planetary systems, of habitable planets, and
of life. However, our understanding of the chemical conditions in
protoplanetary disks—especially in planet-forming regions—is
far from complete. In particular, there are many uncertainties
about the role of volatiles such as water, which not only play
a crucial role in life as we know it, but also in many other
processes that affect the formation and evolution of planets. For
example, the location of water-ice sublimation, the so-called ice
line, may define a boundary within which planetary cores do not
grow large enough to become gas giants. And, molecular ices
make up the bulk of many outer solar system bodies, including
Kuiper Belt objects and outer-planet satellites.

For many years, the detection of water in protoplanetary disks
remained elusive, with only a few definitive examples of ice
(Malfait et al. 1998; Terada et al. 2007) and vapor (Najita
et al. 2000; Carr et al. 2004; Thi & Bik 2005) detections.
Additionally, organic molecules were detected in absorption
through an edge-on disk (Lahuis et al. 2006). Recently, however,
Carr & Najita (2008) and Salyk et al. (2008) reported detections
of a forest of emission lines of H2O, OH, HCN, C2H2, and
CO2 in high-resolution spectra from the Spitzer Space Telescope
InfraRed Spectrograph (IRS), as well as of vibrational H2O
lines with the Keck Near Infrared Spectrograph (NIRSPEC).
Based on emitting temperatures, fluxes, and line shapes, these
lines appeared to originate in the disk atmospheres at terrestrial-

planet-forming radii. Additionally, when present, the mid-IR
water lines likely dominate the cooling of the inner disk surface
layer (Pontoppidan et al. 2010b).

The frequent detections of water and other molecules in the
inner regions of protoplanetary disks, made possible largely
by optimized high dynamic range observing strategies and
data-reduction routines (Carr & Najita 2008), mark a turning
point in our ability to study chemical evolution and molecular
transport in the inner solar system. Because chemistry and line
excitation are linked to disk physics, molecular emission can be
used to study disk structure and physics. For example, water is
destroyed by photodissociation and by high levels of ionization
(Bergin et al. 2003), but is capable of self-shielding in certain
conditions (Bethell & Bergin 2009), and so water abundances
may reflect the disk irradiation environment. Because water
condenses at relatively small radii in the disk midplane (∼a
few AU for solar-mass stars), water vapor may be driven
outward by vapor pressure differences, while water ice is carried
inward by planetesimals. Hence, water abundances may also
reflect radial transport and planet formation timescales. Water
abundances may similarly depend on vertical transport, which,
when coupled with midplane condensation, could deplete water
even well inside the canonical snow line (Meijerink et al. 2009).
Finally, the strength of molecular emission lines depends upon
the disk structure as a whole, including the gas temperature
structure and the degree of dust settling/grain growth.

One way to disentangle the many factors that affect molecular
abundances and line strengths is to observe a large sample of
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disks, and look for trends predicted by the processes described
above. Here, we report characteristics of a sample of disks
observed with the Spitzer Space Telescope IRS, first described
and presented in Pontoppidan et al. (2010b, hereafter Paper I).
In Paper I, we presented the overall characteristics of the
spectra, including molecular detection rates, and reported a
strong dependence of molecular emission on spectral type.
In this paper, we analyze the IRS spectra in more detail,
reporting correlations of line strengths and detections with
system parameters, as well as molecular ratios calculated from
local thermal equilibrium (LTE) slab models. In addition, we
use observations of CO rovibrational emission at 5 μm (G. A.
Blake et al. 2011, in preparation), to estimate molecular ratios
with respect to CO. As one of the most abundant and easily
detected molecules in disks, CO is a tracer of the bulk of the
disk gas, and provides a good baseline for comparing molecular
abundances. M-band (∼5 μm) CO rovibrational lines have
similar excitation energies and collisional rates as the rotational
H2O lines observed with the IRS, making these transitions
particularly suited for comparison with the IRS observations.

2. OBSERVATIONS AND REDUCTION

2.1. Spitzer-IRS

The mid-IR data in this study were all obtained with the
Spitzer-IRS in its high-resolution mode. The observed sample
derives from a high signal-to-noise (S/N) program designed
for the detection of water and other molecular emission (PID
50641; PI: J. Carr), as well as from a few programs in the Spitzer
archive, and is described in detail in Paper I. A description of
the observations, including program IDs, integration times, and
Astronomical Observation Request (AOR) numbers, can also be
found in Paper I.

A brief explanation of the data-reduction procedure is as
follows. All data were reduced with our own IDL routines,
along with the IRSFRINGE package (Lahuis et al. 2007),
using a procedure similar to that described in Carr & Najita
(2008). We began with IRS droop-corrected, non-flat-fielded
basic calibrated data (BCD) from the Spitzer Science Center IRS
pipeline. In order to reduce noise caused by edge effects, pipeline
flat-fields were first divided by a low-order polynomial fit in
the spectral and spatial directions. An off-frame was subtracted,
data were flat-fielded, and noisy and bad pixels removed. Spectra
were divided by an average of at least five standard stars, and
minimally processed with the IRSFRINGE package. A more
complete description of the reduction procedure can be found
in Paper I.

As reported in Paper I, the observed IRS spectra contain
a forest of molecular emission lines from H2O, OH, HCN,
C2H2, and CO2. For the analyses in Paper I and this work,
positive detections require a 3.5σ peak (at two line locations
for H2O and OH), with some line detections included or
excluded through individual by-eye examination. Fluxes are
calculated by defining and subtracting a linear fit to the local
continuum, then summing over the expected width of the
line, except for the water emission lines, which are fit with
Gaussians, as described in Paper I. Wavelength regions used
are as follows: OH (23.009–23.308 and 27.308–27.764 μm),
HCN (13.837–14.075 μm), C2H2 (13.553–13.764 μm), and
CO2 (14.847–15.014 μm). All features overlap to some extent
with H2O emission, with flux contributions from water as high
as ∼40% in the HCN and C2H2 regions, and even higher near
the CO2 Q-branch. Thus, an H2O emission model (described

in Section 4) was subtracted before molecular line fluxes
were computed. Nevertheless, this subtraction does not have
a significant effect on the statistical analyses we present.

Statistical errors on individual points in the spectrum are
calculated as σ/

√
N , where N is the number of frames used

to calculate the flux, and σ is the standard deviation of the
values in that pixel. If N < 3, then the error is taken to
be the standard deviation computed using three neighboring
pixels in the dispersion direction. Systematic uncertainties are
undoubtedly larger, especially for frames without dedicated
background observations, but can be difficult to characterize.

Line flux errors are taken to be the root squared sum of errors
on individual points over the wavelength range used to compute
the line flux. Upper limits are calculated assuming a 3.5σ line
height (see Paper I for a discussion of this choice), and a feature
shape defined by an LTE slab model, with column density, N,
and temperature, T, taken to be near the mean of those derived
in Section 4. However, upper limits are not very sensitive to
the model parameters. Calculated fluxes and upper limits for
all molecules except for water are shown in Tables 1 and 2.
Detections and water fluxes can be found in Paper I.

We also compute the flux in the 12.5–14 μm interval (F13) and
the 13/30 μm spectral energy distribution (SED) slope (n13–30),
which are shown in Tables 4 and 5. Precise definitions of these
parameters can be found in Furlan et al. (2006). Statistical
errors are small; however, note that the variation in flux over
the 12.5–14 μm interval can be large (as much as several Jy),
and that systematic errors can arise from background subtraction
and the computation of the spectral response function.

2.2. Keck-NIRSPEC

M-band (∼5 μm) spectra of CO Δv = 1 rovibrational emis-
sion were obtained for 54 of the 73 sources presented here.
The data were obtained as part of a large M-band survey
of Herbig Ae/Be (HAeBe) and classical T Tauri star (cTTs)
disks, obtained from 2000–2010 with NIRSPEC (McLean
et al. 2000) on the Keck II telescope. The spectra will be
described in detail in G. A. Blake et al. (2011, in prepara-
tion). However, we provide a few key results in this work, so
as to compare with the Spitzer-IRS emission lines. Detailed
analysis has been previously presented for transitional disks
(Salyk et al. 2008, 2009) and a few HAeBe disks (Blake &
Boogert 2004), representing only a subset of the full survey.
Line fluxes for the P(6) and P(12) transitions are shown in
Tables 1 and 2. Upper limits are 3σ and assume a line width of
5 ×10−4 μm (∼30 km s−1).

3. CORRELATIONS

3.1. Detection Rate Correlations Between Molecules

Detections of most molecules are strongly correlated with
each other, even when HAeBe and transitional disk non-
detections (discussed in Paper I) are excluded from consider-
ation. In Figure 1, we show the number of cTTs in each of
four categories: both H2O and molecule X are detected, H2O
is detected but molecule X is not, molecule X is detected but
H2O is not, and neither molecule is detected. For all molecules
it is much more common for both or neither of the molecules to
be detected. Additionally, by-eye inspection of the data shows
that many of the sources with only some molecular detections
display evidence for additional molecules at lower S/N; there-
fore, it is likely that the various molecular emission features are
even more strongly correlated. However, the CO2-only sources
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Table 1
Line Fluxes: T Tauri Disks

Name OH OH HCN C2H2 CO2 CO CO
(23.2 μm) (27.6 μm) P(6) P(12)

LkHa 270 <1.35 <1.35 <2.15 <1.37 2.37 ± 0.24 ns ns
LkHa 271 <1.26 <1.28 <1.06 <0.72 <0.56 ns ns
LkHa 326 1.56 ± 0.11 3.78 ± 0.12 0.65 ± 0.12 <0.55 1.49 ± 0.10 1.21 ± 0.1 1.30 ± 0.1
LkHa 327 4.15 ± 0.41 6.66 ± 0.44 <5.28 <3.52 5.33 ± 0.59 2.61 ± 0.1 2.60 ± 0.3
LkHa 330 <2.52 <2.76 <1.15 <0.76 <0.68 1.19 ± 0.0 1.05 ± 0.0
LkCa 8 <1.21 <1.21 <1.15 <0.71 <0.55 ns 0.65 ± 0.1
IQ Tau <1.43 <1.39 5.70 ± 0.30 4.12 ± 0.23 <1.02 ea ea
V710 Tau <0.92 <0.93 2.59 ± 0.17 1.55 ± 0.13 0.94 ± 0.13 0.87 ± 0.1 0.68 ± 0.1
AA Tau 3.11 ± 0.10 2.76 ± 0.11 6.50 ± 0.16 2.92 ± 0.12 1.71 ± 0.12 0.88 ± 0.1 0.87 ± 0.1
CoKu Tau/4 <1.09 <1.09 <1.74 <1.13 <0.92 <0.40 <0.10
DN Tau <1.34 <1.33 <1.48 <0.99 <0.76 <0.39 <0.11
FX Tau <1.30 <1.27 0.88 ± 0.28 <1.27 <0.97 a a
DR Tau 3.74 ± 0.30 14.79 ± 0.34 13.09 ± 0.53 6.00 ± 0.41 2.48 ± 0.43 10.40 ± 0.1 11.54 ± 0.6
SX Cha 1.67 ± 0.09 3.92 ± 0.11 0.59 ± 0.16 <0.72 <0.58 . . . . . .

SY Cha <0.35 <0.36 1.22 ± 0.07 0.88 ± 0.05 0.51 ± 0.05 . . . . . .

TW Cha 1.64 ± 0.04 1.99 ± 0.05 2.27 ± 0.06 1.36 ± 0.05 <0.22 . . . . . .

VW Cha 8.22 ± 0.12 12.61 ± 0.14 4.37 ± 0.20 2.68 ± 0.16 2.48 ± 0.17 . . . . . .

VZ Cha 2.56 ± 0.06 2.79 ± 0.07 3.69 ± 0.14 4.59 ± 0.10 <0.48 . . . . . .

WX Cha 2.01 ± 0.06 2.05 ± 0.07 4.18 ± 0.11 2.68 ± 0.08 1.24 ± 0.09 . . . . . .

XX Cha 0.64 ± 0.06 1.99 ± 0.07 1.20 ± 0.09 1.85 ± 0.06 0.86 ± 0.07 . . . . . .

T Cha <2.33 <2.52 <1.90 <1.24 <0.92 . . . . . .

Sz 50 <0.51 <0.50 <0.63 <0.41 1.23 ± 0.08 . . . . . .

HD 135344 B <2.49 <2.76 <1.93 <1.22 <0.95 ns 2.29 ± 0.1
HT Lup <3.29 <3.11 <9.25 <5.60 5.58 ± 1.08 . . . . . .

GW Lup <0.94 <0.96 <1.20 <0.74 2.08 ± 0.13 <1.57 <0.28
GQ Lup 3.26 ± 0.12 5.52 ± 0.14 3.90 ± 0.16 <0.72 <0.56 5.32 ± 0.3 6.79 ± 0.6
IM Lup <0.87 <0.89 <1.22 <0.81 0.86 ± 0.15 ns ns
HD 142527 <14.58 <15.78 <11.17 <7.53 <5.77 . . . . . .

RU Lup <1.89 <1.76 3.69 ± 0.39 <1.81 1.41 ± 0.31 . . . . . .

RY Lup <2.81 <2.73 <3.55 <2.30 <1.83 . . . . . .

EX Lup 14.43 ± 0.17 7.41 ± 0.19 <2.15 <1.48 <1.12 . . . . . .

AS 205 16.34 ± 0.58 47.74 ± 0.68 22.02 ± 1.95 21.09 ± 1.50 23.26 ± 1.60 24.18 ± 0.6 24.03 ± 1.6
Haro 1-1 <1.85 <1.87 <1.37 <0.89 <0.69 <0.68 . . .

Haro 1-4 <2.17 <2.13 2.18 ± 0.32 2.97 ± 0.24 <1.11 ns . . .

VSSG1 <3.51 <3.76 13.72 ± 0.54 17.42 ± 0.41 4.91 ± 0.40 ea ea
DoAr 24E 5.72 ± 0.34 20.61 ± 0.40 30.60 ± 0.35 32.55 ± 0.27 3.47 ± 0.27 13.58 ± 0.5 14.53 ± 0.9
DoAr 25 <1.42 <1.48 4.88 ± 0.17 0.99 ± 0.13 <0.59 a a
SR 21 <8.38 <8.74 <5.32 <3.39 <3.01 0.47 ± 0.0 0.54 ± 0.0
SR 9 <1.62 <1.58 <3.14 <2.01 <1.61 0.77 ± 0.1 1.05 ± 0.2
V853 Oph 1.99 ± 0.13 0.32 ± 0.14 1.85 ± 0.24 0.93 ± 0.18 <0.82 1.37 ± 0.1 1.49 ± 0.1
ROX 42C <2.05 <1.97 <2.17 <1.39 <1.11 <1.91 . . .

ROX 43 A <2.45 <2.22 <4.73 <3.10 <2.44 <2.32 . . .

Haro 1-16 5.80 ± 0.16 7.46 ± 0.17 3.23 ± 0.17 <0.82 <0.65 1.52 ± 0.2 2.40 ± 0.2
Haro 1-17 <1.00 <1.03 <0.99 <0.64 <0.50 <1.00 . . .

RNO 90 1.20 ± 0.38 25.60 ± 0.42 40.45 ± 0.65 17.77 ± 0.50 9.01 ± 0.54 20.95 ± 0.7 22.07 ± 0.7
Wa Oph 6 4.61 ± 0.13 4.23 ± 0.15 1.71 ± 0.20 <0.89 2.56 ± 0.17 3.66 ± 0.5 3.37 ± 0.5
V1121 Oph <3.89 <3.52 <5.76 <3.79 <3.02 4.38 ± 0.5 2.40 ± 0.4
EC 82 <1.48 <1.44 <1.56 <1.06 <0.88 4.47 ± 0.1 4.69 ± 0.1

Notes. Fluxes are 10−14 erg cm−2 s−1. Upper limits are 3.5σ ; error bars are 1σ . For CO lines, ns means the line is in emission but S/N or line coverage
was not sufficient for determining a line flux. ea means the line is in emission, but a significant absorption component makes it difficult to determine
the line flux. a means the line is in absorption. An ellipsis means the source was not observed at this wavelength.

discussed in Paper I are a clear exception to this rule, and there
may be others, such as Haro 1-4, which does not show strong
evidence for H2O, but has strong HCN and C2H2 features.

In the lower left half of Table 3, we show probabilities
(p) associated with linear regression of the detections, treated
as binary variables (again, excluding HAeBe and transitional
disks since they are all non-detections). For this and all future
analyses, we define p in a standard way, as the probability
of obtaining a linear regression slope at least as high as that
observed, assuming the variables are not related (i.e., the p-value

associated with the t-statistic). Thus, a probability p implies a
correlation significant at the (1−p) level. The small p for nearly
all pairs of molecules shows that their detections are strongly
correlated. A notable exception is CO2.

3.2. Line Flux and Peak/Continuum Ratio Correlations
Between Molecules

Line fluxes and peak/continuum ratios (a ratio of the sum
of the continuum and maximum line flux density to the
continuum flux density) are also strongly correlated for several
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Table 2
Line Fluxes: Herbig Ae/Be Disks

Name OH OH HCN C2H2 CO2 CO CO
(23.2 μm) (27.6 μm) P(6) P(12)

HD 36112 <11.19 <10.93 <8.43 <5.61 <4.52 3.80 ± 0.2 5.13 ± 0.1
HD 244604 <2.99 <2.73 <4.68 <3.20 <2.44 0.66 ± 0.1 0.43 ± 0.1
HD 36917 <3.71 <4.11 <5.72 <3.83 <2.82 ns 3.57 ± 0.6
HD 37258 <2.36 <2.10 <4.97 <3.07 <2.50 <1.14 <0.23
BF Ori <2.28 <2.10 <3.50 <2.31 <1.75 <0.77 <0.20
HD 37357 <3.41 <3.24 <4.23 <2.82 <2.20 0.33 ± 0.0 0.67 ± 0.1
HD 37411 <3.03 <3.00 <2.02 <1.32 <1.05 <0.79 <0.28
RR Tau <2.75 <2.67 <3.86 <2.58 <1.95 ns 0.61 ± 0.2
HD 37806 <8.64 <7.53 <11.70 <7.98 <5.98 1.68 ± 0.5 2.80 ± 0.3
HD 38087 <2.26 <2.53 <1.54 <1.08 <0.85 . . . . . .

HD 38120 <13.87 <12.79 <11.37 <7.64 <6.22 0.49 ± 0.0 0.28 ± 0.0
HD 50138 <22.98 <19.22 <27.07 <18.94 <13.87 6.72 ± 1.1 13.86 ± 1.2
HD 72106 <3.69 <3.48 <4.63 <3.14 <2.44 <0.85 <0.13
HD 95881 <6.18 <5.52 <10.25 <7.05 <5.22 . . . . . .

HD 98922 <13.65 <11.83 <27.54 <19.18 <14.06 . . . . . .

HD 101412 <2.57 <2.39 <4.92 <3.26 10.33 ± 0.55 . . . . . .

HD 144668 <12.01 <10.85 <14.19 <9.67 <7.24 . . . . . .

HD 149914 <1.00 <1.05 <1.19 <0.81 <0.55 <0.81 <0.17
HD 150193 <13.84 <12.21 <13.20 <8.92 <6.93 6.98 ± 0.4 4.74 ± 0.3
VV Ser <3.24 <2.90 <5.37 <3.69 <2.77 3.04 ± 0.3 2.68 ± 0.3
LkHa 348 <5.26 <4.49 <11.24 <7.70 <5.60 a a
HD 163296 <9.01 <8.08 <13.74 <9.38 <7.22 8.50 ± 1.2 9.06 ± 3.1
HD 179218 <19.55 <18.59 <16.96 <11.68 <9.14 ns 2.33 ± 0.4
HD 190073 <5.76 <5.14 <9.87 <6.56 <4.95 4.15 ± 1.3 3.00 ± 0.7
LkHa 224 <5.37 <5.68 <8.66 <5.88 <4.50 ns ns

Note. See Notes for Table 1.

Figure 1. Number of cTTs for which H2O and molecule X are both detected, or
only one is detected, or neither is detected. (HAeBe and transitional disks are
excluded for clarity, since all are non-detections.)

of the molecules. In Figure 2, we show the OH, HCN, C2H2,
and CO2 peak/continuum ratios against the H2O 17.2 μm peak/
continuum ratio, along with best-fit regression models and asso-
ciated probabilities, and in Table 3 we show p for all molecular
pairs. We see that peak/continuum ratios are correlated between
several of the molecules, especially H2O, OH and HCN. Line
fluxes (not normalized by the continuum) are correlated for all
molecular pairs, but this is largely due to the fact that all line
fluxes are correlated with continuum fluxes, as we will show.
The fact that peak/continuum ratios are correlated for many
molecules may mean that the line excitation is significantly in-
fluenced by qualities of the disk and radiation environment.

Despite the correlations between peak/continuum ratios,
variations in line ratios are still observed (and are evident as
the scatter in Figure 2). In Figure 3, for example, we show two

Table 3
Classical T Tauri Detection Rate and Peak/Continuum Correlation

Probabilities

Detections Peak/Continuum

H2O OH HCN C2H2 CO2

H2O . . . 0.00 0.00 0.74 0.14
OH 0.00 . . . 0.05 0.20 0.20
HCN 0.00 0.00 . . . 0.18 0.07
C2H2 0.01 0.02 0.00 . . . 0.04
CO2 0.12 0.14 0.11 0.07 . . .

Notes. At lower left is the probability, p, associated with a linear regression
of the two binary variables representing a detection or non-detection of the
molecule. At upper right is the probability, p, associated with a linear regression
of the peak/continuum ratios for each molecular pair. HAeBe and transitional
disks were excluded. Bold values have p � 0.05 and are statistically significant.

sources—DoAr 24E, in which the HCN and C2H2 have peak/
continuum ratios at least twice that of neighboring H2O lines,
and TW Cha, in which H2O features are comparable in strength
to HCN and C2H2. Figure 3 also shows a mean and scatter
of the full sample (after normalization by the 17.2 μm line).
Some features, including H2O and OH, appear to have little
cross-sample variation, while HCN and C2H2 show significant
variation relative to H2O.

3.3. Correlations Between Detections and System Parameters

In order to better understand why some sources show molec-
ular emission and others do not, we searched for correlations
between detections/non-detections and a number of stellar and
disk parameters derived from the data or from the literature,
including spectral type, X-ray luminosity, stellar mass, stel-
lar luminosity, Hα equivalent width, accretion rate, disk mass,
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Figure 2. Peak/continuum correlations for OH (27.6 μm feature), HCN, C2H2,
and CO2 with H2O (17.2 μm feature), along with best linear fits and associated
probabilities.

13 μm flux (F13), and SED slope (n13–30). The stellar and disk
parameters used in this analysis are shown in Tables 4 and 5,
and following Paper I, we consider the following disks to be
transitional: CoKu Tau/4, HD 135344 B, SR 21, T Cha, and
LkHα 330. Spectral types and distances can be found in Paper I.

In Figure 4, we show two major trends seen in the data—those
between H2O detections and (distance-normalized) F13 or
n13–30. These trends are related to the conclusions presented
in Paper I—that HAeBe disks and transitional disks are much
less likely to show emission. For example, there are no H2O
detections for F13 � 6, which represent the HAeBe disks. Sim-
ilarly, we see that there are no H2O detections for n13–30 � 1,
which corresponds to non-detections in transitional disks. How-
ever, Haro 1-16, which has detected H2O emission, can be con-

Figure 4. H2O detections and non-detections as a function of distance-
normalized continuum flux and n13–30 color. Detected sources are shown by
filled symbols.

sidered transitional by some definitions (Salyk et al. 2009) and
shows evidence for inner clearing in millimeter maps (Andrews
et al. 2009), making it a “borderline” transitional, or perhaps
pre-transitional (Espaillat et al. 2007), disk.

To look for other interesting trends in the data without
being influenced by the transitional and HAeBe non-detections,
we also considered a restricted sample, which included only
cTTs disks. Results are shown in Table 6. Several parameters
show high statistical significance with detections; however, with
45 parameter/molecule pairs, we would expect a few pairs to
be significant at the 95% level through chance alone, so these
may or may not be significant. However, a notable result is that
detections for all molecules are anti-correlated with n13–30 at at
least the 90% level. n13–30 is a measure of the degree to which
small grains have settled out of the disk atmosphere (e.g., Furlan
et al. 2006), with small n13–30 corresponding to a higher degree
of settling. Therefore, the observed correlation is consistent with
greater detection rates in disks in which small grains have begun
to settle to the midplane. This result follows naturally from the
fact that settling of small grains allows us to see deeper into
the disk, and hence observe a larger column and higher density
(i.e., a density closer to the critical density) of gas. However,

Figure 3. Top two panels show 13–16 μm spectra for two sources with significantly different molecular line flux ratios. Unlabeled features are primarily due to H2O.
Below, we show mean (in black) and plus or minus one standard deviation (in gray) of the entire set of normalized spectra with observed H2O emission. Hatched
regions from left to right mark C2H2, HCN, OH, CO2, and OH, respectively. Note the increase in population scatter at the locations of the HCN and C2H2 lines.
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Table 4
T Tauri System Characteristics

Name EW(Hα) LX Ṁ M� Mdisk idisk L� References F13 n13–30

(Å) (1030 erg s−1) (log(M� yr−1)) (M�) (M�) (◦) (L�) (Jy)

LkHa 270 92 . . . . . . . . . . . . . . . . . . 14 0.415 ± 0.003 −0.17 ± 0.01
LkHa 271 . . . . . . . . . . . . . . . . . . . . . 0.083 ± 0.002 0.25 ± 0.04
LkHa 326 . . . . . . . . . . . . . . . . . . . . . 0.340 ± 0.001 0.171 ± 0.007
LkHa 327 . . . . . . . . . . . . . . . . . . . . . 0.828 ± 0.009 −0.61 ± 0.02
LkHa 330 11–20 . . . −8.80 . . . 0.0170 40 16.00 9,10,14 0.519 ± 0.002 1.933 ± 0.005
LkCa 8 . . . . . . . . . . . . . . . . . . . . . 0.166 ± 0.002 0.19 ± 0.02
IQ Tau 8 0.42 <−8.32/−7.55 0.54 0.02 79 0.88 3,8,18,24 0.384 ± 0.003 −0.22 ± 0.02
V710 Tau 34–89 1.38 . . . 0.42 0.007 . . . 1.10 3,18,38 0.190 ± 0.002 −0.14 ± 0.02
AA Tau 37 1.24 −8.48/−8.19 0.67 0.03 75 0.98 3,4,8,18,24 0.319 ± 0.002 −0.32 ± 0.01
CoKu Tau/4 1–2 <0.21 <−11.00 0.43 0.0005 . . . 0.68 3,12,23,28,38 0.119 ± 0.003 2.01 ± 0.03
DN Tau . . . . . . −8.46 0.62 0.03 30 1.12 3,8,19,22 0.321 ± 0.002 −0.07 ± 0.01
FX Tau 10–15 0.50 −8.65 0.44 0.0009 . . . 1.02 3,8,18 0.277 ± 0.003 −0.08 ± 0.02
DR Tau 87 <0.64 −6.50/−6.25 0.55 0.01 37 2.50 3,4,8,22,28 1.957 ± 0.006 −0.273 ± 0.005
SX Cha 26 <0.32 −8.37 0.47 . . . . . . 0.44 13,19 0.508 ± 0.002 −0.451 ± 0.007
SY Cha 24–64 0.16 −8.60 0.50 . . . . . . 0.37 13,19 0.189 ± 0.001 −0.150 ± 0.001
TW Cha 26 1.00 . . . 1.00 . . . . . . 0.90 13 0.120 ± 0.001 −0.10 ± 0.01
VW Cha 60–147 9.33 −6.95 0.60 . . . . . . 2.34 13,19 0.759 ± 0.002 −0.103 ± 0.005
VZ Cha 58–71 1.26 −8.28 0.78 . . . . . . 0.46 13,19 0.389 ± 0.002 −1.05 ± 0.01
WX Cha 65 1.48 −8.47 0.54 . . . . . . 0.68 13,19 0.290 ± 0.001 −0.98 ± 0.01
XX Cha 133 <28.60 −9.07 0.45 . . . . . . 0.26 13,19,33 0.138 ± 0.001 −0.26 ± 0.01
T Cha 2–10 . . . . . . . . . . . . . . . 1.71 17,23 0.293 ± 0.003 1.60 ± 0.01
Sz 50 46 3.02 −10.30 . . . . . . . . . . . . 1,23,37 0.208 ± 0.001 −0.03 ± 0.01
HD 135344 B 17 . . . −8.30 1.50 . . . 14 8.00 16,23,30 0.825 ± 0.003 1.934 ± 0.005
HT Lup 3–7 . . . . . . 1.57 . . . . . . 1.45 21,23 2.27 ± 0.01 −0.33 ± 0.01
GW Lup 90–98 . . . . . . 0.46 . . . . . . 0.23 21,23 0.190 ± 0.002 −0.05 ± 0.02
GQ Lup 31–39 . . . −8.00/−7.00 0.80 . . . 51 0.80 23,35 0.507 ± 0.002 −0.150 ± 0.007
IM Lup 4–8 . . . . . . 1.00 0.1 50 1.30 21,23,29 0.499 ± 0.002 −0.290 ± 0.007
HD 142527 . . . . . . −7.16 3.50 . . . 30 69.00 15, 16 6.39 ± 0.02 1.250 ± 0.004
RU Lup 136–216 . . . −7.70 1.00 0.01 . . . 0.42 20,23,25 4.361 ± 0.004 −0.537 ± 0.002
RY Lup 7 . . . . . . 1.19 . . . . . . 1.30 21,23 0.832 ± 0.006 0.82 ± 0.01
EX Lup 31–43 . . . . . . 0.59 . . . . . . 0.39 21,23 3.173 ± 0.004 −0.757 ± 0.002
AS 205 55–155 . . . −7.10/−6.14 1.50 0.029 25 7.10 4,6,14,23,32 7.20 ± 0.02 −0.280 ± 0.004
Haro 1-1 . . . . . . . . . . . . . . . . . . . . . . . . 0.158 ± 0.002 0.95 ± 0.02
Haro 1-4 . . . . . . . . . . . . . . . . . . . . . . . . 0.449 ± 0.004 0.36 ± 0.01
VSSG1 . . . . . . −7.19 0.52 0.029 53 1.50 6,27 0.987 ± 0.006 −0.18 ± 0.01
DoAr 24E . . . 0.50 −8.46 0.47 0.008 . . . 1.26 5,11,27 2.598 ± 0.004 −0.410 ± 0.004
DoAr 25 2 0.25 −8.52 0.49 0.1360 59 1.35 6,7,11,27 0.254 ± 0.002 0.71 ± 0.01
SR 21 . . . . . . <−8.84 . . . 0.005 22 24.00 6,9 2.392 ± 0.008 2.056 ± 0.004
SR 9 6–14 2.51 −8.26 0.60 0.0019 . . . 1.90 5,11,23,27 0.539 ± 0.002 0.27 ± 0.01
V853 Oph 41 . . . −8.31 0.42 . . . . . . 1.05 27,36 0.441 ± 0.001 −0.17 ± 0.01
ROX 42C . . . . . . . . . . . . <0.005 . . . . . . 2 0.435 ± 0.004 −0.02 ± 0.02
ROX 43 A . . . . . . . . . . . . <0.005 . . . . . . 2 1.986 ± 0.008 −0.306 ± 0.006
Haro 1-16 59–76 . . . . . . . . . 0.017 45 2.00 6,23,34 0.539 ± 0.002 0.850 ± 0.005
Haro 1-17 15 . . . . . . . . . . . . . . . . . . 23 0.155 ± 0.002 0.28 ± 0.02
RNO 90 76 . . . . . . 0.9 0.0047 37 . . . 5,23,31 2.162 ± 0.007 −0.451 ± 0.006
Wa Oph 6 35 . . . -6.64 . . . 0.077 39 0.67 4,6,17,36 0.842 ± 0.002 −0.386 ± 0.005
V1121 Oph . . . . . . −7.05 . . . 0.028 38 . . . 6 3.411 ± 0.009 −0.289 ± 0.005
EC 82 5–11 . . . . . . . . . . . . . . . . . . 23 1.394 ± 0.002 0.475 ± 0.003

Notes. Error bars for F30 and n13–30 are statistical errors. See the text for details.
References. (1) Alcalá et al. 2000f; (2) Andre & Montmerle 1994; (3) Andrews & Williams 2005; (4) Andrews & Williams 2007; (5) Andrews & Williams 2007;
(6) Andrews et al. 2009; (7) Bary et al. 2003; (8) Beckwith et al. 1990; (9) Brown et al. 2007; (10) Brown et al. 2008; (11) Casanova et al. 1995; (12) D’Alessio et al.
2005; (13) Feigelson et al. 1993; (14) Fernandez et al. 1995; (15) Furlan et al. 2006; (16) Garcia Lopez et al. 2006; (17) Gras-Velázquez & Ray 2005; (18) Güdel
& Telleschi 2007; (19) Hartmann et al. 1998; (20) Herczeg & Hillenbrand 2008; (21) Hughes et al. 1994; (22) Isella et al. 2009; (23) Kessler-Silacci et al. 2006;
(24) Kitamura et al. 2002; (25) Lommen et al. 2009; (26) Montesinos et al. 2009; (27) Natta, et al. 2006 (28) Neuhaeuser et al. 1995; (29) Pinte et al. 2008; (30)
Pontoppidan et al. 2008; (31) Pontoppidan et al. 2011; (32) Prato et al. 2003; (33) Robrade & Schmitt 2007; (34) Schegerer et al. 2006; (35) Seperuelo Duarte et al.
2008; (36) Shevchenko & Herbst 1998; (37) Spezzi et al. 2008; (38) Watson et al. 2009.

the detailed (and likely complex) effects of grain settling on gas
heating and structure have yet to be explored.

We also find that all molecular detections are correlated with
Hα at the 90% level or more, although, interestingly, only
H2O detections show a correlation with accretion rate. Water
detections as a function of Hα and Ṁ are shown graphically in

Figure 5. The correlation with Ṁ must be approached with some
caution, as the Ṁ’s derive from a variety of methods, which are
known to have systematic offsets and significant scatter (e.g.,
Herczeg & Hillenbrand 2008). In fact, since higher Ṁ’s tend
to be derived from UV-excess measurements, while lower Ṁ’s
are derived from line observations, we find that reducing the
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Table 5
HAeBe Continuum Fluxes and Colors

Name F13 (Jy) n13–30

HD 36112 2.95 ± 0.01 0.905 ± 0.007
HD 244604 1.12 ± 0.01 −0.37 ± 0.01
HD 36917 1.09 ± 0.01 0.34 ± 0.01
HD 37258 0.95 ± 0.01 −0.91 ± 0.02
BF Ori 0.890 ± 0.006 −0.97 ± 0.02
HD 37357 1.15 ± 0.01 −0.16 ± 0.01
HD 37411 0.663 ± 0.003 0.875 ± 0.008
RR Tau 1.242 ± 0.006 −0.20 ± 0.01
HD 37806 7.30 ± 0.02 −1.034 ± 0.006
HD 38087 0.064 ± 0.003 2.34 ± 0.05
HD 38120 6.22 ± 0.02 0.243 ± 0.005
HD 50138 50.40 ± 0.05 −1.255 ± 0.003
HD 72106 1.55 ± 0.01 −0.26 ± 0.01
HD 95881 5.44 ± 0.02 −1.391 ± 0.008
HD 98922 24.46 ± 0.05 −1.310 ± 0.004
HD 101412 2.360 ± 0.008 −1.007 ± 0.007
HD 144668 11.35 ± 0.02 −1.037 ± 0.006
HD 149914 0.139 ± 0.002 −0.50 ± 0.03
HD 150193 9.50 ± 0.02 −0.534 ± 0.005
VV Ser 3.34 ± 0.01 −1.174 ± 0.006
LkHα 348 6.82 ± 0.02 −1.953 ± 0.008
HD 163296 10.47 ± 0.02 −0.485 ± 0.004
HD 179218 16.00 ± 0.03 0.269 ± 0.003
HD 190073 4.57 ± 0.02 −1.34 ± 0.01
LkHα 224 8.0 ± 0.2 0.219 ± 0.003

Note. See Table 4.

UV-excess-derived values by factors of four to seven (the offset
between UV-excess and Hα measurements found by Herczeg &
Hillenbrand 2008) can render the Ṁ detection trend statistically
insignificant. However, the trend with Hα remains significant,
and could mean that accretional heating is a necessary ingredient
for the excitation of mid-IR molecular emission.

3.4. Correlations Between Line Fluxes and System Parameters

In Table 7, we show p for line fluxes versus various stellar
and disk parameters. All molecular line fluxes are correlated
with the continuum flux, F13, as well as with several other
parameters. In Figure 6, we show the distance-normalized line
flux of the 17.2 μm H2O line against the 17 μm continuum
flux. The dashed line has slope fixed at 1, which is equivalent
to assuming that the line flux varies in a sense proportional to
continuum flux. We find that the H2O line flux is correlated with
continuum flux, although the actual best-fit slope, 0.61 ± 0.14,
differs somewhat from direct proportionality. Additionally, there
is significant scatter about the trend, showing an intrinsic range
in the line/continuum ratios among detected sources. Figure 6
also shows that HAeBe disks have line fluxes lower than the

Figure 5. H2O detections and non-detections in cTTs as a function of Hα and
Ṁ . Detected sources are shown by filled symbols.

trend predicted by the cTTs emission lines, consistent with the
conclusions of Paper I.

As can be seen in Table 7, the correlation between continuum
and line flux implies a correlation with several other system
parameters that covary with the continuum flux. One such
correlation, between line flux and L�, is shown in the second
panel of Figure 6, and is marginally consistent with F ∝ L. This
could be related to increased heating of the gas, or an increase
in the solid angle of the emitting region (due to gas being heated
at larger distances from the star). In fact, such a relationship
between luminosity and solid angle has been found for CO
(Pontoppidan et al. 2011; C. Salyk et al. 2011, in preparation).
The significance of the correlation observed here may, however,
depend on a few stars with high-mass accretion rates.

To look for other correlations with disk or stellar parameters
that are independent of the line-to-continuum correlation, we use
peak/continuum ratios, thereby accounting for and removing
the line/continuum correlation. However, we find that virtually
all significant correlations with line fluxes are removed once we
account for the continuum flux correlation. In fact, the number of
parameters with significant correlations is approximately what
would be expected by chance alone.

3.5. CO Detections and Correlations

A majority of the disks in our sample were observed in
the M band with Keck-NIRSPEC and most of these show CO
rovibrational emission—including most HAeBe disks and many
transitional disks. Figure 7 shows a histogram of detections
and non-detections comparing CO and H2O. The majority of
both HAeBe and transitional disks show CO in emission, while

Table 6
Regression Probabilities for Detections Versus cTTs Parameters

Molecule EW(Hα) LX log Ṁ M� Md i L� F13 n13_30

H2O 0.00 0.54 0.02 (−) 0.21 (−) 0.58 0.21 (−) 0.11 0.16 (−) 0.00
OH 0.04 0.36 0.23 (−) 0.30 (−) 0.79 0.82 (−) 0.20 0.58 (−) 0.00
HCN 0.02 (−) 0.55 0.28 (−) 0.03 0.86 0.05 (−) 0.05 (−) 0.90 (−) 0.06
C2H2 0.09 (−) 0.86 0.65 (−) 0.10 0.80 0.04 (−) 0.21 (−) 0.97 (−) 0.07
CO2 0.00 0.30 0.53 (−) 0.50 0.77 0.85 (−) 0.20 0.42 (−) 0.00

Notes. Probabilities associated with the linear regression slope. Statistically significant correlations (p � 0.05) are shown in bold. A (−)
in front of the value means that it is an anti-correlation.
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Figure 6. Correlations between H2O line flux and distance-normalized continuum flux or stellar luminosity. Solid lines show best fits to sources with detected H2O
emission. Dashed lines show best constant line/continuum fit and best fit with line flux proportional to stellar luminosity, respectively. Symbols are defined in Figure 4.

Table 7
Regression Probabilities for Line Fluxes Versus cTTs Parameters

Molecule EW(Hα) LX Ṁ M� Md i L� F13 n13_30

H2O (15.2 μm) 0.06 0.04 0.03 0.00 (−) 0.56 −0.04 0.00 0.00 (−) 0.63
H2O (17.2 μm) 0.08 0.01 0.02 0.00 (−) 0.46 −0.05 0.00 0.00 (−) 0.58
OH (23.2 μm) 0.55 0.00 0.05 0.22 0.81 (−) 0.11 0.05 0.00 (−) 0.60
OH (27.6 μm) 0.04 0.12 0.05 0.02 (−) 0.46 (−) 0.07 0.00 0.00 0.97
HCN 0.28 0.92 0.18 0.21 (−) 0.32 (−) 0.21 0.02 0.03 (−) 0.20
C2H2 0.10 (−) 0.83 0.37 0.29 (−) 0.29 (−) 0.12 0.26 0.00 (−) 0.23
CO2 0.56 0.03 0.18 0.01 (−) 0.70 (−) 0.19 0.00 0.00 (−) 0.53

Note. Same notation as Table 6.

Figure 7. Histogram showing detections of mid-IR H2O and vibrational CO
emission.

neither show strong mid-IR molecular emission. (Again, it must
be mentioned that Haro 1-16 has some characteristics of a
transitional or pre-transitional disk, and has evidence for H2O
emission).

In Figure 8, we show that distance-normalized CO and H2O
line fluxes are highly correlated (with p = 0.004). Interestingly,
for most HAeBe disks, the observed H2O upper limits are
consistent with what would be predicted from the CO line fluxes.
Thus, the data are at least consistent with no difference in CO/
H2O line ratios between cTTs and HAeBe disks, to within the
constraints imposed by the upper limits on the H2O line flux.
Instead, as shown in Figure 8, we find that CO line-to-continuum

Figure 8. Correlations between CO P(6) and 17.2 μm H2O line fluxes (in
erg cm−2 s−1) and M-band continuum flux density (in Jy), all normalized to 140
pc. Solid lines are best least-squares fits, while dashed lines are best constant
line/continuum fits. Arrows denote 3σ upper limits. Filled symbols are sources
with detected water, while open symbols are non-detections.

ratios are systematically lower for HAeBe and transitional disks,
just as was found for H2O (Paper I), making the CO/H2O ratios
similar for all classes of objects.
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4. LTE MODELS

4.1. Description of Modeling Procedures

4.1.1. General Modeling Procedure

To obtain a better physical understanding of the source of the
disk emission, we fit the IRS data with emission models. In this
work, we use an isothermal slab approximation, in which the
emitting area A, temperature T, and column density N are all
free parameters. These models are the same as those utilized in
Salyk et al. (2008), and assume a Gaussian local line shape with
width σ = 2 km s−1. We make no correction for disk inclination
(since this has been measured for only a small subset of our
sample), so the A we derive is a projected area, and N is a slant
column density.

The lines are not spectrally resolved with the Spitzer-IRS,
and so the global line shape (which depends on large-scale,
largely Keplerian motion, and disk orientation) as well as the
local line shape (which depends on the local gas velocity) are
both unknown, but only the local line shape affects the slab
model line flux. We choose a moderate value of the local line
width, σ , equivalent to the thermal velocity of H2 at ∼700 K,
or ∼0.07 vKep at 1 AU around a solar-mass star. This is a few
times larger than the thermal velocity of H2O at 600 K and thus
assumes some non-thermal gas motion. Since the actual local
line broadening is essentially unknown, we consider here the
effect of our chosen assumption. For molecules like H2O which
have emission features at a variety of optical depths (τ ), the best-
fit N scales roughly linearly with σ , since the data dictate τ , and
τ ∝ N/σ . For molecules like HCN, for which the emission
is likely optically thin, the choice of σ does not affect the
total observed line flux, and thus does not affect the best-fit N,
unless σ is so small (�0.1 km s−1), that the emission becomes
optically thick. However, such small line widths are unlikely, as
velocities cannot be sub-thermal, and T is several hundred K for
all molecules.

There are many limitations to using this simple slab model.
The actual disk environment is quite complex, with densities
and temperatures that depend on both height and radius, so the
slab model only represents some average conditions in the disk
atmosphere. Further, it has been shown that the line-excitation
is not in LTE (Pontoppidan et al. 2010a), as was predicted by
radiative transfer models (e.g., Meijerink et al. 2009). Many
of the more complex issues related to line excitation and disk
structure are being pursued with these sophisticated models.

On the other hand, the slab models offer the benefit of
providing general characteristics of the emitting gas for a large
number of disks, with a relatively small number of complications
and free parameters. Also, at least for H2O, non-LTE/LTE flux
ratios remain close to unity for many transitions (Meijerink et al.
2009), and the LTE results appear to reproduce the observed
spectra reasonably well (Carr & Najita 2008; Salyk et al. 2008).
Here, we use the slab models to understand the bulk properties of
the emitting atmospheres, to investigate the variety of emission
observed, and to estimate molecular abundance ratios.

4.1.2. Modeling Procedure for H2O

The H2O emission spectrum observed by the IRS consists
of lines with a large range of excitation temperatures and
opacities, and so it is possible, in principle, to constrain all three
model parameters (A, T, and N). In particular, A is principally
determined from the strengths of the optically thick lines, while
N and T both affect the relative strengths of lines as a function

Figure 9. χ2 as a function of N and T for VW Cha, along with 10% and 5%
probability contours. Each individual model is scaled by its own factor (A) to
minimize residuals, and σ is fixed such that χ2

red = 1 for the best fit. White
crosses show best-fit parameters used in our analysis, where for all molecules
except for H2O, A is fixed to AH2O and T is limited to lie between the vertical
dashed lines (see also Section 4.1.3).

of wavelength. As discussed in Meijerink et al. (2009), there
is only a small change in line strength across a wide range of
wavelengths, in contrast to predictions from simple disk models.
Those authors interpret this observation as a depletion of water
beyond ∼1 AU, perhaps due to a “cold-finger” effect. The
slab model cannot shed light on the radial distribution of the
water abundance and the “flatness” of the spectrum is instead
produced by a combination of high T and N. (However, the
fact that the slab model provides as good a fit as it does is
consistent with the “cold-finger” effect hypothesis, as the spectra
are reasonably well fit by a single, relatively warm emitting
temperature, equivalent to an inner disk emitting region with a
sharp outer cutoff.) In Figure 9, we show the dependence of χ2

on N and T, allowing A to be a tunable variable, and note that
there is a well-defined minimum, but that N and T are somewhat
degenerate.

Because of the complexity of the water spectrum, and the
limitations inherent to the simple model, no slab model provides
a perfect fit to the data, and different fitting methods can produce
different outcomes. We chose to compute 65 line peaks for data
and model, and minimize the difference between these two, with
line peaks computed as the peak flux density minus an estimate
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Figure 10. Example (for WX Cha) of H2O model removal and its effect on other molecular line shapes and strengths. The top panel shows the reduced data (in black)
and best-fit H2O model (in gray). The bottom panel shows the data after H2O model removal, along with a model that includes HCN, C2H2, and CO2.

Figure 11. Mean spectra, normalized to the line peak, in black. Gray areas delineate plus or minus 1 standard deviation from the mean. Normalized models, at
temperatures meant to bracket the observed data, are shown in red and blue.

of the local continuum. The set of lines includes any feature
that could be reasonably distinguished from the surrounding
features, and the lines span wavelengths from 10 to 35 μm and
thus a large range in excitation. This method does not require
a global continuum fit, since it instead defines the continuum
locally around each emission line. It is also not flux weighted,
and so takes weaker short-wavelength lines into account. We
performed the fits by iterating over a grid of N and T, choosing
a best-fit A for each of these pairs, and then choosing the best
overall fit (based on the rms residuals).

4.1.3. Modeling Procedure for HCN, C2H2, CO2, and OH

Continuum-subtracted spectra were used to fit all other
molecular features. The continuum was determined by fitting
a spline to points along the spectrum where no strong H2O or
other emission features were expected. The preferred method
and number of continuum points was carefully chosen to allow
removal of broadband features, such as those due to solid-
state silicates, but not to remove narrower features due to gas
molecules. However, uncertainties in continuum determination
are unavoidable, and must be considered when determining the
accuracy of any model fits.

After continuum subtraction, the best-fit water model was
also subtracted. We determined that our nominal H2O fits, which
used the entire IRS wavelength range, did not produce a good
match to the data below ∼14 μm. Therefore, we performed
a separate fit to water lines in the 10–14 μm region (which
typically require temperatures increased by ∼100 K and areas
reduced by a factor of ∼2), and subtracted these fits below
14 μm. Finally, it was important to remove contributions from all
other molecules; we began by ignoring these contributions, and

then performed a few iterations of model fits and subtractions.
Figure 10 shows an example of the water model subtraction and
its effect, for WX Cha. Some features are well subtracted, but
others are not, and these residuals affect the remaining molecular
line shapes.

For molecules except for water, the models are sufficiently
degenerate that T, N, and A cannot be determined simultaneously
given our (primarily systematic) uncertainties. This is illustrated
in Figure 9, which shows χ2 as a function of T and N, where
A is adjusted to minimize residuals, and χ2

red is set to 1 for the
best fit. At low N (in the optically thin regime), A and N are
completely degenerate, and so χ2 is insensitive to changes in
N. χ2 contours curve as N enters the optically thick regime,
as the line shapes begin to be affected by the opacity, but fits
still remain somewhat degenerate with respect to all three fit
parameters. Even when distinct minima exist (as in the case
of CO2) they are not significant in a statistical sense, because
of uncertainties in the continuum- and water-model-subtracted
data. Therefore, we have chosen not to fit all three parameters
simultaneously.

The following procedure was chosen to fit the molecular emis-
sion features. First, an appropriate range of T was determined
by computing a normalized mean emission feature and com-
paring with models, as shown in Figure 11. Then, fixing A to
AH2O, T (within the allowed range) and N were varied to min-
imize χ2 (over a wavelength range wide enough to include all
potential emission). A model with a different A could poten-
tially produce a lower χ2 (Figure 9), but we believe that the
systematic uncertainties do not justify the choice of this model
over others. This differs from the procedure chosen by Carr &
Najita (2008), who simultaneously fit all three model parameters
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Figure 12. Filled, gray histograms show best-fit model parameters from LTE
fits. AH2O is used for all molecules except for CO. Dotted, unfilled histograms
show upper limits, while dashed vertical lines show the assumed temperature
used to compute the upper limits.

for all molecules except C2H2. We stress that our modeling re-
sults are not inconsistent with theirs, but rather represent a more
conservative approach based on our understanding of the sys-
tematic uncertainties. Some care must be taken with the interpre-
tation of our results, as the effective emitting regions are almost
certainly different for each molecule. However, column densi-
ties can easily be adjusted as additional data place constraints
on A. The change in N would be directly anti-proportional to
changes in A in the optically thin regime, but changes in N
will be more significant if the lines turn out to be optically
thick.

To compute upper limits, we first estimated the emitting area,
either by setting it equal to that derived for H2O (if observed)
or by using the results of a linear fit to best-fit emitting area
versus distance-normalized F13. For each molecule, we then
chose a characteristic temperature (shown as dashed lines in
Figure 12) and used the assumed emitting area to compute
emission models. We used a 3σ detection limit for the line
(or band) peak to compute a column density upper limit. For
H2O, we used the 17.2 μm line limits.

4.1.4. Modeling Procedure for CO

We fit CO line fluxes for most CO-emitting sources with an
LTE slab model following the procedure described in Salyk
et al. (2009). A few sources were omitted due to low S/N

(HD 244604, HD 36917, RR Tau, and HD 179218) and
SR 21 was omitted because it is not well fit by an LTE model
(Salyk et al. 2009). A rotation diagram was constructed from
CO emission line fluxes, and these were fit with a grid of LTE
models with T, N, and A as free parameters. In addition, we used
13CO fluxes or non-detections as a constraint on N. Finally, we
restricted our analysis to those sources with at least two line
flux measurements at J > 20, as we found the fits otherwise
unreliable.

4.2. Model Results

4.2.1. H2O Results

Best-fit H2O model parameters for all sources are shown in
Tables 8 and 9, and a histogram of these results is shown in
Figure 12. Best-fit T’s cluster around 450 K, and best-fit N’s
cluster around 1018 cm−2. Temperatures of 450 K correspond
to blackbody dust at a distance of 1.65 AU at the surface of
a passively heated disk with T� = 4000 K and R� = 2.5 R�
(Chiang & Goldreich 1997). However, models predict that the
gas in the disk’s upper layers thermally decouples from the
dust, so warm gas may exist at much larger distances from
the star (e.g., Glassgold & Najita 2001; Kamp & Dullemond
2004). NH2O is close to that derived from the water self-shielding
process proposed by Bethell & Bergin (2009), but it should be
kept in mind that the H2O column densities in their models are
derived in part from the IRS observations themselves.

A key result of our fits is that the H2O spectra are fit by a
small range of N and T, despite the fact that line strengths vary
greatly from source to source. The source-to-source variation
in line strength is primarily explained by variations in A, with
line strength and A being highly correlated. This is consistent
with Figure 3, showing little variation in the H2O spectra after
normalization.

Our best-fit parameters are similar to those of Carr & Najita
(2008), although some differences likely arise from their choice
of wavelength region and fit minimization. These choices have
non-negligible effects on the model parameters, and there is no
“right” choice, since the model is much simpler than the true disk
environment. As an example, if we fit only the region shortward
of 14 μm, we find slightly higher emitting temperatures (by
∼100 K) and smaller emitting areas (by a factor of ∼2) than
the nominal fits, consistent with the 12–14 μm lines originating
predominately in a disk region closer to the star than the longer
wavelength lines. If we fit the continuum-subtracted spectrum,
instead of the individually measured line peaks, best-fit models
differ from the nominal fit with higher T (by ∼100 K) and N (by
∼0.5 dex), and smaller A (by ∼4×). Our best-fit T differs more
significantly from Salyk et al. (2008), because in that analysis
A was fixed at a much smaller value, based on CO line shapes;
N remains similar for both analyses.

4.2.2. HCN Results

Figure 11 shows the peak-normalized mean (after sub-
traction of other molecular models) of all HCN-emitting
spectra. The HCN line shape is fit by a narrow range of
temperatures—600–800 K—because at low T the location of
the line peak shifts longward, while at high T, the model devel-
ops a prominent hot-band “knee” on the short-wavelength side
of the feature.

The underlying H2O features contribute up to ∼40% of the
flux in this region. Therefore, in the case where the HCN is
optically thin, the H2O model subtraction results in, at most,
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Table 8
Model Fit Results—cTTs Systems

Name TH2O log NH2O TOH log NOH THCN log NHCN TC2H2 log NC2H2 TCO2 log NCO2 R

LkHa 270 450a <17.6 1100a <15.3 700a <15.4 1200a <14.4 700 15.6 1.30
LkHa 271 450a <17.4 1100a <15.5 700a <15.3 1200a <14.0 750a <15.1 1.02
LkHa 326 650 18.6 900 16.3 600 15.8 1200a <15.0 700 16.3 0.45
LkHa 327 350 18.8 1350 14.9 700a <15.2 1200a <14.3 800 15.3 2.4
LkHa 330 450a <17.4 1100a <15.6 700a <15.1 1200a <14.2 750a <14.9 1.37
LkCa 8 450a <17.0 1100a <14.9 700a <14.9 1200a <13.7 750a <14.6 0.990
IQ Tau 800 17.6 1100a <15.7 800 15.8 1200 15.6 750a <15.5 0.49
V710 Tau 450a <17.0 1100a <14.8 750 15.0 1200 15.0 800 14.8 1.00
AA Tau 400 18.8 1000 15.6 800 15.6 1100 15.3 600 15.3 0.74
CoKu Tau/4 450a <17.3 1100a <14.9 700a <15.0 1200a <13.9 750a <14.9 0.980
DN Tau 450a <17.1 1100a <14.9 700a <14.9 1200a <13.9 750a <14.7 1.04
FX Tau 450a <17.2 1100a <14.9 600 15.0 1200a <14.0 750a <14.9 1.02
DR Tau 500 18.6 1050 15.6 800 15.6 1200 14.8 400 15.9 1.1
SX Cha 350 18.9 1300 15.3 650 14.7 1200a <14.0 750a <14.8 1.0
SY Cha 450a <16.9 1100a <14.6 650 15.0 1200 14.9 800 15.0 1.04
TW Cha 450 18.6 1150 15.3 750 15.4 1200 15.2 750a <14.6 0.76
VW Cha 500 18.3 900 16.3 800 15.3 1200 14.8 400 15.8 1.2
VZ Cha 450 18.6 1100 15.8 800 15.5 800 15.4 750a <14.9 0.78
WX Cha 450 18.8 950 15.6 800 15.6 1200 14.7 400 15.7 0.79
XX Cha 250 20.3 700 16.0 800 15.0 1200 15.7 700 15.2 0.88
T Cha 450a <16.6 1100a <14.6 700a <14.4 1200a <13.4 750a <14.2 0.960
Sz 50 450a <17.0 1100a <14.7 700a <14.7 1200a <13.9 750 15.0 1.04
HD 135344 B 450a <16.8 1100a <14.8 700a <14.6 1200a <13.6 750a <14.3 1.03
HT Lup 450a <17.7 1100a <15.0 700a <15.4 1200a <14.5 800 15.4 1.57
GW Lup 450a <17.1 1100a <14.9 700a <14.9 1200a <13.8 750 15.2 1.01
GQ Lup 400 17.9 950 15.3 600 15.2 1200a <13.8 750a <14.3 1.2
IM Lup 450a <17.1 1100a <14.8 700a <14.8 1200a <14.1 750 15.0 1.11
HD 142527 450a <17.4 1100a <15.5 700a <15.1 1200a <14.3 750a <14.9 2.97
RU Lup 500 19.0 1100a <15.2 800 15.7 1200a <14.5 400 16.3 0.90
RY Lup 450a <17.5 1100a <15.2 700a <15.2 1200a <14.2 750a <15.0 1.21
EX Lup 300 19.0 1600 15.3 700a <14.5 1200a <13.7 750a <14.3 2.0
AS 205 300 20.6 700 16.8 800 15.2 1200 15.3 600 15.6 2.1
Haro 1-1 450a <17.0 1100a <15.0 700a <14.9 1200a <13.7 750a <14.6 0.980
Haro 1-4 450a <17.2 1100a <15.0 700 15.0 1200 15.0 750a <14.8 1.05
VSSG1 350 17.8 1100a <14.6 600 15.0 950 15.6 800 14.6 2.1
DoAr 24E 450 18.3 1100 15.3 800 15.8 1050 15.9 700 15.4 1.2
DoAr 25 450a <16.9 1100a <14.9 800 15.1 1200 14.8 750a <14.6 1.00
SR 21 450a <17.4 1100a <15.4 700a <15.1 1200a <14.1 750a <14.9 1.43
SR 9 450a <17.4 1100a <14.9 700a <15.1 1200a <14.1 750a <14.9 1.07
V853 Oph 300 18.6 1300 14.6 700 14.7 1050 16.0 750a <14.5 1.2
ROX 42C 450a <17.2 1100a <15.0 700a <15.0 1200a <13.9 750a <14.8 1.05
ROX 43 A 450a <17.4 1100a <14.8 700a <15.1 1200a <14.1 750a <14.9 1.36
Haro 1-16 450 18.3 1200 15.3 800 15.1 1200a <14.1 750a <14.7 0.79
Haro 1-17 450a <16.8 1100a <14.8 700a <14.7 1200a <13.4 750a <14.5 0.980
RNO 90 450 18.3 1000 15.6 750 15.5 1200 14.7 800 15.2 1.8
Wa Oph 6 400 19.3 800 16.6 700 15.3 1200a <14.4 500 16.0 0.60
V1121 Oph 250 20.9 1100a <14.8 700a <14.9 1200a <14.0 750a <14.7 1.7
EC 82 450a <17.2 1100a <15.0 700a <14.9 1200a <14.1 750a <14.7 1.95

Notes. Units are cm−2 for N and AU for R (where R = √
A/π ).

a Denotes a fixed temperature for computing upper limits on N.

a 40% correction in N. However, if A � AH2O then the
emission may be optically thick, and uncertainties in the H2O
flux subtraction could result in larger uncertainties in N. With
A = AH2O, the best-fit model parameters are shown in Table 8
and Figure 12. Best-fit column densities range from a few ×1014

to a few ×1015 cm−2.
There is an unaccounted-for residual in the ∼13.8 –13.9 μm

region, apparent in Figure 11, but also visible in many individual
spectra. One possible explanation is that the water has not been
modeled correctly, but observed H2O features do not line up
well with the residual. The residual does line up with the

ν2 = 5 → 4 and ν2 = 4 → 3 hot bands of HCN, whose
emitting levels are the lower states of the well-known 130 and
330 μm submillimeter masers (Gebbie et al. 1964), respectively.
These high-lying bending states can be fed either by radiative
excitation through combination bands involving the fairly weak
C–N (ν1) stretching mode, or though chemical reactions that
leave the product HCN highly vibrationally excited (Pichamuthu
1974). Thus, the presence of this residual suggests that the
bending vibrational levels of HCN may be non-thermally
excited, and that caution must be used in the interpretation of
the Q-branch profile using LTE models.
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Table 9
Model Fit Results—HAeBe Systems

Name TH2O log NH2O TOH log NOH THCN log NHCN TC2H2 log NC2H2 TCO2 log NCO2 R

HD 36112 450a <17.7 1100a <15.6 700a <15.3 1200a <14.4 750a <15.1 2.13
HD 244604 450a <17.8 1100a <15.4 700a <15.5 1200a <14.6 750a <15.3 2.54
HD 36917 450a <17.9 1100a <15.7 700a <15.6 1200a <14.7 750a <15.4 2.51
HD 37258 450a <17.9 1100a <15.4 700a <15.6 1200a <14.9 750a <15.4 2.90
BF Ori 450a <17.7 1100a <15.4 700a <15.5 1200a <14.6 750a <15.3 2.30
HD 37357 450a <17.8 1100a <15.6 700a <15.5 1200a <14.6 750a <15.3 3.17
HD 37411 450a <17.7 1100a <15.8 700a <15.4 1200a <14.4 750a <15.2 2.48
RR Tau 450a <17.7 1100a <15.4 700a <15.5 1200a <14.5 750a <15.2 13.1
HD 37806 450a <17.4 1100a <15.1 700a <15.2 1200a <14.3 750a <14.9 7.19
HD 38087 450a <18.2 1100a <16.0 700a <15.9 1200a <14.8 750a <15.8 1.15
HD 38120 450a <17.6 1100a <15.4 700a <15.2 1200a <14.4 750a <15.0 7.10
HD 50138 450a <16.9 1100a <14.6 700a <14.7 1200a <13.9 750a <14.4 11.5
HD 72106 450a <17.7 1100a <15.4 700a <15.4 1200a <14.4 750a <15.1 2.22
HD 95881 450a <17.3 1100a <14.9 700a <15.1 1200a <14.2 750a <14.9 1.80
HD 98922 450a <17.2 1100a <14.8 700a <15.0 1200a <14.2 750a <14.8 27.5
HD 101412 450a <17.3 1100a <14.9 700a <15.1 1200a <14.2 800 16.0 1.66
HD 144668 450a <17.3 1100a <15.0 700a <15.0 1200a <14.2 750a <14.8 4.02
HD 149914 450a <17.1 1100a <15.0 700a <14.8 1200a <14.3 750a <14.7 1.00
HD 150193 450a <17.4 1100a <15.1 700a <15.1 1200a <14.2 750a <14.8 2.74
VV Ser 450a <17.4 1100a <15.0 700a <15.1 1200a <14.3 750a <14.9 4.33
LkHa 348 450a <17.4 1100a <14.9 700a <15.2 1200a <14.3 750a <14.9 6.12
HD 163296 450a <17.3 1100a <14.9 700a <15.0 1200a <14.1 750a <14.8 2.39
HD 179218 450a <17.3 1100a <15.1 700a <15.0 1200a <14.1 750a <14.8 5.43
HD 190073 450a <17.5 1100a <15.1 700a <15.3 1200a <14.4 750a <15.1 9.19
LkHa 224 450a <17.2 1100a <14.9 700a <15.0 1200a <14.1 750a <14.8 15.5

Notes. Units are cm−2 for N and AU for R (where R = √
A/π ).

a Denotes a fixed temperature for computing upper limits on N.

4.2.3. C2H2 Results

The mean C2H2 emission feature is shown in Figure 11,
after subtraction of both best-fit H2O models and best-fit HCN
models. With A = AH2O, the emission is optically thin, and
the suite of emission features is consistent with T in the range
500–1200 K. Best-fit N range from 1014 to 1015 cm−2. The
derived N will scale inversely with the assumed A until column
densities of �1016 cm−2 when the emission starts to become
optically thick.

In addition to the residual at ∼13.85 μm, three residual peaks
shortward of 13.6 μm are prominent in many sources, and their
origin is unknown. At least one peak lines up with an H2O
feature, and may be accounted for with a better H2O model.
The 13.55 μm feature is at the location of a high-temperature
OH emission line, and could be evidence for highly excited OH,
like that seen in TW Hya (Najita et al. 2010). However, adjacent
transitions in the OH rotational ladder are not apparent in the
spectrum, and so this may not be the correct explanation.

4.2.4. CO2 Results

The mean CO2 feature is shown in Figure 11. The emission is
mostly optically thin with A = AH2O, though slightly optically
thick at the center of the Q-branch peak. The complete suite of
feature shapes is consistent with T from 500–1200 K, but best-fit
T cluster near 700 K. Best-fit N are ∼1014–1016 cm−2 and are
inversely proportional to A until N � 1017 cm−2.

No significant residuals are noted; those seen in Figure 11 are
most likely H2O model subtraction residuals or data-reduction
artifacts.

4.2.5. OH Results

OH was fit with emission doublets from 17 to 30.5 μm.
Line strengths decrease toward shorter wavelengths. Derived
excitation temperatures are strongly dependent on the strength
of the relatively weak short-wavelength lines, which are in turn
dependent on the continuum subtraction, making T somewhat
more uncertain for OH than for other molecules. In addition,
with A = AH2O, the low energy lines are beginning to become
optically thick, and so the shape of the emission spectrum is
influenced by both N and T.

Figure 13 shows the rather large range of T (700–1600 K)
that may be appropriate for fitting OH, with the mean profile in
this case composed of spectra normalized to the 30.7 μm line
peak. A much higher T is inconsistent with the data, suggesting
a difference between the emission observed here primarily in
the Long-High module, and the OH emission observed in the
Short-High module in the transitional disk TW Hya (Najita
et al. 2010), though the latter preferentially probe lines with
higher excitation energy. Potential evidence for higher excitation
lines in our data is the residual line at 13.55 μm (discussed in
Section 4.2.3) which is coincident with a high-excitation OH
transition. High-excitation temperatures may be indicative of
non-thermal excitation, such as in the case of the “prompt”
emission observed in comets (e.g., Bonev et al. 2006), in which
rotationally excited OH is produced via the photolysis of H2O.
For the most part, the moderate excitation temperatures we
observe are instead reasonable thermal temperatures for few-
AU disk atmospheres around cTTs disks.

Best-fit temperatures are >800 K and typically lie between
900 and 1100 K. Best-fit N are near 1015 cm−2. The strongest
lines are already becoming optically thick at these column
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Figure 13. Mean (black solid line) plus or minus the standard deviation (gray) of normalized OH emission sources, after subtraction of other molecular emission
models. Plotted in red, blue, and dotted green, respectively, are optically thin 700, 1600, and 4000 K models, normalized to the 30.5 μm peaks.

Table 10
CO Model Fit Results

Name TCO log NCO RCO

LkHa 326 1550 19.3 0.08
LkHa 327 1625 19.5 0.10
LkHa 330 850 17.4 0.30
LkCa 8 1475 14.6 2.41
V710 Tau 1675 19.3 0.05
AA Tau 950 18.6 0.13
DR Tau 1250 18.9 0.17
HD 135344 B 900 17.9 0.10
GQ Lup 1675 18.6 0.08
AS 205 1000 18.7 0.35
Haro 1-4 1675 18.5 0.04
VSSG1 1600 18.6 0.09
DoAr 24E 1275 18.3 0.21
SR 9 1575 16.9 0.16
V853 Oph 975 18.0 0.09
Haro 1-16 1250 18.2 0.08
RNO 90 1625 18.2 0.22
Wa Oph 6 1675 18.5 0.10
V1121 Oph 1125 18.5 0.12
EC 82 1000 17.9 0.39
HD 36112 775 17.9 0.51
HD 37357 575 19.5 0.61
HD 37806 625 19.8 1.39
HD 38120 800 18.3 0.27
HD 50138 725 19.1 0.97
HD 150193 725 18.5 0.47
VV Ser 1175 18.1 0.61
HD 163296 850 18.5 0.32
HD 190073 525 20.4 2.64

Note. Units are cm−2 for N and AU for R (where R = √
A/π ).

densities, so N could differ significantly if A 
= AH2O. For
example, in a test with the emitting area reduced by a factor
of 10, we find the derived N to be increased by about a factor
of 25. Similarly, Salyk et al. (2008) found column densities
of 2 × 1017 cm−2 when fitting 3 μm OH emission features
for DR Tau and AS 205, which are a factor of ∼50 higher
than those found in this analysis; however, emitting areas were
fixed to values 27 and 30 times smaller, respectively. These N
are significantly smaller than those found by Bethell & Bergin
(2009) to be consistent with water self-shielding, but we note
that higher N of the right order for this process are not ruled out
with smaller A.

4.2.6. CO Results

Best-fit model parameters are shown in Table 10 and
Figure 12. Temperatures are typically �900 K, with a clus-

Figure 14. Molecular ratios, relative to H2O (filled squares), with error bars
showing the 1σ scatter. Also shown are previous observations in disks (open
squares: Carr & Najita 2008), quiescent cloud ices (cross: Whittet et al. 2007),
high-mass YSO ices (open diamond: Gerakines et al. 1999), and low-mass
YSO ices (open inverted triangle: Pontoppidan et al. 2008). To the left are
models of the disk surface (open stars: Willacy & Woods 2009) and photon-
dominated regions (open triangles: Agúndez et al. 2008); to the right are
vertically integrated model values at 1 AU (open stars: Willacy & Woods 2009;
circles: Markwick et al. 2002).

ter at very high T (�1500 K), though temperatures this high
may be unrealistic. Despite the large range of T, N ranges over
only about 1 dex, from ∼1018–1019 cm−2.

4.3. Molecular Ratios Relative to H2O

Figure 14 shows molecular ratios with respect to H2O.
NX/NH2O ∼ 10−3 for all molecules. Also plotted are ratios
derived from previous disk observations (Carr & Najita 2008),
ice observations in quiescent clouds (Whittet et al. 2007), high-
mass young stellar objects (YSOs; Gerakines et al. 1999) and
low-mass YSOs (Pontoppidan et al. 2008), as well as several
disk models (Markwick et al. 2002; Agúndez et al. 2008;
Willacy & Woods 2009). Additionally, Glassgold et al. (2009;
not plotted) predict OH/H2O ratios in the warm molecular layer
of the disk similar to the ratios found here—10−4 to 10−2 for a
variety of chemical models, sampled at radii from 0.25 to 3 AU.

The large differences between our work and that of Carr &
Najita (2008) arise from differences in derived column densities
for both H2O and any particular molecule, which are due to
differences in the choice of fitting method and assumptions, as
discussed above. With Spitzer-IRS, the Q-branch transitions are
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completely blended together, but at higher spectral resolution
individual Q-, P-, or R-branch lines could be resolved, which
would make possible independent determinations of emitting
area. This highlights the need for higher spectral resolution
and, eventually spatial resolution, observations of molecular
emission. The brightest sources are being pursued at high
resolution with current instrumentation (e.g., Pontoppidan et al.
2010a), but a more complete census of water-emitting disks may
require the next generation of ground- and space-based mid-IR
spectrographs.

CO2/H2O ratios in ices have been observed to be ∼0.1–1
in a variety of environments (Gerakines et al. 1999; Whittet
et al. 2007; Pontoppidan et al. 2008), higher than our observed
values and at the upper range of those derived by Carr & Najita
(2008; see the far right of Figure 14). This may reflect chemical
evolution toward lower values in the inner disk region, as seen,
for example, in the models of Markwick et al. (2002).

Figure 14 also shows molecular ratios derived from thermo-
chemical disk models. Disk-integrated column density ratios
at 1 AU from Markwick et al. (2002; circles) and (Willacy
& Woods 2009; stars) are plotted to the right side of the
observations, while column density ratios from the disk surface
(T > 150 K; stars; Willacy & Woods 2009) and from photo-
dominated regions (PDR) modeled by Agúndez et al. (2008)
(triangles) are plotted to the left. Although we show ratios based
on integrated vertical columns, these are likely not relevant for
the disk surface being probed by the IRS molecular emission.

It is immediately apparent that comparisons of data and
models can be quite complex. For example, orders of magnitude
differences in molecular ratios are computed when considering
different regions of the disk, both radially and vertically, for
many molecules. And, the emitted lines themselves originate
from a range of disk radii and heights, which are not even the
same from transition to transition. For example, Woitke et al.
(2009) find that pure rotational H2O lines could in principle
originate in both the inner and outer (>10 AU) disk, and even
inside the disk inner rim. Nevertheless, the scatter observed
in column density ratios is smaller than some of the model
differences, holding promise for observations to eventually
distinguish between models. One thing we can already say is
that the observed abundances of C2H2 require active carbon
chemistry, such as that described in Agúndez et al. (2008), as
models without such networks produce nowhere near enough
C2H2 in the inner disk atmosphere; for example, Willacy &
Woods (2009) find C2H2/H2O ratios of ∼10−10 (not plotted).
Alternatively, the high abundance of C2H2 could be produced by
the burning of polycyclic aromatic hydrocarbon (PAHs; though
the production of PAHs may require C2H2 as a precursor; see
discussion in Section 6.4).

A more promising approach to comparing models and ob-
servations may be to couple thermo-chemical models with
line-generating radiative transfer code, and directly compare
output model spectra with observations. This approach has
been pursued, for example, by Kamp et al. (2010) for atomic
fine-structure lines and low-J rotational CO lines, as well as
Meijerink et al. (2008) and Woitke et al. (2009) for far-IR ro-
tational lines of H2O. An alternative approach is to map abun-
dance structures using observations and radiative transfer, and
compare these to the abundances predicted by various thermo-
chemical models. This approach has already yielded interesting
results about water abundances (Meijerink et al. 2009), and we
expect that it will lead to significant progress in the comparison
of chemical models and observations in the near future.

Figure 15. Molecular ratios, relative to CO. References and symbols are the
same as in Figure 14.

4.4. Molecular Ratios Relative to CO

In Figure 15, we show molecular ratios with respect to CO.
We find H2O/CO ratios slightly above 1—nearly the same
as that found by Carr & Najita (2008) and lying between
vertically integrated and disk surface model ratios. Glassgold
et al. (2009) also find H2O/CO ratios near 1 for several types
of models. Again, other molecular ratios are different from
those found in Carr & Najita (2008) because of our choice
of modeling assumptions. The scatter in H2O/CO ratio is
only ∼0.5–1 dex and so these ratios may prove helpful in
distinguishing between chemical models. Note, however, that
we have found significantly different emitting areas for CO and
H2O and so the NIRSPEC and IRS emission lines are almost
certainly probing different emitting regions.

5. SUMMARY OF RESULTS

We have presented and analyzed Spitzer-IRS spectra of H2O,
OH, HCN, C2H2, and CO2 and Keck-NIRSPEC spectra of CO
from a large sample of cTT and HAeBe disks. In addition
to the detection dependence on spectral type and SED class
(transitional versus classical) noted in Paper I, we also find
that detection efficiency depends on the disk color, n13–30, Hα
equivalent width and, tentatively, on Ṁ . Radiative transfer disk
models suggest a number of ways to enhance line emission,
including increasing the molecular abundance, lowering the
dust/gas ratio in the disk atmosphere, and increasing gas heating
(Meijerink et al. 2009). Since n13–30 is a measure of the settling
of small grains in the disk atmosphere, these data suggest that it
may be necessary to lower the dust/gas ratio in the atmosphere
in order to produce these lines. In addition, the correlation with
Hα suggests that accretion is also important, perhaps because it
provides additional heating for the excitation of lines.

We find that detections, line fluxes, and line-to-continuum
ratios for nearly all molecules are correlated, suggesting a com-
mon origin or common excitation conditions for this forest of
lines. Line fluxes (when detected) are also correlated with con-
tinuum flux and many other covarying system parameters (in-
cluding L�, M�, and Ṁ), and once this variation is accounted for,
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no other statistically significant correlations are noted between
line fluxes and system parameters. The observed correlation
could be the result of any of these physical parameters, but a
good candidate is the stellar luminosity, which provides heating
for the line emission, and will also determine the size of the
line-emitting region.

Although line fluxes are correlated, line flux ratios (for
example, HCN/H2O) do vary from source to source. No obvious
trends in line flux ratios are seen, but the variations suggest real
chemical differences whose origin may be revealed with future
study.

We also compare the mid-IR emission lines with near-
IR CO vibrational emission observed with Keck-NIRSPEC.
Interestingly, CO lines are often seen even when mid-IR
emission is not, including in many HAeBe and transitional disks.
However, rather than find evidence for different H2O/CO ratios,
we instead find that both transitional disks and HAeBe disks
have systematically lower CO line/continuum ratios, consistent
with the reduced IRS line/continuum ratios reported in Paper I.
This suggests possible systematic differences in line excitation
between the two types of sources.

While H2O line strengths do differ significantly from source
to source, the emission spectra are similar if normalized by line
strength. In the context of an LTE model, the line strength is
primarily determined by the emitting area, and so this accounts
for most of the variation. Temperature and column density are
then determined by the spectral slope. Best-fit temperatures
lie near 450 K and N ∼ 1018 cm−2 for all sources, though
results depend somewhat on the choice of fitting method and
wavelength region. The high temperatures suggest an origin
in the planet-forming (few AU) region of the disk, and N
is consistent with chemical models of H2O formation (e.g.,
Glassgold et al. 2009) as well as with models that include UV
destruction and H2O self-shielding (Bethell & Bergin 2009).

Other molecules are fit with a range of excitation tempera-
tures, but all are representative of the planet-forming region of
the disk, some 500 K or higher. Because of model degeneracies,
coupled with systematic uncertainties, we chose to fix emitting
areas, but emitting areas and column densities can in the future
be scaled to match results from additional observations. With
this technique, we derive molecular ratios with respect to wa-
ter and CO of ∼10−3 for HCN, C2H2, CO2, and OH. We find
CO/H2O ratios near 1, similar to values from previous observa-
tions (Carr & Najita 2008) and several disk models (Markwick
et al. 2002; Agúndez et al. 2008; Glassgold et al. 2009; Willacy
& Woods 2009). It is not entirely straightforward to relate the
column densities derived here to those derived from thermo-
chemical disk models. However, the small scatter in observed
molecular column density ratios, compared to large differences
between models, suggests that comparisons between these data
and output of line-generating thermo-chemical codes hold great
promise for pinpointing the most important physical and chem-
ical processes in protoplanetary disks.

6. DISCUSSION

6.1. Completeness of the Observed Chemistry

Given the detections of a wide range of abundant molecules
containing three primary elemental constituents of disks, oxy-
gen, carbon, and nitrogen, it is possible to compare the ob-
served abundances of these species to the total expected ele-
mental abundance, assuming solar values. Obviously, not all
molecular species have been observed, but what fraction of

them are we likely to have seen? Using the average column
density values from Figure 12, we have accounted for total col-
umn densities of O ∼ 4 × 1018 cm−2, C ∼ 1 × 1018 cm−2,
and N ∼ 2 × 1015 cm−2, corresponding to ratios of O/C ∼ 4
and N/O ∼ 5 × 10−4. Comparing this to the solar ratios of
O/Csolar = 1.6 and N/O = 0.15 (Frisch & Slavin 2003), it is
apparent that carbon is relatively underrepresented, while we
only detect a very small fraction of the available nitrogen. The
uncertainties in the derived abundances, along with the pos-
sibility that the different species do not probe the same radii,
probably preclude any strong conclusions to be drawn from the
derived O/C ratio, except to note that it is consistent with the ob-
served oxygen-dominated chemistry rich in H2O. The missing
nitrogen, however, seems to indicate that a significant chemical
reservoir still remains to be discovered. Possible carriers of the
remaining nitrogen are NH3 and N2.

NH3 emits strongly near 10 μm, so Spitzer-IRS can be used
to place limits on its column density. With a conservatively low
temperature (400 K) and assuming the same emitting area as that
for the H2O fits, we find upper limits near 1016 cm−2, or only
about 10× the observed column density of HCN. Therefore,
NH3 cannot account for the orders of magnitude of missing N.
A smaller N deficiency has been noted in cometary observations
(Jessberger & Kissel 1991; Wyckoff et al. 1991), with one
explanation being that N2 is the primary reservoir for N in
the solar nebula, and is not easily retained by comets (Iro et al.
2003). Thus, N2 may be a likely reservoir for the disks observed
in this study as well.

6.2. The Column Density of the Molecular Layer

The elemental abundances discussed above place strict lower
limits on the total column density of the warm molecular layer
at ∼1 AU. The strongest constraint is given by oxygen, even
with a significantly unconstrained atomic O component. Using
the interstellar medium oxygen abundance, the thickness of the
warm molecular layer must be at least N (H) ∼ 7 × 1021 cm−2.
This is a very good match to existing models (e.g., Glassgold
et al. 2009).

6.3. Implications for the Carbon Deficit in the
Inner Solar System

The terrestrial planets in the solar system have a well-known
deficit of carbon, by as much as three orders of magnitude
relative to the elemental abundances in the Sun. Observations
of polluted (by accreting debris) white dwarf atmospheres also
indicate similar carbon deficits in other planetary systems (Jura
2008). The high abundances of carbon observed in the inner disk
surfaces apparently do not allow for a similar carbon deficit;
while absolute C and O abundances (relative to H) may remain
uncertain, a carbon deficit of a factor 103 would imply that
the column densities of warm molecular gas are very large, at
least N(H) ∼ N (CO)/(10−3x(C)f ) = 3/f × 1024 cm−2, where
f is the fraction of C accounted for in the observed lines, and
that a comparatively small fraction of the elemental oxygen is
accounted for in the observations. Both of these requirements
seem implausible in light of recent thermo-chemical models.
More likely, the observed high abundance of carbon in the gas
phase indicates that only a small fraction of it will eventually be
incorporated into terrestrial planets (however, see the discussion
of the formation of refractory organics in Section 6.4).

Recently, Lee et al. (2010) proposed that primordial carbon
grains are destroyed in the disk surface through chemisputtering
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by free oxygen atoms; essentially they burn, producing CO
gas. If vertical mixing is efficient, these authors suggest that
this process can reduce inner disk carbon to the observed solar
system depletion levels as the CO gas dissipates. We do observe
the bulk of the gas-phase carbon in the form of CO, a significant
fraction of which could be formed by destruction of carbon
grains. That there is no obvious observed carbon deficit in the gas
phase is fully consistent with the picture proposed by Lee et al.
(2010). If all of the relatively volatile gas-phase CO is removed,
and assuming there is no carbon left in primordial grains, the
carbon remaining in CO2, C2H2, and HCN is consistent with a
carbon deficit of 10−2 to 10−3. The main uncertainty is likely
the abundance of CH4, which does not have emission bands
in the range of the Spitzer-IRS high-resolution modules. Non-
detection of free carbon may indicate that it is not abundant in
the disk surface (Mathews et al. 2010).

6.4. Abundant Acetylene and Aromatic Hydrocarbons

Many protoplanetary disks are known to harbor PAHs, at least
in their surfaces (Habart et al. 2004; Geers et al. 2007b), and
some of them have emission spectra entirely dominated by the
characteristic mid-infrared PAH emission bands (Geers et al.
2007a). While the detection fraction is high in HAeBe stars,
the relative lack of exciting UV photons in disks around young
solar analogs and lower mass stars makes positive detections
difficult even if PAHs are actually present in abundance (Geers
et al. 2007b). The observed PAHs are likely analogs to the solar
nebula precursors of the aromatic component of carbonaceous
chondritic meteorites (Pering & Ponnamperuma 1971), which,
due to their refractory properties, may represent an important
route for delivery of organics to the surfaces of terrestrial planets.
The pathway to PAH presence in disks, however, is still debated.

The formation of aromatics by hydrocarbon combustion
chemistry in the atmospheres of asymptotic giant branch stars
was proposed by Frenklach & Feigelson (1989) and quantified
using a detailed kinetic model. The model was applied to the
solar nebula by Morgan et al. (1991) to explain the abundance
of aromatics in primitive chondritic meteorites. Their finding is
that the formation of PAHs is predicated on (1) the presence
of dense gas at temperatures of 900–1100 K and (2) a high
concentration of acetylene, C2H2. Their conclusions were,
however, speculative since it was not known whether the
necessary precursor, C2H2, was indeed present in the early solar
nebula.

Our finding that C2H2 is a common constituent of protoplan-
etary disk surfaces at temperatures of 600–1200 K therefore
has direct implications for the synthesis of PAHs within typical
protoplanetary disks, including the solar nebula. Morgan et al.
(1991) find that the PAH yield (fraction of initial carbon atoms
incorporated into PAH molecules) is a sensitive function of pres-
sure as well as the initial C2H2 concentration. The most favor-
able pressures correspond to gas densities of ∼1014–1015 cm−3

and high abundances of C2H2/H2 ∼ 10−6 to 10−5, leading to
PAH yields (the fraction of C atoms in the initial gas incorpo-
rated into PAHs) of order unity. The observed C2H2 abundances
are 1–2 orders of magnitude lower. However, actual PAH yields
may only be of order a few %, and a significant part of the
C2H2 may already have been converted to PAHs at the typical
age of our disk sample (1–3 Myr). Similarly, at sufficiently high
abundances HCN can polymerize into purine and pyrimidine
compounds (such as those present in nucleic acids), and thus
the observation of abundant C2H2 and HCN at 1000 K supports
the possibility of a complex organic/“soot ring” chemistry in

protoplanetary disks, which may be revealed by high-resolution
imaging, including mid-IR interferometry.

Alternatively, it has been shown that starting with abundant
PAHs, chemical reactions with H, OH, and O tend to destroy
PAHs in the terrestrial-planet-forming regions of disks (Kress
et al. 2010). One by-product of this process is C2H2, with a
maximum C2H2/CO ratio of ∼10−2. In either case, the region of
the disk surface traced by the mid-infrared molecular line forest
may indeed be an important site for understanding the synthesis
and/or destruction of the carbonaceous, aromatic component of
chondrites.

6.5. Conclusion

This work presents an overview of the rich near- and mid-IR
molecular emission observed from protoplanetary disks. What
physical mechanisms account for the presence or absence of
molecular lines, and for differences in molecular line ratios from
source to source? What physical process are most crucial for
determining chemical abundances in the inner disk, and is there
inheritance of information from the cloud it formed out of? We
have begun to answer these questions, showing here and in Paper
I the importance of photochemistry, disk heating, grain settling,
and various chemical processes in the production of molecular
line emission. However, it is also clear that there are variations
within the sample that have yet to be explained. In the near
future, these questions will continue to be explored, especially
with radiative transfer codes and thermo-chemical disk models.
We also expect that the data presented here will provide a rich
database for use with observations obtained both in the near
future and beyond, with facilities such as the Herschel Space
Observatory, ALMA, SOFIA, James Webb Space Telescope
(JWST), and the emerging class of “extremely large” telescopes.
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