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ABSTRACT

Context. The debris disk surrounding β Pictoris has been observed with ALMA to contain a belt of CO gas with a distinct peak at
∼85 au. This CO clump is thought to be the result of a region of enhanced density of solids that collide and release CO through
vaporisation. The parent bodies are thought to be comparable to solar system comets, in which CO is trapped inside a water
ice matrix.
Aims. Since H2O should be released along with CO, we aim to put an upper limit on the H2O gas mass in the disk of β Pictoris.
Methods. We used archival data from the Heterodyne Instrument for the Far-Infrared (HIFI) aboard the Herschel Space Observatory
to study the ortho-H2O 110–101 emission line. The line is undetected. Using a python implementation of the radiative transfer code
RADEX, we converted upper limits on the line flux to H2O gas masses. The resulting lower limits on the CO/H2O mass ratio are com-
pared to the composition of solar system comets.
Results. Depending on the assumed gas spatial distribution, we find a 95% upper limit on the ortho-H2O line flux of 7.5× 10−20 W m−2

or 1.2× 10−19 W m−2. These translate into an upper limit on the H2O mass of 7.4× 1016–1.1× 1018 kg depending on both the electron
density and gas kinetic temperature. The range of derived gas-phase CO/H2O ratios is marginally consistent with low-ratio solar system
comets.
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1. Introduction

Circumstellar debris disks are made up of planetesimals and dust
and can be thought of as the remnants of planet formation. The
small dust grains in debris disks are continuously removed by
radiation pressure on timescales that are short compared to the
age of the system. Therefore, the dust must be secondary and is
replenished through collisions between larger bodies (e.g., Wyatt
2008, 2018). Thus, there exists a direct connection between the
observed dust and the building blocks of planets. The study of
debris disks is part of our efforts to understand the formation
and evolution of planetary systems.

For a small subset of debris disks, gas has been detected
in addition to the dust. Thanks to sensitive observations of
CO emission with the Atacama Large Millimeter/submillimeter
Array (ALMA), the set of known gaseous debris disks was
recently significantly expanded (e.g., Lieman-Sifry et al. 2016;
Moór et al. 2017). Most of the approximately 20 gaseous debris
disks we currently know are hosted by young A-type stars. In
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general, the origin of this gas remains unknown. It could be
primordial (i.e., leftover from the protoplanetary phase) or, like
the dust, secondary (i.e., released from volatile-rich, icy bodies).
For a few systems (e.g., β Pictoris, see below), there is evidence
for a secondary origin of the gas. Studying this secondary gas
allows us to constrain the composition of the parent bodies and
compare it to solar system comets (Xie et al. 2013; Kral et al.
2016; Marino et al. 2016; Matrà et al. 2017a,b, 2018).

One example of a gaseous debris disk is found around the
A-type star β Pictoris. This system has been the subject of numer-
ous studies over the last three decades, with the IRAS discovery
of the infrared (IR) excess of its debris disk dating back to 1984
(Smith & Terrile 1984). It is nearby (19.75 pc, Gaia Collaboration
2018), young (23 ± 3 Myr, Mamajek & Bell 2014) and harbours
a giant planet at ∼10 au, discovered by direct imaging (Lagrange
et al. 2009). The belt of parent bodies of the disk is located at
around 100 au (Dent et al. 2014), and is edge-on, making it an
ideal target for absorption spectroscopy. The system has served
as a laboratory for the study of various processes in a newly
formed planetary system.

Several atomic metal lines have been detected in the gas
phase of the β Pic disk. The lines appear in both absorption
against the star and in emission. Besides species such as Fe,
Na, and Ca+ (Brandeker et al. 2004), this includes oxygen
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(Brandeker et al. 2016) as well as both neutral and ionised
carbon (Roberge et al. 2006; Cataldi et al. 2014, 2018; Higuchi
et al. 2017). Carbon monoxide is the only molecule detected so
far (e.g., Liseau & Artymowicz 1998; Dent et al. 2014; Matrà
et al. 2018). In addition, Wilson et al. (2019) recently detected
N in absorption and Wilson et al. (2017) detected H in close
vicinity to the star (i.e., not in the main gas/dust disk). Elemental
abundances differ significantly from solar values. In particular,
there is an overabundance of C (Roberge et al. 2006; Cataldi
et al. 2014), and perhaps O (Brandeker et al. 2016), relative to
other elements.

Different pieces of evidence suggest that the gas in the β Pic
disk is secondary. Firstly, the spatial distributions of gas and
dust are similar (e.g., Brandeker et al. 2004; Dent et al. 2014),
consistent with a common origin, and secondly, the dynamical
lifetime of the gas is short compared to the age of the system
(Fernández et al. 2006). Additional evidence comes from CO.
Matrà et al. (2017a) showed that there is not enough H2 in the
disk to shield CO from photodissociation over the age of the sys-
tem. The photodissociation lifetime of CO is only∼50 yr (Cataldi
et al. 2018), implying a replenishment mechanism. Therefore, the
CO is believed to be produced from volatile-rich cometary bod-
ies. At least part of the observed C and O must therefore come
from CO photodissociation.

The CO emission from the β Pic disk was first resolved by
ALMA (Dent et al. 2014). The data revealed a surprising asym-
metry: a CO clump on the southwest (SW) side of the disk at a
radial distance of∼85 au. The clump is interpreted as a site of
enhanced CO gas production caused by an enhanced collision
rate among volatile-rich bodies. The suggested mechanisms for
the enhanced collision rate are a yet unseen, outward-migrating
planet capturing comets in a resonance trap (Matrà et al. 2017a);
a previous giant collision (Jackson et al. 2014); or an eccentric
disk produced from a tidal disruption event (Cataldi et al. 2018).

Solar system comets consist mainly of amorphous water ice
in a matrix structure, wherein volatiles like CO become trapped
(Whipple 1950). If the CO seen in the β Pic disk is indeed pro-
duced by colliding comet-like bodies, we would expect water
vapour to be produced as well, for example by photosputtering
of grains formed in a collisional cascade; see Sect. 5. Based
on the excitation conditions of O I, Kral et al. (2016) indirectly
constrained the H2O/CO ratio of the β Pic comets. They find a
lower ratio than what is observed for solar system comets, sug-
gesting that the comets in the β Pic disk are depleted in water.
However, their assumed spatial distribution of the gas (accre-
tion disk) turned out to be inconsistent with new observations
(Cataldi et al. 2018). It is unclear how this impacts their estimated
H2O/CO ratio.

Matrà et al. (2017a,b) and Marino et al. (2016) found that the
CO+CO2 mass abundances of the comets in the β Pic, Foma-
lhaut, and HD 181327 disks are consistent with abundances
measured in solar system comets. Using data from the Submil-
limeter Array (SMA), Matrà et al. (2018) showed that the comets
in the β Pic disk have a HCN/(CO+CO2) ratio of outgassing rates
that is consistent with but at the low end of what is observed
for solar system comets. This might be caused by the outgassing
mechanism, or it might indicate a true depletion of HCN with
respect to solar system comets.

One motivation to study the water content of extrasolar plan-
etesimals comes from an astrobiological perspective. Water is
required for life as we know it. Most of the water on Earth may
have been delivered by asteroids (e.g., Alexander et al. 2012),
and similar processes might occur in extrasolar systems. In this
work, we aim to further investigate the water content of the

bodies in the β Pic disk with a more direct approach compared
to the Kral et al. (2016) study. We use an archival non-detection
from Herschel/HIFI of the rotational 110–101 transition of
o-H2O. Our paper is organised as follows: in Sect. 2, we describe
our observations. We derive upper limits on the o-H2O 110–101
flux and the H2O mass in Sect. 3, and report them in Sect. 4.
In Sect. 5, we discuss what our measurements tell us about the
water content of the bodies in the β Pic disk. We summarise our
results in Sect. 6.

2. Observations and data reduction

The star β Pictoris was observed on July 19, 2010 (ID
1342200907), with the Heterodyne Instrument for the Far-
Infrared (HIFI, de Graauw et al. 2010) aboard Herschel (Pilbratt
et al. 2010), as a Guaranteed Time observation. The Single Point
mode of the High Resolution Spectrometer was used, and the
observation time was roughly 58 min. The lower sideband of
band 1b was chosen in order to observe the o-H2O 110–101 line,
which has a rest frame frequency of 556.936 GHz (National
Institute of Standards and Technology, Physical Measurement
Laboratory 2016). The spectral resolution was 125 kHz. The
FWHM beam size was 37′′. The clump of CO is at a separation
of 4.3′′ from the centre of the beam, meaning the beam sensitiv-
ity at its location was 96%. As the bulk of the CO as determined
by Dent et al. (2014) is within this angular distance, we do not
perform any beam sensitivity correction in the data analysis.

The data were first processed in the Herschel Interactive
Processing Environment (HIPE version 13.0.0, Ott 2010). The
antenna temperature was converted to a flux density by assum-
ing a point source. Standing waves were removed and a baseline
correction was carried out. The four sub-bands were stitched
together and since the Frequency Shift mode was used, the spec-
tra were folded. The H and V polarisations were then averaged
over. The spacing of data points was 0.12 MHz, but to ensure
there were no remaining standing waves to correlate adjacent
flux points, we calculated the auto-correlation in the background
region (see below) using the built-in correlate function of
NumPy. The FWHM of the best-fit Gaussian of the correlation
function was then taken to be the correlation length, and was
0.3631 MHz. The spectrum was then rebinned to 0.5 MHz to
ensure the bins were independent of one another. Figure 1 shows
the reduced spectrum in a velocity scale relative to the β Pic
system, where the star has a heliocentric velocity of 20.5 km s−1

(Brandeker 2011).

3. Analysis

3.1. Upper limit on the o-H2O 110–101 flux

We assume that H2O and CO are released at the same locations in
the disk and subsequently photodissociated on short timescales
compared to the orbital timescale. At 85 au, the CO lifetime is
∼50 yr. The lifetime of H2O is even shorter: using the stellar
spectrum supplemented with UV data described in Cataldi et al.
(2018) and photodissociation cross sections from the Leiden
Observatory database of the “photodissociation and photoioni-
sation of astrophysically relevant molecules1” (Mordaunt et al.
1994; van Harrevelt & van Hemert 2008; Heays et al. 2017), we
calculate a lifetime of 3.5 d under the assumption that water is not
shielded from dissociating radiation. This assumption is justified
since neither CO nor C can shield water, as their cross sections
for dissociation and ionisation, respectively, do not substantially

1 http://home.strw.leidenuniv.nl/~ewine/photo/
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Fig. 1. 95% upper limit models superimposed on the observed spec-
trum. The red solid line shows the expected profile coming from H2O
restricted to the SW clump. The blue dashed line shows the profile from
the model assuming the same spatial distribution for H2O as for CO (see
Sect. 5).

overlap in wavelength with the cross section for water disso-
ciation. Furthermore, we verified that water self-shielding is
irrelevant for the column densities considered here. This implies
that, while the CO may have some time to orbitally evolve before
being dissociated (the orbital period at 85 au is ∼600 yr), any
water vapour must be close to its point of release.

In one of the proposed CO-production scenarios, the pro-
duction region is caused by debris in eccentric orbits converging
at a fixed region in space corresponding to the southwestern
CO-“clump”. Orbital motion then moves the gas out of this
region forming a tail (Dent et al. 2014). Due to the shorter life-
time of H2O, no water vapour tail would be formed and all
H2O is expected to be restricted to the clump region. In the
other proposed scenario, the CO production region is due to a
mean motion resonance with an inner planet, in which case the
production region is more spread out (Matrà et al. 2017a). To
accommodate both scenarios, we test for two extremes: firstly
with the assumption that the bulk of the gas production takes
place in the clump region, and secondly using the assumption
that the CO distribution reflects the production region, in which
case the H2O would share the spatial distribution of the CO.

The spectrum does not contain any clear emission line. To
estimate a reliable upper limit of the line flux, a Monte Carlo
approach is used. One million noise realisations are made by
scaling a vector of random numbers drawn from a standard
normal distribution by the error σi of the flux density, esti-
mated as the standard deviation of the background flux density,
where the background region is taken to be v>−0.56 km s−1 or
v <−6.2 km s−1. Each noise realisation is then separately added
to the original spectrum to produce 106 spectra with different
noise realisations. A line profile is then fit by a χ2 minimisation
in each alternate spectrum to obtain a best-fit flux. As line pro-
files we use the ones corresponding to the two scenarios (Fig. 1):
in the case of H2O located in a clump we assume a Gaussian
blueshifted to −3.5 km s−1 with a full width at half maximum
(FWHM) matching that of the CO, namely 1 km s−1 (Dent et al.
2014). For the case where H2O shares the spatial distribution of

CO, we use the same spectral profile as found for CO 3–2 (Matrà
et al. 2017a). Since the shapes of the profiles are kept fixed, the
only free parameter is the integrated flux, which is allowed to
take on negative values. In this way a Gaussian distribution of
one million values of the integrated line flux for each case is
computed, from which the 95% upper limits are derived.

3.2. Upper limit on the H2O mass

To convert the upper limits on the line flux into upper limits on
the H2O mass, we use pythonradex2, a Python implementa-
tion of the RADEX code (van der Tak et al. 2007). The program
uses an escape probability formalism and an accelerated Lambda
iteration (ALI) scheme to solve the radiative transfer in the non-
local thermal equilibrium (non-LTE) regime, given the total gas
mass, and the densities and kinetic temperature of the colliders.
In this way we are able to calculate the expected line flux for a
given ortho-H2O gas mass. To convert to total gas mass, a H2O
ortho:para ratio of 3:1 is assumed.

The code assumes a uniform, spherical geometry (we choose
a radius of 30 au) and that the line profile has a boxcar shape (we
choose a width of 1.5 km s−1). Our model is thus not fully self-
consistent, since we used different line profiles to compute upper
limits on the line flux (Fig. 1). The assumption of a spherical
rather than a flattened, edge-on distribution may be relevant if
the emitting region is optically thick. We study this possibility in
Sect. 5.

We assume that electrons are the only relevant colliders
with H2O (e.g., Kral et al. 2016). While a certain amount of
hydrogen should also be present (e.g., from H2O photodis-
sociation), the collisional excitation rates with H are several
orders of magnitude lower compared to electrons (A. Faure, priv.
comm.). We use excitation rates from the LAMDA database3

(Schöier et al. 2005) published by Faure et al. (2004), supple-
mented at kinetic temperatures below 200 K with unpublished
data (A. Faure, priv. comm.). In the low-temperature regime
the data consist of excitation rates of transitions between the 14
lowest-lying levels of o-H2O, while the high-temperature regime
includes 397 additional levels for a total of 411. The o-H2O
110–101 emission line corresponds to the transition between the
two lowest levels. We confirm that no levels other than the two
lowest are significantly populated, which could otherwise lead to
fluorescence effects. In any case, if fluorescence was important,
neglecting it would result in an underestimate of the line flux
from the transition and therefore an overestimated upper limit on
the mass.

In addition to collisional excitation from electrons we also
include a background radiation field consisting of the cosmic
microwave background, stellar photons directly from β Pic, and a
model of the dust radiation field. The latter is as shown in Fig. B1
of Kral et al. (2017) and represents the dust radiation field in the
midplane of the disk at the position angle of the clump (L. Matrá,
priv. comm.). The e−–H2O collisions are by far the most impor-
tant excitation mechanism, hence including the background field
does not change the results significantly.

Matrà et al. (2017a) studied the CO J = 3–2/J = 2–1 line ratio
and found the gas kinetic temperature to be between 40 and a
few hundred Kelvin, and the electron density in the disk to be
around 102–103 cm−3. The temperature and electron densities are
degenerate with their estimates depending on the assumed mean
molecular weight of the gas. We therefore consider four differ-
ent temperatures (50, 100, 200 and 400 K) and three different

2 https://github.com/gica3618/pythonradex
3 http://home.strw.leidenuniv.nl/~moldata/
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Fig. 2. Computed o-H2O 110–101 flux as a function of H2O gas mass. Four different gas kinetic temperatures are shown; 50 K (top left), 100 K (top
right), 200 K (bottom left) and 400 K (bottom right). Solid lines show LTE calculations, while each other line corresponds to an electron density;
100 (dashed), 300 (dotted), and 900 cm−3 (dash-dotted). The horizontal lines in each plot indicate the 95% line flux upper limit obtained from the
data (Sect. 3.1). The solid horizontal line corresponds to using a Gaussian profile, and the dashed line to the spectral profile matching the CO.

electron densities (100, 300 and 900 cm−3). In addition, we also
perform a calculation assuming LTE. For a given electron den-
sity and temperature, we then compute the o-H2O 110–101 flux
as a function of mass.

4. Results

The resulting upper limit on the o-H2O 110–101 flux depends
on the assumed line profile. With all water vapour constrained
to the clump, the narrower spectral line results in a 95% upper
limit of 7.5× 10−20 W m−2, while the corresponding limit for
the broader spectral line coming from the spread-out scenario
is 1.2× 10−19 W m−2. Figure 1 shows a plot of the spectrum after
the initial processing in HIPE with the spectral lines from both
scenarios plotted at their 95% upper limit flux.

Figure 2 shows the calculated flux versus mass, as well as
the observed line flux 95% upper limits, indicated by the hor-
izontal lines. We take the intersection of these lines with the
curves corresponding to different electron densities as our o-H2O
gas mass upper limits. The measured CO mass of 2.0× 1020 kg
(Matrà et al. 2017a) is then assumed in order to calculate (T , ne)-
dependent lower limits on the CO/H2O, as presented in Table 1.
Finally, Table 2 shows the values of the optical depth at the
centre of the emission line τν0, the line excitation temperature
Tex, and the molecular column density NH2O, all evaluated at the
respective gas mass upper limits.

5. Discussion

A few different trends can be inferred from the plots in Fig. 2.
The computed line flux generally increases with both gas mass
and electron density, as one would expect. For a fixed line flux,

the gas mass decreases as the electron density increases. In the
presence of more electrons, the H2O molecules are excited more
often, and therefore fewer of them are needed to account for the
flux.

With increasing temperature, other behaviours become
apparent. Firstly, the line flux in the LTE case decreases with
increasing temperature. This is a result of higher levels becoming
increasingly more excited than the ground level, decreasing the
emission from the latter. Secondly, all curves flatten out at high
masses. This is due to the emission becoming optically thick,
and therefore more mass can be added without raising the flux.
The effect is most pronounced for high densities.

The solid-phase number ratio
(

NCO2/NH2O
)

ice in solar system
comets has been found to be between 0.002 and 0.23 (Bockelée-
Morvan & Biver 2017). Taking into account the relative atomic
weights and photodissociation lifetimes at 85 au in the β Pic sys-
tem of the two species, the gas-phase mass ratio

(

MCO2/MH2O
)

gas
is determined as:
(

MCO2

MH2O

)

gas

=

(

NCO2

NH2O

)

ice

µCO

µH2O

tCO

tH2O
· (1)

This corresponds to gas-phase mass ratios between roughly
16 and 1900, assuming continuous production.

Considering first the case of the narrow spectral line, the
observed lower limits are compatible with solar system com-
positions for all cases of electron densities ne = 100, 300 cm−3.
ALMA observations of CO lines find ne ∼ 300 cm−3 at the loca-
tion of the CO (Fig. 11 in Matrà et al. 2017a). None of the cases of
ne = 900 or the T = 50, 100 K cases in LTE are compatible with
solar system compositions, as the H2O content is too low. For
the scenario of the broader spectral line, only the two LTE cases
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Table 1. H2O gas mass 95% upper limits and corresponding CO/H2O lower limits.

T ne Max. H2O, Min. CO/H2O, Max. H2O, Min. CO/H2O,
(K) (cm−3) Gaussian profile (kg) Gaussian profile CO profile (kg) CO profile

50 100 6.46× 1017 310 1.13× 1018 177
300 2.32× 1017 864 3.96× 1017 505
900 9.68× 1016 2070 1.62× 1017 1230
LTE 4.01× 1016 4990 6.48× 1016 3080

100 100 5.13× 1017 390 8.83× 1017 226
300 1.86× 1017 1080 3.14× 1017 638
900 7.91× 1016 2530 1.31× 1017 1530
LTE 5.81× 1016 3440 9.32× 1016 2145

200 100 4.82× 1017 415 8.26× 1017 242
300 1.75× 1017 1140 2.94× 1017 681
900 7.44× 1016 2690 1.23× 1017 1630
LTE 1.07× 1017 1860 1.71× 1017 1170

400 100 5.05× 1017 396 8.64× 1017 232
300 1.82× 1017 1100 3.05× 1017 655
900 7.63× 1016 2620 1.26× 1017 1590
LTE 1.81× 1017 1100 2.90× 1017 690

Table 2. Optical depth τν0, excitation temperature Tex, and H2O column density NH2O.

T ne τν0, Tex, NH2O, τν0, Tex, NH2O,
(K) (cm−3) Gaussian Gaussian Gaussian CO CO CO

profile profile (K) profile (cm−2) profile profile (K) profile (cm−2)

50 100 4.80 9.59 3.84× 1013 7.92 11.1 6.73× 1013

300 1.64 10.9 1.38× 1013 2.67 12.0 2.35× 1013

900 0.590 14.5 5.75× 1012 0.959 15.3 9.65× 1012

LTE 6.56× 10−2 50.0 2.38× 1012 0.106 50.0 3.85× 1012

100 100 3.79 9.75 3.05× 1013 6.16 11.2 5.25× 1013

300 1.29 11.5 1.10× 1013 2.07 12.5 1.86× 1013

900 0.449 16.2 4.70× 1012 0.722 16.9 7.77× 1012

LTE 2.80× 10−2 100 3.45× 1012 4.5× 10−2 100 5.54× 1012

200 100 3.56 9.8 2.87× 1013 5.74 11.2 4.91× 1013

300 1.2 11.7 1.04× 1013 1.92 12.7 1.75× 1013

900 0.411 16.8 4.42× 1012 0.659 17.5 7.23× 1012

LTE 1.3× 10−2 200 6.37× 1012 2.08× 10−2 200 1.02× 1013

400 100 3.73 9.76 3.00× 1013 6.01 11.2 5.13× 1013

300 1.25 11.6 1.08× 1013 2.00 12.6 1.81× 1013

900 0.43 16.6 4.53× 1012 0.68 17.3 7.47× 1012

LTE 6.25× 10−3 401 1.08× 1013 9.99× 10−3 401 1.72× 1013

Notes. Each parameter is evaluated where the expected line flux is equal to the upper limit obtained using the Gaussian or CO spectral profile,
respectively.

with T = 50, 100 K lie outside the expected range from solar sys-
tem comets. As the gas is not expected to be in LTE, these two
cases seem unlikely.

The true distribution of H2O probably lies somewhere
between the two extremes we test for. It is difficult to say how
likely each scenario is, and also whether or not the lower limits
on the CO/H2O ratio will be pushed upwards by more sensi-
tive observations. Because of the possibility of discrepancies
between our derived values and solar system comet values, we
here speculate on explanations for this.

One possible explanation could be episodic gas production;
CO has a dissociative lifetime of∼50 yr, but H2O survives for
only 3.5 days. If the gas is produced in intermittent bursts with
a frequency lower than once every few days, rather than con-
tinuously, we may have caught the system at a time where
H2O is gone but CO remains. In that case another observation
made just days apart from this one could lead to very differ-
ent results. Another possibility is that low-velocity collisions
between the planetesimals can cause CO to vaporise while leav-
ing the less-volatile H2O behind (Dent et al. 2014). However,
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Fig. 3. Derived mass upper limits as a function of emission region radius
(assumed to be spherical). In our calculations, we use a radius of 30 au.
The mass upper limits are for the case of a Gaussian line profile.

since the collisions are continually taking place, the planetesi-
mals will eventually be ground down to dust grains, from which
the H2O is efficiently UV photo-sputtered by β Pic (Grigorieva
et al. 2007). A third possibility is that the clump radius is sig-
nificantly smaller than our assumed 30 au, in which case the
increased optical depth would mean that more mass can be
present without violating the upper limit on the flux, particularly
so for low temperatures. We plot the inferred mass upper limit
for the case of a narrow spectral line against emission region
radius in Fig. 3. We see that the radius would have to shrink
to less than about 15 au for the derived mass to change signif-
icantly. Finally, the non-detection of H2O could be caused by
a different initial composition of the colliders compared to solar
system comets. The β Pic system has been observed several times
to have peculiar gas abundances. Carbon is particularly over-
abundant compared to Fe (Roberge et al. 2006; Brandeker 2011;
Cataldi et al. 2018), and oxygen is likely overabundant as well
(Brandeker et al. 2016). Integrating the spatial number density
of Fe from Nilsson et al. (2012), we find the total Fe mass to be
MFe = 3.0× 1019 kg. Comparing to a possible mass range of C
(MC = [3.0 − 18.5]× 1021 kg, Cataldi et al. 2018), a C/Fe num-
ber ratio of 50–330 times solar values is obtained. Given the
different spatial distributions found for C and Fe, perhaps this
is simply a reflection of different origins, where the C could
be mostly produced by dissociation of CO and CO2. If so, the
O abundance would likewise mostly be formed by dissociation
of CO, CO2, and H2O, and an estimate of the O abundance could
be used to indirectly constrain the H2O/CO ratio. Unfortunately,
the O mass is difficult to derive since the detected O I 63 µm
emission is optically thick and strongly dependent on the spatial
distribution and excitation conditions. Other dissociation prod-
ucts that could be searched for are H and OH, both of which are
accessible for sensitive measurements at radio frequencies by the
planned Square Kilometer Array.

6. Summary

We present a HIFI non-detection of H2O emission in the β Pic-
toris system. We find the 95% upper limit on the o-H2O 110–101
line flux to be 7.5× 10−20 W m−2 or 1.2× 10−19 W m−2, depend-
ing on the assumed production region of H2O. We test for
two scenarios: one where all H2O production occurs at the
place of the previously observed CO clump, and one where the
production follows the entire CO spatial profile.

Calculating the level populations for the case of an electron
density of 300 cm−3, this is translated to an upper limit on the
H2O gas mass of (1.75–3.96)× 1017 kg, depending on both the

production region and the kinetic gas temperature, which has
previously been constrained to be between 40 and a few hundred
Kelvin (Matrà et al. 2017a).

From the mass upper limits we derive lower limits on the
CO/H2O mass ratio. Assuming again ne ∼ 300 cm−3, the ratios
in the scenario of a clump production region fall between 864
and 1140. For the spread-out production scenario, the ratios are
between 505 and 681. Since the emission is thought to origi-
nate from colliding comet-like bodies, we can compare these
lower limits to known solar system values of 16–1900 (Bockelée-
Morvan & Biver 2017). In the case of this chosen electron
density, the ratios fall within the solar system composition range.
For electron densities of 900 cm−3 and the cases of LTE with
T = 50, 100 K , all lower limits on CO/H2O in the clump produc-
tion scenario are larger than expected from solar system values,
indicating water-poor conditions. In the spread-out production
scenario, this is only true for an emission region in LTE with
temperatures of T = 50, 100 K. If the comets of β Pic are indeed
water-poor, possible explanations are episodic gas production or
simply an initial composition that is different from that of solar
system comets.

Since the now decommissioned HIFI instrument was unique
in targeting the H2O 110–101 line, more sensitive measurements
await future instrumentation. Measuring the dissociation prod-
ucts OH, H, or O could potentially indirectly constrain the water
content of the colliding comets. The future Square Kilometer
Array will be uniquely sensitive to both H and OH.
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