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4The mid-IR water and silicate
relation in protoplanetary disksa
a S. Antonellini, J. Bremer, I. Kamp, P. Riviere-Marichalar, F. Lahuis, W.-F. Thi.

S ubmitted to Astronomy & Astrophysics

Abstract

Mid-IR water lines from protoplanetary disks around T Tauri stars have a de-
tection rate of 50%. Models have identified multiple physical properties of disks
such as dust-to-gas mass ratio, dust size power law distribution, disk gas mass,
disk inner radius, and disk scale height as potential explanation for the current
detection rate. In this study, we aim to break degeneracies through constraints
obtained from observations. We search for a connection between mid-IR water
line fluxes and the strength of the 10 µm silicate feature. We analyse observed
water line fluxes from three blends at 15.17, 17.22, 29.85 µm published earlier
and determine the value of the 10 µm silicate feature strength from Spitzer spec-
tra to search for possible trends. We use a series of published thermo-chemical
models, performed with the code ProDiMo, that explore a wide parameter space
of dust and gas properties, as well as a series of models considering different
central stars. We use the trend produced by our sets of models to understand
the observed relationship between the water blends and the silicate feature. No
statistical significant correlation is found between the observed mid-IR water
lines and the 10 µm silicate strength. 2/3 of targets in our sample (35 objects)
show crystalline dust features, and the disks are mainly flaring. Our sample
shows the same difference in the peak strength between amorphous and crys-
talline silicates that was noted in earlier studies. The water line fluxes are also
unrelated to the nature of the dust. Our model series that vary properties of the
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Chapter 4 – The mid-IR water and silicate relation in protoplanetary disks

grain size distribution (dust opacity) suggest that mid-IR water emission anti-
correlates with the strength of the 10 µm silicate feature. The models also show
that the stellar bolometric luminosity affects the strength of this dust feature
and the water lines in the same way and that the gas mass (gas-to-dust) ratio
beyond a threshold affects only the water emission. The pronounced regular
trends seen in the model results are washed out in the data due to the larger
diversity in stellar and disk properties compared to our model series. The in-
dependent nature of the water line emission and the 10 µm silicate strength
found in observations leaves as the most plausible explanation that the disks
with stronger mid-IR water line fluxes are depleted in dust or enhanced in gas
in the inner 10 au. Observations of larger unbiased samples with ALMA/JWST
are essential to verify this hypothesis.

4.1 Introduction

Water has been observed in protoplanetary disks from near-IR (Salyk et al.
2008), through mid-IR (Carr & Najita 2008, Pontoppidan et al. 2010a,b), to far-
IR (Hogerheijde et al. 2011, Podio et al. 2013, Riviere-Marichalar et al. 2012).
The main water reservoir, with an abundance of 10−4 with respect to the total
hydrogen number density, is located in the inner few au; this reservoir is re-
sponsible for water emission at wavelengths below 30 µm. A survey of mid-IR
water lines produced a complex picture, with a detection rate of about 50% for
T Tauri and 5% for Herbig stars (Pontoppidan et al. 2010a). Our previous work
(Antonellini et al. 2015b), found that the continuum opacity due to differences
in dust properties is one of the main reasons for changing the strength of the
mid-IR water emission. In a subsequent paper (Antonellini et al. 2015a), we
explain the non-detections of mid-IR water lines around early type Pre Main-
Sequence stars (PMSs), with the stronger mid-IR continuum and instrumental
noise.

Dust is assumed to constitute only 1% of the disk mass, but it is a bolo-
metric source of opacity, able to suppress line fluxes. Dust also plays a role
in the thermal balance of the disk, due to the photoelectric effect. In environ-
ments such as protoplanetary disks, dust grains grow (as inferred from mm
flux and spectral indexes, Beckwith et al. 1990, Mannings & Sargent 2000, An-
drews & Williams 2005, 2007) and settle (D’Alessio et al. 1999, Chiang et al.
2001). Silicate grains produce two solid state features around 10 and 20 µm.
The features originate mainly from µm-size grains where the dust temperature
is around 200-600 K (Natta et al. 2007). The 10 µm feature hosts information
about the thermal and physical history of dust grains, and also the composition
(Kessler-Silacci et al. 2005). According to van Boekel et al. (2005), the more the
dust is processed (crystallized), the wider the feature and the lower the peak
strength. The strength of the 10 µm peak is also inversely correlated with the
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4.2 Spitzer spectra

dust grain size. Bouwman et al. (2008) found a correlation between the shape of
the 10 µm amorphous feature and the SED shape, that is consistent with both
dust growth and subsequent settling. Turbulent mixing however seems efficient
in maintaining µm-sized grains in the atmospheres of T Tauri disks (Olofsson
et al. 2009). Mass transport can also explain the presence of a relevant fraction
of cold crystallized dust in disks around T Tauri stars (Olofsson et al. 2010).

In this paper we investigate a potential relation between the mid-IR water
lines and the 10 µm silicate feature strength, that we take as a proxy for the
local dust opacity. We also discuss this in the context of the thermo-chemical
modeling results published earlier in (Antonellini et al. 2015b,a).

4.2 Spitzer spectra

We analyze in this work Spitzer-IRS high (14 spectra; R = 600) and low res-
olution (21 spectra, R . 120) spectra of a sample of 35 T Tauri stars. We
consider T Tauri stars for which measurements of line fluxes for the blends at
15.17 µm, 17.22 µm and 29.85 µm, are available from Pontoppidan et al. (2010a).
We then took spectra from CASSIS database1 and reduced Basic Calibrated Data
(hereafter BCD) from the Spitzer archive2. We reduce the second set of high
resolution data following a pipeline developed by the c2d team (Evans et al.
2009), and applying the PSF extraction procedure (Lahuis et al. 2007, Lahuis
2007). The data are then post-processed, applying defringing (Lahuis & Boogert
2003) to remove residuals due to low-level fringes. Spectra from CASSIS are
all low resolution, and already reduced following a pipeline described in detail
in Lebouteiller et al. (2011). Both the pipelines produce spectra of comparable
quality beside the different resolution.

The strength of the 10 µm Silicate feature S λ,peak is computed as

S λ,peak =
Fλ,peak − Fλ,cont

Fλ,cont
, (4.1)

where Fλ is the flux at 10 µm. Fλ,cont is the local linearly fitted continuum. The
error computation is taken from the covariance matrix of the fitting function3.
The definition of silicate peak strength adopted in this work, differs from the
one used in Olofsson et al. (2009), which is based on Bouwman et al. (2008).
Here, the peak strength is defined as

Fpeak =1+
Fν − Fν,continuum

〈Fcontinuum〉
, (4.2)

1 The Cornell Atlas of Spitzer/IRS Sources (CASSIS) is a product of the Infrared Science Center at
Cornell University, supported by NASA and JPL.

2 http://irsa.ipac.caltech.edu/data/SPITZER/docs/irs/features/
3 http : //docs.scipy.org/doc/scipy − 0.14.0/reference/generated/ scipy.optimize.curve_fit.html
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Figure 4.1 – Comparison of the peak strength definition adopted in our work and the
one obtained by Olofsson et al. (2009). Blue stars are data extracted from c2d program
Spitzer spectra (Evans et al. 2009), while yellow squares are data extracted from CASSIS
(Lebouteiller et al. 2011) Spitzer spectra. The red solid line is our visual reference. Dot-
dashed lines indicate 50% of deviation from the red visual reference.Olofsson et al. (2009)
data are based on c2d spectra, and they do not report error bars.
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4.3 Mid-IR water and silicate relation

where Fν is the spectral flux at the frequency of the peak, Fν,continuum is the fitted
value for the continuum at the peak frequency, and 〈Fcontinuum〉 is the average
continuum in the fitted wavelength range 8-13 µm.

Fig. 4.1 shows that our definition produces systematically weaker peak fluxes,
around -0.5, and the average deviations scatter from the red line is around one.
In some cases, our selected spectra are from a different program, and some of
the targets are known to be variable in the mid-IR. Olofsson et al. (2009) fluxes
are from c2d spectra, and their values agree better with our peak fluxes in the
case where we used c2d spectra as well. Agreement between the two peak
strength definitions is on average better than 13%, meaning that any conclusion
produced will be valid independently of the definition used for the silicate
feature strength.

4.3 Mid-IR water and silicate relation

We classify our observed sample, in order to discover possible trends with dif-
ferent geometry or dust properties. At first, we consider the different outer disk
scale height and flaring as possible discriminator, based on the mid-IR slope
F30/F13 and on the classification reported in Oliveira et al. (2010). Almost all of
our targets are flared disks (cyan objects in Fig. 4.3), with a few cases of cold
disks or edge on objects. Considering individual dust properties as the crys-
tallinity degree, adopting the criterium used in several works (e.g. van Boekel
et al. 2005, Bouwman et al. 2008), we found that 2/3 of our targets have crys-
talline dust grains, and there is no correlation between crystallinity and disk
geometry.

Disks with crystalline silicates seem to cluster in a region of smaller silicate
peak fluxes (Fig. 4.3). Individual targets, however, can have different disk prop-
erties and central stars; for example in the plots, the range of luminosity spans
from 0.26 to 2.6 L�. This makes a direct comparison with our model series built
around a typical K7 star (L∗ = 0.7 L�) more difficult. The observations are un-
fortunately affected by large error bars for the 10 µm peak, and several upper
limits for water blend fluxes (Fig. 4.3). This is due to the sometimes low S/N of
the Spitzer spectra, and it prevents us from clear conclusions on the presence
of correlations in the data.

Due to the more balanced distribution of the number of targets with amor-
phous (11 objects) and crystalline (24 objects) dust grains, we tried a basic sta-
tistical test to test for the existence of two distinguished groups of objects, with
different mid-IR water line fluxes and silicate feature strength. We perform
a Kolmogorov-Smirnov analysis, an Anderson-Darling and a Mantel-Haenszel
statistical tests (for data with upper limits), using either R code4 or python5.
4 https : //www.r − project.org/
5 http : //docs.scipy.org/doc/scipy − 0.16.0/reference/generated/scipy.stats
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Figure 4.2 – Plots of the water blend fluxes (top 15.17 µm, middle 17.22 µm, bottom
29.85 µm) versus 10 µm silicate feature peak strength. Diamonds are targets with crys-
talline dust features (F11.3/F9.8> 0.71 according to van Boekel et al. 2005, Bouwman et al.
2008), crosses are for the amorphous grains. Where available, we plotted the bolometric
luminosity of the central star. The color coding is based on the ratio F30/F13 reported
in Oliveira et al. (2010). Magenta objects are flat disks (ratio below 1.5), cyan are flared
objects, yellow are cold disks and brown are edge on targets (ratio above 15). Black
targets are the one for which this ratio is not available. Arrows indicates upper limit
measurements.
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4.4 Modeling water & silicates

Table 4.1 – Kolmogorov-Smirnov, Anderson-Darling & Mantel-Haenszel test results

Data KS AD MH
p-value(∗) p-value(∗) p-value(∗)

Peak 10 µm 6.921·10−7 2.457·10−6 n.a.
Water 15.17 µm 0.103 0.057 0.179
Water 17.22 µm 0.181 0.159 0.263
Water 29.85 µm 0.145 0.195 0.244

(∗) p-value represents the coefficient that set if we can discard the null hypothesis (sam-
ples pertain to the same distribution if p > 0.05 for KS and AD, and p > 0.1 for MH.)

According to the results from these tests, we find that the 10 µm peaks are
correlated with crystallinity, while the water line fluxes are not correlated (Ta-
ble 4.1). This result suggests that different levels of 10 µm peak strength are not
behind the differences in water blend strength. A borderline case is the 15.17 µm
blend, since its p-value is around 0.06 from the Anderson-Darling test. However,
from the Kolmogorov-Smirnov and the Mantel-Haenszel statistics, water blend
fluxes at this wavelength are clearly unaffected by 10 µm peak strength. The fact
that the distributions of water emission for amorphous and crystalline grains
seem to be drawn from the same distribution indicates that the two observables
are independent (water line fluxes and crystallinity). Since we took the 10 µm
peak strength as a proxy for the local dust opacity in the water emitting region,
we tentatively conclude that opacity does not directly suppress the mid-IR flux.

4.4 Modeling water & silicates

We perform a parameter space exploration using a sub-series of the models
presented in Antonellini et al. (2015b,a) (Table 4.2). All our models are based
on a mixture of 80% amorphous silicates and 20% carbon dust species with
average ρ = 3.5 g/cm3 (Draine & Lee 1984), and the dust size distribution is
based on a power law extending from a minimum (fixed for all the models
amin = 0.05 µm) to a maximum size (listed in Table 4.2). From these models,
we produced high resolution Spitzer spectra, and we extract the water blend
fluxes at 15.17, 17.22 and 29.85 µm adopting the same procedure as described
in Pontoppidan et al. (2010a). Finally we also computed the peak strength of
the 10 µm silicate feature using Eq. (4.1).

Fig. 4.3 shows that these two spectral features are emitted from the same
region in our standard T Tauri model, and so they arise under the same physical
and thermal conditions. Hence, we consider the 10 µm peak strength as an
indicator of the continuum opacity in the 10-20 µm water emitting region in
disks. The 29.85 µm blend is emitted from larger radii compared to the silicate
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Chapter 4 – The mid-IR water and silicate relation in protoplanetary disks

Table 4.2 – Disk parameters series

Model
series

Parameter Symbol Series values/model

1 Maximum dust size amax [µm] 250, 400, 500, 700, 1000, 2000,
5000, 104, 105

2 Dust size power law index apow 2.0, 2.5, 3.0, 3.5, 4.0, 4.5
3 Disk gas mass Mgas [M�] 10−5, 10−4, 0.001, 0.01, 0.05, 0.1
4 Central star Sp.Type M6, M2V, K6V, G0V, F8V, F5V,

A8V, A4, A0, B9V
Bold numbers refer to standard model values. All the central stars used in the last model
series were different from the standard T Tauri, which is a K7 spectral type.

feature, but there is a partial overlap, and so the idea still holds also for this
blend.

Fig. 4.4 describes the results from four different model series. The first two
model series we explored (1,2 in Table 4.2) produce directly an effect on the
abundance of µm-size grains. Extending the maximum dust size, maintaining
constant the dust mass and the power law index of the size distribution, reduces
the population of small grains. As a consequence the strength of the 10 µm fea-
ture becomes weaker. Reducing the value of the dust size power law distribution
index has the effect of putting more of the dust mass into large particles, and
this again reduces the population of small grains. Finally, the effect of changing
the gas mass (series 3) is more indirect. It is related to the radial temperature
profile due to the presence/absence of large grains in the upper disk layers.
If Mgas is low, big grains are settled to the midplane, and the small grains in
the upper layers are more exposed to the stellar irradiation, due to the partially
reduced opacity. Our models show clearly that for a fixed dust composition,
changing any of the individual disk properties (1,2,3 in Table 4.2), water blend
fluxes anti-correlate with the 10 µm silicate peak flux. Models with different
luminosities of the central star (series 4), instead, show simultaneously stronger
mid-IR water and silicate feature with increasing stellar luminosity (Fig. 4.4).

If we analyze our models with different Mgas, we find a sharp transition at
our canonical model (Mgas = 0.01 M�; Fig. 4.4). Models with larger gas mass,
show stronger mid-IR water lines at fixed 10 µm peak strength and the blend
emitting regions are moved outward by up to 1 au and slightly upward with
respect to the 10 µm silicate emitting region in the disk. Models below a gas
mass of 0.001 M� show no detectable mid-IR water lines (now emitted inward
of 0.2 au) and a stronger 10 µm peak. This is due to the strong settling (because
of the lack of gas support), that reduces the number of larger grains in the
upper layers. The emission at 10 µm becomes then purely driven by small
grains, which produce a much stronger emission feature. A similar effect can
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4.4 Modeling water & silicates

Figure 4.3 – Emitting region of the 10 µm continuum emission and the strongest water
lines contributing to the 15.17 µm, 17.22 µm, 29.85 µm blend for our typical T Tauri disk
model. The emitting regions include 15-85% of the radial and vertical integrated flux at
the given wavelengths. The green dashed line marks the optical extinction level AV = 1
mag. The white dashed line marks the Tgas = 600 K contour.
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be obtained in the models by changing the amount of dust in the disk.
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Figure 4.4 – Plot of a representative water blend flux (15.17 µm) versus the 10 µm silicate
feature for four model series. The continuous line is for models with different amax. The
dotted line is for models with different apow. The dashed line is for models with different
Mgas. Models with different Lstar are shown as “X” symbols. Extreme values for each
series are labeled. The yellow region marks the region of models in which the 10 µm
features are in absorption and the peak fluxes become negative.

4.5 Comparison between observations and models

If we now compare the results from observations with our modeling, we can
rule out some possibilities in the driving force behind the strength of the water
emission lines. Our model series clearly are not able to reproduce the high end
of the observed silicate peak strengths. This is because of the use of amorphous
dust and a self consistent treatment of the settling, which suppresses settling
of large grains in the presence of high gas densities in the inner disk. For
changing dust opacity, our modeling predicts an anticorrelation that is not seen
in the observational data; therefore opacity is not the driving force behind the
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4.6 Conclusions

different water mid-IR line fluxes. The trend observed in our series 3 indicates
that we can have several situations in which at fixed 10 µm peak strength, mid-
IR water blend fluxes can vary up to a dex. Viceversa, in models with very
low gas mass, where water is not detectable, the strength of the 10 µm range
up to a factor two. Given the physics behind this modeling results (Sect. 4.4),
we conclude that the local dust-to-gas ratio within the inner 10 au is our best
candidate to explain the observed lack of correlation between water line fluxes
and silicate peak strength. This could at the same time explain the presence
of objects with different strength in the mid-IR water blend fluxes at the same
level of silicate peak strength. It is clear that our model series which assume a
continuous smooth evolution of disks and include a physical model of settling
do not capture all aspects seen in the observations discussed here - such as
very strong silicates features and detectable amounts of gas in the inner disk.
Possibly, the type of processes we witness in the inner disks around T Tauri
stars are more complex than captured in the continuous disk models. This
could be a hint of dynamical ongoing planet formation processes (gap opening,
dust migration).

Observations with higher spatial resolution and sensitivity, like the ones that
JWST/MIRI (5-28 µm) will be able to perform, are needed to understand bet-
ter the spatial distribution of silicate grains in disks, to obtain larger samples
of water detections and to confirm the presence of local gas enhanced or dust
depleted areas in the inner disk. To date, ALMA high spatial resolution obser-
vations could at least confirm, if some of the disks with strong water emission
are indeed dust depleted in the inner 10 au.

4.6 Conclusions

Some of our model series (1,2,3) suggest the presence of a regular trend between
the strength of the 10 µm silicate dust feature and the mid-IR water blend
fluxes. This is directly related to changing dust opacity. A stronger silicate
feature is produced by disk properties such as very small dust grains, very steep
power law dust size distribution, very low gas mass. It is an indicator of larger
continuum opacity and leads to weaker mid-IR water lines. Both dust grains
and water behave in the same manner with respect to the stellar bolometric
luminosity (series 4), since both gas and dust get warmer.

Observational samples are more heterogeneous than what our models cur-
rently describe. Disks around T Tauri stars show mainly processed and more
crystalline dust, while our modeling is performed with ISM dust (mainly amor-
phous). Observations are consistent with relatively flared disks around T Tauri
stars and crystalline dust features.

From statistical tests, we found that the peak strength is different in disks
with amorphous and crystalline grains. We also found that the water line
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fluxes in the two samples of amorphous and crystalline silicate disks are in-
distinguishable. This suggests that dust opacity does not drive the difference in
mid-IR water fluxes. The independent behavior of these two observables leaves
an alternative explanation, namely that some disks have an inner ring within
10 au depleted in dust or enhanced in gas. High spatial resolution observations
(ALMA, JWST) are needed to confirm this hypothesis.
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Appendix

A.1 Observational data
Observations used in this study (Table 4.3).

Table 4.3 – Selected T Tauri disk system

Source name Peak 10 µm 15.17 µm(1) 17.22 µm(1) 29.85 µm(1) 11/9 30/13(2) Luminosity
[10−14 erg cm−2s−1] [10−14 erg cm−2s−1] [10−14 erg cm−2s−1] [L�]

LkHa270 0.20±0.17 <1.15 <1.08 2.62±0.22 1.55 1.59 ...
LkHa326 0.43±0.18 1.50±0.16 1.98±0.16 0.96±0.13 1.15 2.88 ...
LkHa327 0.35±0.17 3.19±0.86 7.75±0.80 7.37±0.48 1.66 1.23 ...
AS205 0.54±0.03 9.21±0.52 14.50±0.59 7.46±0.38 0.72 1.76 7.10
EXLup 1.04±0.11 <0.42 1.47±0.14 4.65±0.08 0.52 1.56 0.39
GQLup 0.30±0.07 0.82±0.07 1.60±0.07 1.53±0.05 0.86 2.04 0.80
HTLup 0.39±0.08 <2.01 <1.98 1.34±0.17 0.85 1.53 1.45
RNO90 0.37±0.06 4.65±0.19 8.05±0.20 4.67±0.11 0.71 1.73 ...
RULup 0.61±0.08 2.87±0.15 4.01±0.16 2.77±0.09 0.93 1.94 0.42

V1121Oph 0.99±0.09 0.89±0.24 2.14±0.26 2.02±0.14 0.72 1.87 ...
VWCha 0.95±0.04 3.29±0.12 5.85±0.13 2.99±0.07 0.87 2.08 2.34
VZCha 0.65±0.07 1.55±0.08 2.30±0.08 1.24±0.03 0.72 1.03 0.46
WaOph6 0.13±0.05 1.25±0.06 1.23±0.06 0.84±0.04 1.29 1.66 0.67
DRTau 0.33±0.05 4.53±0.19 7.13±0.19 3.73±0.10 0.72 ... 2.50
SXCha 1.12±0.10 1.29±0.10 2.00±0.10 1.67±0.07 0.63 1.72 0.44
SYCha 1.11±0.14 <0.15 0.20±0.05 0.71±0.03 0.67 2.16 0.37
TWCha 2.90±0.23 1.01±0.03 1.72±0.05 0.91±0.03 0.59 2.07 0.90
WXCha 1.03±0.06 1.80±0.07 2.66±0.07 1.49±0.03 0.83 0.99 0.68
XXCha 0.70±0.11 0.66±0.05 0.76±0.05 0.66±0.03 0.79 1.70 0.26
LkCa8 1.08±0.08 <0.17 0.27±0.05 0.71±0.06 0.59 2.28 ...

Haro1-16 1.63±0.04 0.66±0.06 1.24±0.06 1.15±0.05 0.59 4.30 2.00
AATau 0.60±0.02 0.48±0.06 1.48±0.06 0.74±0.03 0.69 ... 0.98
LkHa271 0.36±0.36 <0.45 <1.05 <2.1 1.21 2.54 ...
LkHa330 0.91±0.05 <0.73 <0.92 <3.12 1.02 11.74 ...
V710Tau 0.31±0.03 <0.17 <0.32 <0.69 0.81 1.41 ...
CokuTau4 0.23±0.09 <0.29 <0.33 <0.39 0.95 16.96 ...

Sz50 0.40±0.09 <0.20 <0.22 <0.30 1.75 2.31 ...
GULup 0.45±0.06 <0.20 <0.21 <0.39 0.76 ... ...
IMLup 0.74±0.03 <0.28 <0.28 <0.34 0.76 1.85 ...
RYLup 2.04±0.02 <0.75 <0.85 <1.11 0.50 3.92 ...
Haro1-1 1.51±0.05 <0.18 <0.18 <0.53 0.59 4.70 ...
Haro1-4 1.62±0.04 <0.30 <0.38 <0.60 0.59 2.44 ...
Haro1-17 0.30±0.02 <0.11 <0.11 <0.28 0.90 1.96 ...

(1) Fluxes from Pontoppidan et al. (2010b), scaled at 140 pc of distance. (2) Values taken
from Olofsson et al. (2009).
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“A male pilot is a confused soul, that talks about women when he is flying, and talks
about flight with women.”
(Aeronautic aphorism).
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