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Discovery of calcite in the solar type protostar NGC 1333-IRAS 4
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Abstract. We present observations, obtained with ISO-LWS, of the continuum between 50-200 um of the solar type proto-
star IRAS 4, in the NGC 1333 complex. The continuum presents an excess, around 95 pm, that we demonstrate must be a dust
feature. We compared the 95 ym excess with the calcite feature at 92 ym and find that it fits the observations reasonably well.
There may be a further contribution from hydrous silicates at ~100 um, but this seems a less robust result. The detected calcite
mass is ~8 X 1075 M, and represents about 1% of the warm (~23 K) dust mass surrounding IRAS 4. This is only the second
observation indicating the presence of carbonates outside the solar system, and the first revealing calcite in a young protostar. It
is remarkable and intriguing that in all the objects where calcite has been detected so far, namely meteorites, planetary nebulae
and IRAS 4, it represents from 0.3 to 1% of the dust mass. This new detection of calcite strengthens the claim by Kemper
et al. (2002a) that calcite formation does not necessarely requires liquid water. We suggest that calcite forms at the surface of
the grains, where water ice layers may locally have an enhanced mobility caused by heating due to hard X-rays emitted by the

central object.
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1. Introduction

Carbonates are a common mineral in Solar system bodies such
as meteorites and interplanetary dust particles (IDPs). In par-
ticular, CI carbonaceous meteorites show a complex set of
fractures filled with carbonates, hydrous calcium, and mag-
nesium sulfates. These meteorites consist otherwise largely of
layer lattice silicates. The petrographic structure of these me-
teoritic carbonates reveals an origin in hydrothermal alteration
followed by extensive brecciation on the parent body presum-
ably at the time of its formation (Richardson 1978; Macdougall
et al. 1984). The origin of the carbonate phases in the IDPs
is less clear. Given the dominance of hydrated silicates in the
IDPs with carbonates, this class of IDPs probably derives from
asteroidal parent bodies rather than comets (Sandford 1986).
Carbonates have also been discovered in martian meteorites
(Gooding et al. 1988; Gooding et al. 1991; Treiman et al. 1993)
and interpreted as one of the pieces of evidence for liquid water
(Wentworth & Gooding 1994; Bridges et al. 2001) and pres-
ence of life on Mars (McKay et al. 1996). That interpretation is
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however very controversial (e.g. Steele et al. 2000; Farquhar &
Thiemens 2000).

Apart from the detection by in sitfu analysis, as is the case
of the carbonates in meteorites, solid material from outside the
solar system can only be revealed by the spectroscopic obser-
vation of characteristic bands, either in emission or absorption.
Recent laboratory spectra of carbonates show bands in the far
infrared (~30-100 um) for some common carbonates: calcite,
and dolomite (Kemper et al. 2002a; hereinafter KIW2002: see
also Kemper et al. 2002b). This wavelength range is totally ob-
scured by the terrestrial atmosphere, and only recently spectro-
scopic observations in this range have been possible with the
two spectrometers on board the Infrared Space Observatory
(ISO; Kessler et al. 1996). As a consequence, the first detection
of carbonates outside the solar system, and specifically in two
planetary nebulae by KJW2002, has just happened this year.
This discovery represents a big challenge to theories of carbon-
ate formation, as obviously no liquid water is present in such
objects.

In this Letter we present evidence for carbonates in a
low mass protostar, NGC 1333-IRAS 4, which represents a
third specific category of objects, having physical conditions
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drastically different from both Solar System objects and the two
planetary nebulae. IRAS 4 is in fact a very embedded protostar,
surrounded by a massive envelope in the NGC 1333 cloud, be-
longing to the Perseus complex (Jennings et al. 1987). IRAS 4
is among the coldest and probably youngest protostars so far
known. It is a binary system (IRAS 4 A and B; Sandell et al.
1991) with a total bolometric luminosity of 11 L, (distance
of 220 pc; Cernis 1990), widely studied in the millimeter wave-
lengths (e.g. Blake et al. 1995; Lefloch et al. 1998). Its envelope
and surrounding is relatively rich in water vapor (Ceccarelli
et al. 1999; Maret et al. 2002; Bergin et al. 2002).

2. Observations and data reduction

The observations were performed using the Long Wavelength
Spectrometer instrument (hereafter LWS: Clegg et al. 1996)
on the ISO satellite. These observations, obtained during rev-
olution 847 in the grating mode (LWO01), were performed for
three positions. One centered on the coordinates: apy =
03"29™11.9%, da000 = 31°13/20.3”, in between IRAS 4A and
IRAS 4B, and hence the LWS beam (80”) includes both
sources. The other two positions targeted the red-shifted and
blue-shifted lobe peaks of the outflow powered by IRAS 4:
NE-red (02000 = 03h 20m 15.68, 52000 = 31°14 40.1”) and
SW-blue (@200 = 03"29™06.6%, 62000 = 31°12708.7”). At
all three positions, the full LWS wavelength coverage was used
(43-196 pum), with a resolving power of about 200. The cen-
tral position observation is made up of 30 scans while both
“off” position observations consist of 10 scans, all of them
sampled at 1/4 of the grating resolution (0.075 ym in the 43—
92 um range and 0.15 ym in the 92-196 um range; Gry et al.
2001), yielding integration times per spectral element of 48 s
for the central position and 16 s for the two off source posi-
tions. The data processing was carried out using a new rou-
tine of the LWS Interactive Analysis (LIA) software, allowing
the correction of the detector’s transient effects (Caux 2001).
However, we emphasize that the derived continuum spectrum is
substantially identical to that obtained when the standard ISO-
LWS Off-Line Processing software (OLP v10) is used. The
final analysis was made using the ISAP package, to remove
bad data points at the edges of each detector, and to perform a
“stitching” of the individual detector spectra. ISO LWO1 spec-
tra are flux calibrated using Uranus, and the final accuracy on
the absolute flux is estimated to be better than 30% (Swinyard
et al. 1998).

As will be discussed in the next section, we have detected a
dust feature between 90 and 100 um. We are confident that the
observed feature is real, and is not the result of instrumental ef-
fects, for the following reasons. First, it is present whatever the
version of the OLP used. Second, spurious features have been
observed in some LWS grating spectra, but only on sources
much brighter than NGC 1333 IRAS 4. Finally, to remove sus-
picion that the feature is an artificial result of our stitching
method, note that the 90-100 um range is entirely observed by
one LWS detector, i.e. the detector LW5 which covers the range
83—-110 um. The two adjacent detectors cover, however, most of
the LW5 wavelength range: SW1 covers the 78-93 um range,
and LW4 the 103-130 um range respectively, and themselves
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Fig. 1. The ISO-LWS observed spectrum of IRAS 4 (solid line). The
dashed line shows the best fit obtained with a two (three) grey bod-
ies procedure (see text). The thin solid line shows the best fit ob-
tained adding the calcite (see text). Several lines are visible and
are marked according to the chemical species (O, C*, H,0, CO
and OH respectively).

are largely overlapped by adjacent detectors too. It is therefore
virtually impossible that the feature is artificial, caused by our
stitching method.

3. Data analysis

The resulting spectrum of IRAS 4 is shown in Fig. 1.
Superimposed with the dust continuum many lines are visible,
namely H,O, CO, OH, O and C* lines. Here we focus on the
continuum and refer the interested reader to Maret et al. (2002)
for a detailed discussion of the line spectrum.

Young protostars of the type of IRAS 4 are heavily em-
bedded in their placental envelopes, which completely obscure,
optically, the new born interior object (they are usually re-
ferred as Class O sources; e.g. André et al. 2000). Their FIR
(4 = 60 um) to millimeter continuum spectrum is often well
described by a single blackbody multiplied by the dust opac-
ity k,, which in these wavelength range is typically approx-
imated by a power law k; = ko(1o/1)® (e.g. Henning et al.
1995). The value of 5 depends on the dust composition, shape
and size (coagulation and mantle formation), and varies be-
tween 1 to 2 in Class 0 sources (e.g. Chandler & Richer 2000;
see also the theoretical study by Ossenkopf & Henning 1994).
In the following we will refer to this as a “greybody”, for
brevity, although strictly speaking a greybody has a constant
wavelength-independent opacity, whereas we use a power law
dust opacity here. Rarely is more than one greybody neces-
sary to reproduce the FIR spectrum of Class O sources (e.g.
André et al. 2000). In the specific case of IRAS 4 the con-
tinuum emission is probably contaminated by the cold emis-
sion of its parental cloud at wavelengths longer than 140 um.
We therefore modeled the IRAS 4 continuum emission as due
to two greybodies where we minimized the y?, as usually de-
fined as the sum of the squares of the difference of the theoret-
ical and observed values, normalized to the number of points.



C. Ceccarelli et al.:

Table 1. Parameters of the best fit theoretical emission, obtained by
adding up two greybodies (first two columns) and three greybodies
(last three columns) respectively.

1 2 1 2 3

7(60 pm) 030 035030 042 035

B 10 12| 10 15 12

T (K) 10 23| 10 18 23

0" 80 23| 80 4 23

Dust mass (0.01 My) | 7.8 075 | 7.8 0.03 0.75

In practice we used the following expression for computing the
theoretical continuum emission /;:

L= ) BBA.T)- (1 = exp[=7i(60 um) - (60/m)"]) - € (1)

with the sum running from 1 to 2, and where BB(4, T;) is the
blackbody at temperature 7; and wavelength A. The free pa-
rameters are the opacities 7; of the two greybodies, the power
law coefficients §;, the temperatures 7;, and the solid angles
Q ~ 9?. The best fit is obtained with the parameters in
Table 1 and it is shown in Fig. 1. The observed continuum
emission is well reproduced by adding up an extended cold
component (10 K) filling up the ISO-LWS beam and a warm
(23 K), more compact (23" in size) component. The cold com-
ponent includes both the coldest region of the envelope and the
cloud material itself, whereas the warm component is associ-
ated with the warm envelope of the protostar. The warm dust
mass is 7.5 X 1073 M, obtained assuming a mass absorption
coefficient of 4 ¢! cm? at 60 um (Ossenkopf & Henning 1994).
The uncertainty in the mass absorption coefficient is about a
factor two: the value 4 g~! cm? is the average between the val-
ues obtained by Ossenkopf & Henning (1994) for grains with
thin and thick mantles respectively, and for a medium density
of 10° cm™3, appropriate for the IRAS 4 conditions. Jggersen
et al. (2002) and Maret et al. (2002) modeled the physical struc-
ture of IRAS 4 and found substantially the same values that we
find for the temperature, extent and mass of the material form-
ing its envelope. Specifically, Jagersen et al. (2002) found that
the dust mass at 10 K of the IRAS 4 two components amounts
to 4.3 x 102 M, (compared to our estimate of 7.8 x 1072 My,
which, however, includes a larger region). Maret et al. (2002)
found a gas mass at 25 K of about 0.8 M. Assuming a dust-to-
gas ratio of 1:100 the estimate of the warm dust mass by Maret
et al. (2002) agrees extremely well with the present work esti-
mate, i.e. 7.5 X 10~ M. Therefore we conclude that the pro-
cedure we used to model the continuum gives basically correct
results.

The two greybodies reproduce, reasonably well, the ob-
served continuum, except in the 90-110 um range, which
seems to be underestimated. The best fit shown in Fig. 1 has
been obtained excluding this region, to find the best fit to the
continuum in the remaining wavelengths. Including the 90—
110 pm range results in a much worse fit to the continuum
at the other wavelengths, without improving the fit in this
range. We tried adding a third component, i.e. a third greybody,
again leaving the opacities, etc. as free parameters (Table 1).
However, this does not change the result appreciably, leaving
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the excess in the 90110 um wavelength range substantially the
same and unaccounted for. Furthermore, we find that the third
component, at 18 K, would originate from a smaller region than
that emitting at 23 K, which is not physical. The bottom line is
that the excess in the 90—110 um wavelength range cannot be
accounted for by adding a new greybody, or a sum of greybod-
ies. We also applied our procedure to the LWS continuum spec-
trum of another solar type protostar, IRAS 16293-2422 (data
taken from Ceccarelli et al. 1998), which is a Class 0 source,
in other aspects similar to IRAS 4 (see e.g. the discussion
in Maret et al. 2002). Contrary to IRAS 4, the spectrum of
IRAS 16293-2422 is well fitted by the three greybodies pro-
cedure (8, 16 and 28 K respectively) and absolutely no excess
remains in the 90-100 um wavelength range. We also checked
the spectra of the two off positions of IRAS 4. Again, we could
fit both spectra with our three-greybodies procedure and no
residuals show up in the 90-100 um range. We conclude that
the 90-100 um excess observed towards IRAS 4 cannot there-
fore be an instrumental or model problem and must be a real
dust feature.

4. Calcite

The question arises as to the carrier of this feature. Not many
solids are known to possess bands in the 90-100 um range.
As mentioned in the Introduction, KIW2002 and Kemper
et al. (2002b) presented the laboratory spectrum of several
carbonates which have spectral features at 4 > 50 um. Also
hydrous silicates are known to possess some features long-
wards 60 um (Koike & Shibai 1990). Another solid hav-
ing bands at long wavelengths is CO, but its two bands
(at 114 cm™! and 68 cm™'; Ron & Schnepp 1967) fall well
away from the observed excess. Of the carbonates reported by
KIJW2002, calcite! and aragonite are the only ones having a
band around 90 pm. Since the 90 um resonance band of arago-
nite is much weaker than that of calcite and, furthermore, arag-
onite can only be formed at high pressures and temperatures,
it is unlikely at the origin of the observed feature in IRAS 4.
Among the hydrous silicates studied by Koike & Shibai (1990),
montmorillonite is the only one having a resonance in the 90—
100 um range, but it is about 20 times weaker than the reso-
nance of the calcite in the same wavelength range.

Figure 2 shows the 90-100 pm excess in IRAS 4 and in the
planetary nebula NGC 6302 observed by KIW2002, together
with the laboratory spectra of calcite and montmorillonite. The
similarity of the spectra of IRAS 4 and NGC 6302 is striking.
Since KJW2002 successfully fitted the NGC 6302 excess as
due to calcite, we tried to fit the IRAS 4 spectrum with the ad-
dition of calcite emitting at 23 K. The result is shown in Fig. 1,
as a thin solid line. The fit improves substantially: the calcite
laboratory spectrum reproduces reasonably well the observed
90-100 pm excess. There may be a further residual longwards
of 100 um, but given the presence of several strong lines in
that range the residual may be mostly caused by those lines.

! Calcite has a second, less intense emission feature around 45 um,
but unfortunately the continuum of IRAS 4 is by far too weak to verify
its existence.
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Fig.2. The 90-100 um excess, after subtraction of the other known
dust features and continuum, of the planetary nebula NGC 6302 (top)
and the protostar IRAS 4 (middle), compared with the laboratory spec-
tra of calcite and montmorillonite (bottom).

Alternatively, montmorillonite may be responsible for this fur-
ther excess, but given the presence of so many lines in that
range it is impossible to assess the reliability of this suggestion.
We wish to emphasize, however, that montmorillonite alone
would give a much worse fit than that obtained with calcite,
mainly because the montmorillonite feature is too broad with
respect to the observed IRAS 4 excess. Although we cannot ex-
clude that the observed feature is indeed due to a different car-
rier, calcite with perhaps some montmorillonite (in a quantity
which could be up about 5 times the calcite) seems at present
the best explanation we have for it.

In order to reproduce the observed feature about 8.4 X
107> Mg (i.e. 27 Mg) of calcite, emitting at 23 K, are needed.
This is about 1% of the warm dust mass and 0.01% of the total
dust (cold+warm) of IRAS 4 (with a factor two of uncertainty).
Assuming solar abundances (Ca/H = 2x107%; Snow 1984) and
a dust to gas ratio equal to 1:100, about 40% of Ca is locked
up in the calcite emitting at 23 K. For comparison, KJW2002
found that about 30% of Ca is locked in the calcium-bearing
minerals of NGC 6302 (calcite, dolomite and diopside) and that
calcite represents about 0.3% of the dust mass (see also Kemper
et al. 2002b). The similarity of these values, within a fac-
tor 3, is remarkable and puzzling at the same time, as IRAS 4
and NGC 6302 are such different sources, with very different
physical conditions and histories. In carbonaceous meteorites,
calcite represents about 1% (Treiman 1995), which is also the
same order of magnitude that we observe in IRAS 4. Finally,
it is worth to note that on the Earth, where carbonates form ef-
ficiently, the ratio between carbonates and silicates is around
1-2%. Whether this similarity is just a coincidence, or hints to
a common formation mechanism, is impossible to say at this
stage.

5. Discussion and conclusions

As discussed in the Introduction, carbonates in meteorites have
been attributed to aqueous alteration of rocky material. On the
other hand, liquid water being absent in planetary nebulae, it is
very unlikely that the carbonates detected by KIW2002 formed
via the same route. KIW2002 suggested three alternatives, of
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which they considered the most likely to be that the plane-
tary nebulae carbonates formed at the time of the silicate con-
densation, resulting from the co-condensation of gaseous CO,
and CaO reacting at high temperatures, ~1000-1200 K (Pope
et al. 1996), and subsequently cooled down. Neither of the two
other explanations (aqueous alteration and direct condensation)
would work in the IRAS 4 case, as no liquid water is expected
to be present nor such high abundances of hot gaseous CO,
and CaO either. Here we suggest that calcite forms through
processing of CO, and H,O containing ices. Possibly, calcite
forms through catalytic reactions on hydrated silicate surfaces
(Lancet & Andersen 1970). Alternatively, calcite may form
on the grain surfaces (following another route considered and
discarded by KIW2002), where the layers of the ice mantles
directly adjacent to the grain surface could act as liquid wa-
ter. Water ices enriched in CO, would react with the Ca**
contained in the silicate lattice to form calcite. Both explana-
tions are a priori plausible in the IRAS 4 case, as abundant
(from 10 to 40% of water ice) solid CO, is usually observed to-
wards young protostars (e.g. de Graauw et al. 1996; Gerakines
et al. 1999; Nummelin et al. 2001). Note that, given the rel-
atively weak strengths of the CO, bands at 68 and 114 cm™!
(1.2 x 107" and 3 x 107" ¢cm per molecule respectively, i.e.
about 250 times weaker than the 4.6 band strength; Ron &
Schnepp 1967) the lack of CO; features in the IRAS 4 spectrum
puts a relatively poor constraint on the CO, ice column density:
<2 x 10" cm2, which translates? into CO,-ice/H,0 — ice <
0.15. This value has to be taken with caution though, as the
line strengths are uncertain by a factor three and it represents
an average along the line of sight.

Although most of the IRAS 4 dust is far colder than 190 K
(below that where the water ice mobility is expected to be virtu-
ally zero; Rietmeijer 1985), hard X-rays from the center (pro-
tostars are notorious powerful X-rays sources; e.g. Feigelson
& Montmerle 1999) may provide a local heating at the sur-
face of the grain, making the ice layers mobile. Once a hard
X-ray hits a grain it can warm up the grain locally (Léger et al.
1986; Najita et al. 2001). For example, Najita et al. (2001) esti-
mated that grains 50 Ain sizes, are heated to more than 120 K
by absorption of photons with energies >300 eV. If the grains
are larger, only small regions of the grain will be spot heated.
Again Najita et al. estimated that sub-units of the grains 50A
in size would be spot heated to more than 150 K with a de-
posit of 300 eV of energy. Smaller sub-units may reach even
larger temperature, depending on the grain structure. However,
all those numbers depend on a large number of poorly known
parameters (e.g. as the structure of the grains) and it is diffi-
cult and beyond the scope of this Letter to quantify this effect
better, but we think that grain surface formation is a possible
explanation for the calcite around IRAS 4. The same explana-
tion would apply to the formation of the hydrous silicates that
we may have detected as well. And finally, this opens up the
possibility that pre-biotic or even biotic molecules, which also

2 Taking the IRAS 4 H, column density quoted by Jggersen et al.
(2002), 2.5 x 10** cm™ and assuming a typical H,O ice abundance
containing 10% of the elemental oxygen, gives an upper limit CO,-
ice/H,O-ice < 0.15.
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need aqueous solutions to form, are synthesized on the grain
surfaces.

It is not clear at this stage whether IRAS 4 represents a pe-
culiar case with respect to other embedded low mass protostars.
A systematic search using the ISO archive is in progress to an-
swer this question. The result may also help to understand the
calcite formation mechanism. Meantime, the lack of calcite de-
tection in other protostars with strong mid-IR continua (namely
protostars more massive and/or more evolved than IRAS 4) in
the 7 um calcite band (which is three times stronger than the
92 um feature), already tell us that there is not much warm
calcite around them. Whether this has anything to do with the
formation mechanism or dust evolution is at present an open
question.
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