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ABSTRACT

We presentN-band (8-13 um) spectroscopic observations of the low-mass, embedded pr
main-sequence close binary system SVS13. Absorptionriesire clearly detected which
are attributable to amorphous silicates, crystallinetéoite, crystalline enstatite and annealed
SiO,. Most intriguingly, a major component of the dust in the dope or disc around SVS13
appears to be SiC, required to model adequately both thiént#asity and polarisation spec-
tra. Silicon carbide is a species previously detected anthé spectra of C-rich evolved star
atmospheres, wherein it is a dust condensate. It has notureenbiguously identified in the
interstellar medium, and never before in a molecular cléetdglone in close proximity to a
forming star. Yet pre-Solar grains of SiC have been ideutifleneteorites, possibly suggest-
ing an interesting parallel between SVS13 and our own S&yatem evolution. The unique-
ness of the spectrum suggests that we are either catchingg3S % & short-lived evolutionary
phase antbr that there is something special about SVS13 itself thdtemit rare amongst
young stars. We speculate on the physical origin of the msgedust species and why they
are all simultaneously present toward SVS13. Two scenar®presented: a disc-instability-
induced fragmentation, with subsequent localised heaitnorbital evolution firstly anneal-
ing initially amorphous silicates and then dispersingtieeystalline products throughout a
circumstellar disc; and a newly discovered shock-heatiaghmnism at the interface between
the circumstellar and circumbinary discs providing thestajlisation process. One or both
of these mechanisms acting on carbon-rich grain materiabtso feasibly produce the SiC
signature.

Key words: stars: formation — stars: individual (SVS13) — stars: J@da: T Tauri, Herbig
Ae/Be — ISM: dust.
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1 INTRODUCTION Chiang & Youdin 2010). It is therefore of great interest tadst
the mineralogy of circumstellar dust around young stars espr
resents the original constituents of planetesimals andenehthe
rocky planets like our own Earth.

The Nebular Hypothesis, first formulated separately in tBt 1
century by Swedenborg, Kant and Laplace, has stood the test o
time and is the generally favoured overall description ofvhibe
Solar System formed and evolved. In the young hot gaseous neb SVS13 (star number 13 in_Strom, Vrba & Stiam_1976) is
ula, micron-sized dust grains are dragged by the gas, and whe a pre-main-sequence (PMS) star (Akpin_2003) thought to be
they collide they stick with one another and grow in size hyrfo driving the Herbig-Haro objects -1 (Bachiller et &ll.| 1998)

ing fluffy or porous aggregates (elg.. Weidenschilling 2000; Poppe near the reflection nebula NGC1333 in the Perseus molecular
M). Although the details are still being worked out (see,e cloud. The bolometric luminosity is estimated to b&2 L
Chiang & Youdirl 2010), those aggregates continue to growoby ¢ (Molinari, Liseau & Lorenzetti 1993; their estimate of 11% at

lision until they become: 1 km in size (now called planetesimals), 350 pc scaled to an updated distance of 23B pc, l.

at which stage gravity takes over and finally ‘runaway’ growt M) Its optical and infrared brightnesses increasediden

of a few bodies leads to planet formatil@ ably sometime between 1988 December and 1990 September
(Eisloffel et all 1991). The brightening was wavelength dependent,
with the object becoming bluer as it underwent the changenEv
after this period of relatively large increase in bright@m, ~

* Based on data collected at Subaru Telescope, which is epebstthe

National Astronomical Observatory of Japan. 33 mag,Amg ~ 1.2 mag.l), SVS13 showed a
+ E-mail: tak@subaru.naoj.org quasi-periodic near-infrared (NIR) brightness fluctuaticith am-
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plitude ~0.5 mag and cycle’500 days between 1990 October and
1993 Decembet (Aspin & Sandell 1994).

The 2.3um CO overtone band-heads, indicative of the pres-
ence of hot £3,000 K) and dense>( 10'° cm™3) molecular
gas jita_2004), probably in the shape of a
circumstellar disc, have been observed in emis(;19
Eisloffel et al! 1991); Biscaya et/al. 1997; Carr et al. 2004). The CO
band emission also displayed variability on timescaleshast s
days (Biscaya et . 1997).

SVS13 is associated with a centimetre source (VLA 4,
[Rodriguez, Anglada & Curiel 1997) which has been resolved i
a close binary (VLA 4A & VLA 4B) separated by0.3 arc-
sec, first at 3.6 cm_(Anglada, Rodriguez & Torrélles 200@nth
at 7 mm (Anglada et 4. 2004). Although VLA 4A and 4B ex-
hibit similar flux densities at centimetre wavelengths, VAR is
the dominant object (by a factor of more than 2) in the milime
tre range with its spectral index at these radio wavelengtbst
probably arising from thermal dust emission (Anglada ¢ ).
The opticagINIR source SVS13 has been associated with VLA 4A
by these authors based on older optical data; however, thecen
[Hodapp & Chirli (2014) identified SVS13 with VLA 4B, this time
using the newer and more (both photometrically and astndmet
cally) accurate 2MASS catalogue (also, the epoch of the 2B1AS
observations happens to fall between the epochs of the tio ra

N-band low spectral resolutionrR( ~ 250) mode of COMICS
utilises two Raytheon 32240 Si:As IBC arrays, one as a slit-
viewer and the other spectrometer, and both are cooled byra Su
itomo 4-K Gifford-McMahon-type cryo-cooler but usually operate
at around Z8 K because of the self-heating. We used a 2-pixel
wide slit to achieve the spectral resolution®f~ 250 in theN-
band. The pixel scale of the spectrometer in the spatial msine

is 0.165 arcsec so the slit width translates to 0.33 arcseichws
comparable to the firaction-limited image size at 10m at 8-m
class telescopes.

Data reduction was carried out using thef] data reduction
and analysis package. The chop-subtracted 2-D spectraflaere
fielded and then geometry distortion corrected. Waveleogfibra-
tion was achieved using numerous telluric emission linesent in
the N-band. For flux calibration and telluric absorption coriect
we also observed a Cohen standard star HDZOM etal.
@). We furthermore imaged both the target and standahder
different bandsA, = 8.8, 11.7, and 12.4um) to rectify possible
slit efficiency discrepancy. The images of SVS13 and HD20644,
in terms of their point-spread functions, were very simitaeach
other at all three bands [i.e., SVS13 is unresolved. Indesen
observing in the spectroscopy mode, the slit was set to rst- Ea
West (instrument PA= 90°) in an unsuccessful attempt to resolve
the close binary]. In fact, both sets of images of the targetthe

measurements that discovered and then confirmed the clese bistandard at longer wavelengths, i.e., at 11.7 and fiéh4at which

nary). The separation-Q.3 arcsec), at the assumed distance to the
object of 235 pc, translates to 71 au, or slightly outsidekthiper
Belt in our Solar System.

The first published mid-infrared (MIR) photometry of
SVS13 was conducted pre-outburst (Cohen & Schwartz |1983;
Harvey, Wilking & JOM 192_3]4). A decade later, without the krlow
edge of the brightening, Liseau, Lorenzetti & Molinari (29®b-

tained 10pm measurements but did not find thefeience (from
10 years before) substantial. The fildtband (813 um) spec-
troscopy (in fact, spectro-polarimetry) of the object wasfprmed
by .@3), using the UCL spectro-polarimetertioe
3.8-m UKIRT with an €fective beam diameter of 4.3 arcsec and
spectral resolutiolR ~ 40. They remarked that the polarisation
spectrum of SVS13 is ‘unusual’, in that it peaked betweenrid a
12 um, not at the characteristic wavelength of 1018 for silicate
grains. Nevertheless, they considered the polarisatianise from
dichroic absorption, albeit by an unusual composi.
) re-analysed the same data-set fe99
publishing the ‘unusual’ spectrum for the first time (seeoals
['20d0). They concluded that the double-trouwgpsd
intensity spectrum and the unique polarisation spectrumaotcey
be satisfactorily modelled using inclusions of SiC in an gohous
silicate matrix (this point will be discussed in detail§A.1.2.1).

In this paper, we present the results of niewband spectro-
scopic observations of SVS13. The dust mineralogy in thaioir
stellar environment is investigated by fitting various deistissiv-
ities to the spectrumyB.2). We also discuss dust components that
comprise the best-fit modef4. 1) and suggest their possible origins
(§42).

2 OBSERVATIONS AND DATA REDUCTION

they are even less susceptible to seeing because ofitsvave-
length dependence, show the first Airy disc, a clear sign ef th
diffraction-limited condition. We therefore conclude thatyoahe
star (VLA 4B) in the close binary system has any MIR emission
associated with it. Hodapp & Chirli (2014) could also only fand
single object in their laser-guided adaptive-optics &sdisl- and
K-band images. As such, in the final stages of the data reduictio
three pixels in the spatial direction were simply summediug,
3x0.165~ 0.5 arcsec) to improve the signal-to-noise ratio.

3 RESULTS AND MODEL FITTING
3.1 Spectrum

Figure1 shows the COMICBS-band spectrum of SVS13. Note that
error-bars only represent the standard deviation in thebsiok-
ground and not the uncertainty in the absolute flux calibrati
which would probably amount to about 10 per cent (most of twhic
approximately 4 to 7 per cent, originates from the uncetyamthe
Cohen flux standard template at these wavelengths).

The double-trough shape described in the Introduction is
clearly apparent; however, at the spectral resoluien250, it re-
markably becomes a triple-trough, with a hump at around.@n5
The first general dip is most likely caused by the silicategfitson,
while the second, with its deepest part at aboutdt, could be due
to the presence of SiC, as argue999). Tdte h
est spectral resolution so far attained on the object by GTBJI
compared to the relatively low resolution of UCLB | 40, see
fig.3(b) in[Wright et al. [(1999) and fig.2.4 al. (2D
displays finer details not previously seen, which will béiseid be-
low for model fitting.

Table[l summarises the observations of SVS13 and the sthndar 1, s distributed by the National Optical Astronomy Observiets

star HD20644. All measurements were made using the MIR imag-

ing spectrometer COMICM@OOO) at the Casisegra

which are operated by the Association of Universities fosédech in
Astronomy, Inc., under cooperative agreement with the dwati Science

focus of the 8.2-m Subaru Telescope on Mauna Kea, Hawaii. The Foundation.

© 2014 RAS, MNRASOOO [THI5



Mid-infrared spectroscopy of SVS133

Table 1. COMICS observation log of SVS13 and the standard star HD20Bdegration is the total on-source integration time ioogels, and PA is position

angle of slit in degrees, measured East of North.

Date Object Band Integration PA Airmass
(um (sec) ()
Spectroscopy
20091103  SVS13 N 994 90 1.2242.125
HD20644 N 65 0 1.072>2.659
Imaging
200911/03 SVS13 N8.8 401 - 1.081-1.092
N11.7 401 - 1.102-1.113
N12.4 401 - 1.149-1.163
HD20644 N8.8 22 - 1.059
N11.7 21 - 1.038
N12.4 21 - 1.047
26 of ISO encompasses a number of asymptotic giant stars (i.e., the
2.4 - most probable source of meteoritic SiC grains, )
=, | identified in several catalogues (Blum. Sellgren & Dépoy €199
& Ott, Eckart & Genzel 1999; Clénet et al. 2001; Blum et al. 200
T 2 N We therefore suspect it may be contaminated and so may netrep
§ 18 sent the pure ISM extinctioh. Whittet et 90) studiedband
56l ﬁww spectra of 10 GC sources from Roche & Aitken (1985), whichewer
2 7 obtained using the UCL spectrometer with a moderate beam-dia
O 14— M n eter of 4.2 or 4.3 arcsec, thus those data should be lesgpsibbee
121 MMM i to contamination by source confusion. Regardless of itstence
N | | | | in the ISM, it has never been detected in the circumstelbairem-
8 9 10 11 12 13 ment of young stafé The emissivity has been derived by dividing
Wavelength gm) the observedN-band spectrum of the carbon star Y-Tau by a 800-K

Figure 1. COMICS N-band spectrum of SVS13. Note that error-bars only
represent standard deviation in the sky background.

3.2 Model fitting
3.2.1 Dust species

Selecting dust species can be subjective exercise but sraored
by those historically identified in astronomical spectraasr(pre-
Solar) components of meteorites and interplanetary dusic|ess.
We therefore restrict ourselves in using the following dspstcies
and their combinations.

(i) Amorphous (astronomical) silicatdas represented by the
Trapezium emissivity, Forrest, Gillett & Stein_1975). Adthgh
their specific mineralogy has been extremelfficillt to identify,
they are the most abundant dust grains in the interstellaiume
(ISM; e.g., Molster, Waters & Kemper 2010). The emissivigsh
been derived by dividing the observédtband spectrum of the
Trapezium region al. 1975) by a 250-K Planckkblac
body function 5).

(i) SiC (carbon star emissivity, Aitken etlal. 1979). It is a ma-
jor component in carbon-rich stellar ejecta (e.q..ffenes & Cohel
@) and is also found in meteorites as pre-Solar (protmtite-
Solar-System) grains (e.d., Bernatowicz et al. 1987); heweit
has never been observed in the ISM_(Whittet, Duley & Martin
m). We note that, using an Infrared Space Observal®@) (
SWS spectrum, a later study (Min eflal. 2007) has found some ev
idence of the existence of SiC grains in tReband ‘ISM’ absorp-
tion feature in the line of sight towards the Galactic CelfGE)
source Sgr A however, the large beam size (¥420 arcset)
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Planck black-body functi079).

(i) Crystalline silicates (aerosol forsterite and enstatite,
Tamanai et &l!_2006). ThéSO ‘crystalline silicate revolution’
revealed they are frequently present in stars young and old
(Jager et All_1998). Nowspitzerhas both expanded and refined
the crystalline silicate database (elg.. Olofsson let @09P0how-
ever, once again, they have never been identified in tfesdi
ISM (Kemper, Vriend & Tielens 2004) [a caveat here is that the
work of [Min et al. @7) mentioned above used the same data-
set from|Kemper et al| (2004), i.e., tH8O SWS spectrum of
the GC source Sgr A which may not describe the true na-
ture of the ISM dust grains]. The two most abundant crystalli
silicate species are forsterite (W®O,) and enstatite (MgSi§)
.mO). Commercially available crystallinécate
dust powders were dispersed into a nitrogen gas stream abecre
non-embedded, free-flying particle samples for infraretthetion
measurements (Tamanai ell al. 2006).

(iv) Amorphous and annealed SiFabian et dl. 2000). Itis one
of the most abundant compounds in the Earth’s crust butatsifes
have not been observed in thefdse ISM (see e.e
@). It has however been identified in a number of protagikany
discs around young stars (elg.. Sargent et al. 2009a). Eanits-

talline component, we use the nano-particles of precggitailica

annealed at 1,220 K for 5 houts (Fabian ét al. 2000).

2 An over-abundance of carbon has been reported in the deistdsoti
the archetypal young sta@-Pictoris 06). Although SiC
is not explicitly referred to, it may be posited that one of thost likely
compounds which could form in such a carbon-rich atmosptsesdicon
carbide.
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Figure 2. Normalised emissivitigabsorption coféicients of the selected
dust species (see text).

We use either empirical (amorphous silicates and SiC) or
experimental (crystalline silicates and amorphiansealed Sig)
results on an ensemble of presumablyfedently shape@ized
grains. This approach is slightly varied from a number ofeoth
mineralogical studies which usually adopt some opticalstamts
and shape distributions to calculate absorptionfitments (e.g.,
Bohren & Hufman 1983). It is unrealistic to expect dust grains to
have regular shapes and indeed a sample of interplanetdigl¢m
consists of irregularly shaped porous aggregates (se
). Also, SVS13is polarised in the MIR (i.e., alignedtesical
grains must be prese993), hence we cansidge
approach to be at least a more pragmatic one. Normalisediemis
itieg/absorption coicients of the materials used in this study are
shown in FiguréR.

3.2.2 Model
The fitting function can be expressed as
FpocBy(T)xe®

whereB,(T) is the Planck black-body function at temperattie

a = Zik=1 7; is the total optical depth df absorption components
andr; is the optical depth of each component. In order to keep the
fitting as simple as possible, we did not consider, for examah
extra black-body component, self-absorption of a dustispgetc.

We used anrar task specfit (Kris$ [1994) to fit the emis-
sivitiegabsorption coicients. The fitting results are summarised
in Table[2. As the Planck black-body function is always pnése
we distinguish between each model with the number of absorp-
tion componentskicomp, wherek is the number of dferent dust
species) and the names of specific absorptive ingrediedexiddm
and cr stand for amorphous and crystalline, and Trap Trapezi
(amorphougstronomical silicates), foffe forsterite, engen en-
statite, respectively. Every model is also given a unigpbabetical
identification index (A1), as listed at the beginning of leaow].

The goodness of fit is given by the reduced chi-squegfes
x%/v, wherev is the number of degrees of freedom. Since there is
only one emissive component (a black-body) and the restlare a
ways absorptive, which all naturally come after the blaokiyh the
order in which the absorptive components appear should atiem
(i.e., they are commutative). We have indeed obtained kyxtm
same results (minimuy? andr values) even when the order in the
component list was altered. It is interesting to note thaemvthe
SiC (plus Trapezium) emissivity is combined with only one of the
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Figure 3. Upper panel N-band spectrum of SVS13 overlaid with the best-
fit model (solid line).Lower panel Fitting residual plot.

crystalline silicate species (forsterite or enstatitegirt best-fit pa-
rameter values are rather uncertain [by more than 10 per seat
models C (2-compcr fors) and D (2-compcr enst) in Tablé12];
however, when all three (SiC, crystalline forsterite andtatite,
plus Trapezium) are combined, their best-fit values becomefsigni
icantly more certain [by< 5 per cent; see model E (2-comgr
fo&en)]. This is most probably a manifestation of the facttit
takes all three emissivitigabsorption coficients to fit well the
complex spectral shape longward~af0 um.

The general trend is clearly such that the more components
there are, the better the fit, as one might expect. Howevstojits
when both amorphous and annealed SiéPe added to the mix.
Were the trend to continue, one would have expected to otitain
smallesty? for the combination that involves all the dust species
considered in this study. Not only djgf not improve but also the
contribution from amorphous Sghecame insignificant (in addi-
tion, its best-fitr is poorly constrained, with the associated uncer-
tainty at nearly 30 per cent, while all the other values shea+ r
sonable certainty at well below 10 per cent). Combiningetasl-
ings with the fact that adding annealed $i@one gives a better
fit than the amorphous counterpart in its place, we considetein
G (4-comprcr SIO;, i.e., a black-body, amorphous silicates, SiC,
crystalline forsterite and enstatite, plus annealed,Bite best-fit
model with the fewest number of components. Fidgdre 3 showss th
N-band spectrum of SVS13 overlaid with the best-fit modelidsol
line).

The model's ability to reproduce fine structures, especiall
the longward of~10 um, is remarkable, considering the complex-
ity of the spectrum. The only obvious shortcomings of the etod
prediction are: the slightly shallower slope towards thersknd
of the N-band window; not reproducing well the shape of the
8.3-um absorption feature; the slightly deeper absorption atiabo
9.1 um; slightly shallower absorption at around Qué; not pre-
dicting adequately the sharpness of the Loni-absorption signa-
ture, et cetera (see also the fitting residual plot in the tquemel
of Figure[3). However, it has been known for some time that, fo
laboratory measured absorption spectra of dust speceemethod
of preparation of dust samples is critically important. leeam-
ple, hand-grinding and ball-milling will produce fiérent results
). Annealing processes (dfeatient temperatures
and for diferent durations) alsaf@ct the outcome and depending
on the treatment, peak positions and full-widths at halkimam
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Table 2. specfitresults of various model fitting (see text for details). In@on 1, alphabetical model IDs and names of various modstsudsed in the text
are listed. The goodness of fii2, is given in Column 2. In Columns 3, the black-body tempeatin K) is given. In Columns 4-15, optical depths of each
dust component and their associated uncertainties (giyepécfit converted to per cent) are listed.

Model X2 T(K) Trap err  SiC err  Crfo err  Cren er AmSO err CrSiQ err
A 1-comp 30.0 319 1.11 2%
B 2-comp 10.5 298 0.94 1% 0.18 4%
C 2-comprcr fors 8.33 300 0.86 1% 0.14 13% 0.08 34%
D 2-comprcr enst 6.51 301 0.66 4% 0.18 13% 0.23 13%
E 2-comprcr fo&en 3.74 302 0.55 2% 0.15 4% 0.10 5% 0.24 1%
F 4-compram SiQ 195 313 056 <1% 0.17 2%  0.12 4% 0.24 2% 0.15 6%
G 4-comp-cr SIO; 1.67 309 0.60 1% 0.18 3% 0.11 5% 0.21 5% 0.16 2%
H  4-compramé&cr SiQ 1.67 310 059 <1% 0.18 3% 0.11 6% 0.21 3% 0.02 29% 0.14 4%
| G-SiC 14.7 314 0.56 <1% 0.18 4% 0.23 4%

of dust features will dfer, sometimes significantlal.
2010; see alsb_Fabian ef al. 2000). When these further ccanpli
tions are taken into account, it is even more impressive hovd g
fit the selected model components provided, consideringdhe
plexity of the features modelled and the limited number o$tdu

SiC grains (and many others) have been found (e.g., in a carbo
ceous chondrite Murray by Bernatowicz et al. 1987) so sons¢ du
grains must survive the harsh ISM.

SiC has in fact also been suggested as a dust component in

a number of comets (Orofino, Blanco & Fonti 1994). Good fits to

species required. In the following discussion, we assuraettie
dust components present in the best-fit model exist in troeici
stellar environment of the PMS star SVS13.

4 DISCUSSION
4.1 Dust species (revisited)
4.1.1 Amorphous (astronomical) silicates

As mentioned earlier, they are the most abundant dust spiediee
diffuse ISM

diffuse ISM (e.g._Whittbt 2003), although identifying theiresp
cific mineralogy or composition has traditionally been ertely
difficult, especially if accompanying 20m data is not available.
Most, if not all, astronomical mineralogy studies contamos-
phous silicates in one form or another (see, for examplel tab

IMolster et al[ 2010). Therefore, it is not surprising tha #mor-

phous silicate absorption appears prominently inNkieand spec-

trum of a young star. However, we do not attempt to associate i

with a particular mineral, but rather use a generic reprtasiem
of amorphous silicates in a star-forming region as proviogthe
Trapezium emissivity.

4.1.2 SiC

Silicon carbide has never been observed in thBusié ISM

[_2010). The broad, smooth absorption lo
feature arising from the SO stretching mode, peaking at about
9.7 um, is the strongest and best studied infrared feature in the

the N-band spectra of three comets (HRlley, G1987 P1 Brad-
field, and 19861 Wilson), which all exhibited two broad peaks-
tred at about 9.7 and 114B'n|3 were obtained using a laboratory
measured spectrum of synthetic amorphous olivine (i.Bcase,
| 1991) and the complex refractive index-&iC from

8). It should be noted, however, that the {Lin3-
feature in comets has generally been attributed to crirstadiili-
cates (e.g., for Halley’s comet, Campins & Ryan 1989). Witike
available data is limited to th&l-band spectrum alone, its iden-
tification unfortunately remains rather ambiguous as thgjna-
tures are often overwhelmed by that of amorphous silicidesy
when measurements at other wavelengths (especially @at28nd
nger) are on hand, the crystalline silicate assignmenbies
more robust (e.g., for Comet Hale-Bopp using I8® SWS data,
Crovisier et all 1996; 1997). Those three comets (and HalgpB
also) are all long-period Oort Cloud comets which are théough
have originated just beyond the ice giant formation regiohg au,
Charnoz & Morbidelli 2007} Levison et al, 2008).

The most conclusive evidence for the presence of pre-Solar
SiC grains in comets came from dust samples, captured and re-
turned to Earth by NASA's Stardust mission to Comet &%) 2
(Messenger et al._2009), which belongs to short-period tdupi
Family of comets (JFCs), which are likely to have formed ia th
Kuiper Belt ¢z 30 au). The discovered 300-nm SiC grain is unique,
in that it is the only pre-Solar grain so far found in the silaerogel
dust collector, possibly reflecting the complex preparateguired
for the aerogel track analys @013), and neSptar
SiC grains have yet been detected in the impact craters csuthe
face of exposed aluminium foils. The abundance of pre-Ssi@r
grains in 81PWild 2 has been estimated to bd5 ppm (Floss et .

_0), although it is produced in carbon star 2013), which is consistent with that in insoluble organictiera

ejecta and is undoubtedly injected into it. So where does it
go? One simple explanation may be that dust grains are de-

stroyed in the ISM by, for example, supernova shock waves, (e.

Jones, Tielens & Hollenbdth 1996). If the substantial gapéen

residues from a number offtérent classes of chondritic meteorites
(10-55 ppm| Davidson et &l. 2009). These findings reveal that SiC
grains must have been available in a wide range of distamogs f
the Sun, from the carbonaceous chondrite formation regidheo

the dust lifetime ¢10° yr, [J [Jones et al. 19b4: 1996) and the dust inner few au to the comet-forming outer reaches of the pSutar

injection timescale (from dust formation in the outflows gird
stars to being incorporated into new star-forming regier€? yr,

Dwek & Scalo| 1980; Jones & Tieléns 1994) is valid, then SiC

grains may also have been destroyed, hence no . &iC fea-
ture detected in the ISM. However, as mentioned earlierSmiar
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nebula.

3 Comet Wilson showed an extra, unidentified emission featiground

12.5um but it was omitted from fitting procedu994



6 Fujiyoshietal.

Interestingly, pre-Solar SiC grains found in another cagbo
ceous chondritic meteorite Murchison, for example, sholitéd
evidence of scarring (Bernatowicz eflal. 2003) due, forinse, to
grain-grain collisions. Were the interstellar environin@ndestruc-
tive as it has been described (e.g.mﬁ 1996) hsie
marks should certainly be present. Then again, whethertgycaia
survives is probably largely statistical in nature and ip&haps
only natural that those that do show little damage. Nonetisl
when Jones & NufH (2011) re-examined the dust lifetime using
vised uncertainty estimates, they found it to be companatitethe
dust injection timescale.

\Whittet et al. [(1990) proposed an alternative solution ® th
missing SiC problem: oxidation. They argued that the efe&iC
grains could be selectively destroyed by surface oxidaitiothe
O-rich interstellar environment. Indeed, partial oxidgeis on
some pristine pre-Solar SiC grains from the Murchison nréto
have been reporte rmann & Bernat Olrda)
volatilisation experiments of SiC grains under Solar nalike
oxidising conditions [ (Mendybaev et/al. 2002), either comtius
or partial SiQ layers are formed, depending on oxygen fugaci-
ties (continuous at higher and partial at lower fugacit@smore
and less oxidising, respectively). Similarly, though mbly un-

intentionally, an oxide layer had grown on the surface of SiC (1,040 K,

voked to account for the lack of the 11.3n SiC feature in the
diffuse I1SM ((Frenklach, Carmer & Feigelson _1989; Kozasalet al.
). As SiC grains formed in the vicinity of carbon-riclarst
travel further away and become cooler, a carbon layer dpselo
on the grains and hides the SiC feature. Such scenario was in
fact briefly mentioned b90), and unlike tx-

ide coating discussed earlier, the carbon mantle seemp(wess
successfully the 11.8m signature[(Kozasa etlal. 1996; Papdular
2008).

A short letter has been published in a surface science
journal that reports the dissolution of the amorphous aarbo
layer into the SiC core, when the core-mantle grain was deate
to 600C (873.15 K) under high vacuum (% 108 Torr,
[Kimura, Saito & Kaittl 2003). At 800 (1,073.15 K), the surface
layer completely disappeared without altering the latsitecture
of the particle. Somewhat surprisingly, they have furthesesved
that when the SiC grain was cooled back to room temperature,
still under high vacuum and thus without any significant eomt
inants, the amorphous carbon coating re-emerged (i.eprtuess
is reversible| Y. Kimura et al. 2003). The temperature redcim
their experiment (1,073.15 K) is above the glass transttomper-
ature of amorphous analogues of enstatite (MgS@mposition
11). As crystalline dust speaegs{

nano-particles after they were taken out of a vacuum chamber talline forsterite and enstatite, and annealed ,Sik@e §4.1.3 &

(Clement et dl_2003). However, even though a Si&yer does

[A12) are also present, temperatures reached in the ctelian

add new features due to the presence of the mantle matérial, i environment of SVS13 must have been high enough to produce

does not appear to suppress very much the Lin3SiC feature
en 2004; Zhang, Jiangl& Li 2009).
study to | Croatethl. | (2010a),
nn [ (2009a) and
t. Lebsack & Bernatowicz | (2010c) identified coatings
mainly consisting of carbonaceous material on the surfaserne
pristine pre-Solar SiC grains also from Murchison. Funthere,

In a similar

once again from the same meteorite, some graphite spherules
were found to contain SiC graing_(Bernatowicz etll. 1996;
ICroat & Stadermann__2006; _Hynes, Croat & Bernatowlcz_2007;

Croat, Stadermann & Bernatowicz 2008; roat & St rimann
12008; | Croat, Stadermann & Bernatowicz | 2010b).  Such

SiC-containing graphites have also been found
ples from another

SiC-containing graphites are quite significant as they dearc
evidence that pre-Solar SiC grains either formed earlien thr at
about the same time as the graphites. One spherule in particu

(only one of a kind so far), discovered by Croat & Staderrmann

@), houses a SiC grain at its centre, most probably atidig
the central SiC acted as a nucleation core (i.e., SiIC may beee
formed first). It should be noted, however, that the numbei6f
inclusions hitherto found is rather limited; only about azelo
graphite spherules that contain SiC grains have been ezp(ste
references listed above), whilst graphites with interrealbes
(predominantly Ti08) numbed0 to date, despite
the fact that the abundance of Ti is very much lower than th&t.o
These results (the scarcity of SiC-containing graphited an

in sam-
meteorite, Orgueit 09b;
[Croat, Bernatowicz & Jadhal 2014). The discoveries of these

those and remove the carbon coating from the SiC grains. lUnde
presumably much more severe conditions encountered, tbe-am
phous carbon layer could still be absent from the SiC cor@ eve
at suficiently low temperaturesg(100 K at> 15 auJ Poteet et Al.
) for the grains to exhibit the SiC absorption featurecdd
tha.@g) concluded that SiC grains are niketyl
to be included in an amorphous silicate matrix (see #60.2.1).
To our knowledge, it has never been established whether the
re-heated SiC particles would exhibit (in absorption) éyathe
same feature as that seen towards carbon stars. In any évent,
is known to vary somewhat from one carbon star to another; so
much so thal, Speck, Thompson & Hofmeister (2005) have doine
a term ~11-um feature’ (i.e., with the approximation mark™
and fewer significant figures) to emphasise its variabitgo, a
self-absorbed SiC band has been detected towards extrame ca
bon stars|(Speck, Barlow & Skinner 1997; Justtanontlet 2719
Hony. Waters & Tieleris 2002), where amorphous carbon might b
expected to dominate. Therefore, although this scenaesu(¥
gence of the SiC feature in a warm environment) may plausibly
explain the situation in SVS13, it should be treated withticeu
However, we highlight the fact here that if we take out the
SiC component from the best-fit model €l G — SiC = a black-
body, amorphous silicates, crystalline forsterite andaahe)ﬁ the
resulting fittingy? value (14.7) is better than that for the most basic
model A (1-comp= a black-body plus amorphous silicates; 30.0)
but worse even than the one for the simple model B (2-camp
a black-body, amorphous silicates, and SiC; 10.5), sigmifyeed
for the SiC inclusion. See Figuré 4 which compares modelstH.an

much more numerous TiC inclusions) can be explained by a rel- Itis clear, apparentin the residual plotin the lower patfe the fit

ative condensation sequence of solids in carbon star owtflow
in conditions typically found for carbon stars, the condens

tion sequence is_thought to be TiC, graphite, and then SiC 4 When SiC was taken out of the best-fit model, the contribufiiom an-
(Lodders & Fegley 1995). There have however been some SUg-peqjed Si@ became rather insignificant or even negative (i.e., turmeid-e

gestions that, under certain circumstances, SiC is forngdré

sive). We have therefore decided to exclude it from the {jt{mocedure

graphite |(Chigai & Yamamotb 2003; Yasuda & Kozasa 2012). In in this test case. The inference drawn in this section wotildbe valid

fact, condensation in this order (SiC before graphite) fenbn-

regardless of the crystalline Si@nclusion.
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Figure 4. Upper panel N-band spectrum of SVS13 overlaid with models
B and |.Lower panel Fitting residual plot for the two models.

for model | becomes much worse than that for model B longwérd o
~10 um, especially around 11.3m, where the contribution from
the SiC emissivity is significant.

4.1.2.1 Polarimetry perspective Similar to the conventional
spectrum, the MIR polarisation spectrum of SVS13, firstused
inIWright et al. (1999) and Smith etlal. (2000), is perhapsmiwst
unique ever observed (see Figures 5[@nd 6). Given the peaksocc
beyond 11um and the overall profile has an approximate ‘tilde’
shape, properties similar to those predicted for polaresagssion
(Martid (1975 AitkeH 1989), at first glance it is not even aims
whether the spectrum is representative of dichroic absorpt in-
stead polarised emission. Also, that the total flux dengigcgum
is obviously dominated by absorption does not necessariphj
the polarisation profile would also be indicative of absiamt In-
stances can occur where the polarisation is dominated bgsémi
but the conventional flux density shows deep absorption flacte
first predicted b79) and seen in a few sourcgs (e
NGC7538 IRS1 and RCW57 IRS1/in Smith el al. 2000).

Fortunately in the case of SVS13 there is additional paaris
tion data in the NIR, up to almost 3;&n, which can be compared
with the MIR (Holloway et all 2002 and references thereinpsil
specifically the measured polarisation position angleshatwo
spectral regions are almost identicakd&0 + 5 degrees. The NIR
polarisation is almost certainly due to dichroic absomptince it
rises through the 3m water-ice band. There can be no polarised
emission through this band because the ice would obviouslyah
the 506-1,000-K temperatures characteristic of NIR emission (and
it is unclear if relevant grain alignment mechanisms coyddrate
at such a high temperature). Thus, given the equality of ds&-p
tion angles, it is very likely that the MIR polarisation isaldue to
dichroic absorption.

Having established the polarisation process as dichroic ab
sorption it remains to determine what type of dust can preduch
a unique 813-um profile, and especially a peak beyond irh.
Possible candidate carriers with bands arounduiiiand longer,
inferred in other astronomical spectra grdfound within pre-
Solar meteoritic grains, include crystalline silicatesl 8iC, as
shown in Figuré R, as well as water ice, Polycyclic Aromatic H
drocarbons (PAHSs), aluminium oxides and carbonates. Batan
models have been run for all of these potential constityeitiser
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as inclusions mixed in with an amorphous silicate host mairias
a confocal mantle coating an amorphous silicate core.

Details of the modelling will be presented elsewhere (Wrigh
et al. in preparation), but are based on the Rayleigh approxi
mation for spheroidal particles. At MIR wavelengths, adiog
to [Somsikov & Voshchinnikav! (1999), this is adequate forigra
radii (of an equivalent volume sphere) up to at least QrB,
where the relative dlierence between exact and Rayleigh solu-
tions is less than 10 per cent for the water ice coated grdins o
their work. Relevant formulae for the absorption and pski
tion cross sections of both bare and mantled spheroids aea gi
in [Draine & Lee (1984) and _Lee & Draine (1985), whilst those
for an ‘average’ dielectric function of a mixture, usinfextive
medium theory such as the Maxwell-Garnett rule, are pralide
[Bohren & Hufman (198B). In all cases we have used an oblate
core with principal axis ratio of 2, parameters which aresoeably
constrained from other observations (€.g.. Hildebrand &dowrah
11995] Draine & Allaf-Akbari 2006).

The amorphous silicate optical constants are those of
astronomlcal silicate’, first formulated b

) and subsequently updated by Laor & Diaihe (|1993)
Welngartner& Drainel (2001) and Draline (2003). The MIR com-

ponent of these optical data sets was constructed to reggodu
the spectrum of Trapezium, so our choice is consistent wi¢h t
emissivity function we used to model the conventional (téta
density) spectrum i§3.2.

As might be expected based on the absorptionfcients
shown in Figur&R, polarisation features of crystallineates, such
as inclusions of the crystalline olivine bf Mukai & Kolke (39),
are simply too narrow to match the observed SVS13 polaoisati
spectrum. They instead produce a spectrum which looks nikeh |
the polarisation profile of the massive embedded youngasteh-
jects (YSOs) AFGL2591! (Aitken et Hl. 1988; Wright et al, 1999
and IRAS134816124 (Wright et all 2008), two sources with a
sharp polarisation feature atl1.2 um superposed on the much
broader amorphous silicate band. Similar comments holBAdts
and carbonates. Whilst its resonance is relatively brdadjiaium
oxide inclusions merely produce a shoulder, or long-wagtle
wing, on the amorphous silicate polarisation pro.
2002).

The long-sought but rarely identified 12w librational band
of water ice, occurring betweenl2 and 13um for the crystalline
and amorphous phases respectiv 1998),hea
thought to be a strong candidate. SVS13 does have the chiaract
istic 3.1um H,O ice absorption band, whi¢h Parise €t al. (2003)
note is more like that from crystalline than amorphous iteop-
tical depth however is not particularly high, only aroun83.This
compares to values of around 1 to 3.5 in a sample of embedded
YSOs in Smith, Sellgren & Tokunaga (1989). Their study ideld
another source with an unusualB3-um spectrum, namely the
eastern component of the double source AFGL961, with aiBnl-
optical depth of 2.46.

Indeed, the only previous identification of the libratiobahd
was made for AFGL961, firstly b-@89) usimBAS and
then by Smith & Wright[(2011) for each component usBpjtzer
Th|s has recently been questioned by Robinson, Smith & Maldo
) on the basis of radiative transfer models suggedtieg
8—13-um silicate feature could be self-absorbed, leading to a lo-
cal minimum between the 10- and 20r silicate bands occurring
around 13um and thus mimicking ice absorption. However, their
models only do an average job of reproducing the overall slodp
the observed 220-um spectrum and profile of the-83-um fea-
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Figure 5. SVS13 polarisation spectrum (solid circles) overlaid wiirious polarisation models (solid lines) calculated foheyoids in the Rayleigh ap-
proximation. The data around 9i8n are compromised by telluric ozone. Insets show the opdiepth profile extracted from the conventional flux density
spectrum. The dashed line in all panels (insets) corresptntihe polarisation (absorption) expected from ‘astrocahsilicate’ 03). In (b) and
(d) are models with a mantle of amorphous (b) and crysta(lify@vater ice, and a mantle-to-core volume ratio of 0.5. Mede(a) and (c) are for silicate-ice
mixtures, again using amorphous (a) and crystalline (cjiitle a volume fraction of 0.375 and a Maxwell-Garnett mixinde for the dielectric function of
the dfective medium. In all cases the grain cores are oblate witxa ratio of 2:1.

ture. Also, they only modelled AFGL961E and not AFGL961W, volume ratio is 0.5, but in fact mantles do nofffstiently change
which has a prominent silicate emission feature but stolshthe the overall polarisation profile even up to mantle-to-cootume
same apparent absorption at1® (as well as CQice absorption ratios of 4 or more. The 10.@m peak of bare amorphous silicates
at 15um). Whatever the case, as presented in Boogert et al.|(2008),is still clear, and indeed sharper and higher than the wegepéak
there is sfficient evidence that the librational band has been de- around 12um, whilst the observed SVS13 peak lies in the trough
tected toward at least a few YSOs (although none look mueh lik between them.

Svsigitself). o . . ) On the other hand, as seen in Figlre 5 (a) and (c), a
Thus, polarisation models with water ice either as a mantle gjjicate-ice mixture can reasonably match at least the afiver

or as inclusions were attempted. Ice existing as a mantléilon s shape and peak position of the SVS13 polarisation spectaum f
icate cores is the ‘standard’ model for dust in moleculaud®  ap jce-to-silicate volume ratio of 0.375. A serious flaw how-

§e~9~lmmf‘)~ On the other hand, the idea beh@@sc  ever is that it predicts large polarisation in thep@ water
inclusions is that if silicate grains are initially porousfluffy, then ice band, e.g., an excess ef6-8 per cent over the contin-
within a cold molecular cloud (or disc) water ice may con@ens ;ym compared to an observed value<ofL.5 per cent described

to fill the pores. Alternatively, ice-mantled grains maylictel and in |Aitker (1996) and_Chrysostomou ef &l. (1996). This assume

stick together, resulting in a similar type of grain struetu that grains are small enough that the Rayleigh approximage
Whatever the case, core-mantle grains cannot produce the po mains valid at 3um, reasonable for grain sizes 0.5 um. See

sition of the polarisation peak in SVS13. See Fiddre 5, whtubws tab.2 in Somsikov & Voshchinnikov (1999), where the relexilif-

in (b) and (d) models using a mantle of respectively amorplzond ference between exact and Rayleigh solutions only incsetse

crystalline water ice (optical constants frm and 10-15 per cent at 3um for either oblate or prolate grains with an

IBertie, Labbé & Whalley 1969, respectively). The mandesore ‘equivalent volume’ spherical radius of Opn.
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Figure 6. SVS13 polarisation spectrum (solid circles) overlaid wislious polarisation models (solid lines) calculated faneroids in the Rayleigh approxi-
mation. The data around 9.8n are compromised by telluric ozone. Insets show the opligiath profile extracted from the conventional flux densigcsum.
The dashed line in all panels (insets) corresponds to theipation (absorption) expected from m@ooa}mmcal silicate’. Panels (ajc) use
SiC optical data fr008) for cubic (a), gl e-ray (b) and hexagonal o-ray (c) samples. Panel @)asSiC refractive indices from

@5), panel (e) ‘astronomical SiC’ fr @) and panel (§-SiC frommm&. In all cases the grains are oblate
with an axial ratio of 2:1.

Included in each panel of Figuré 5 is an inset showing the opti  namely: cubic (3C op) and two samples of hexagonal (6H or
cal depth extracted from the UCLS spectrum of SVS13 as preden «) for E both perpendicular and parallel to the c-axis, detitog
in .0), compared to the absorption crossaseof I.8) from single-crystal reflectance spscwpy;
the respective models. The optical depth was calculatedtgfa @-SiC in|Choyke & Palik [(1985), also from reflectivity measure
Planck function between the short and long wavelength ehtiteo ments; an ‘astronomical SiC’ from_Laor & Dralne (1993) dedv
spectrum, after correcting them for a grey component of gimis from several dierent laboratory data setg;SiC determined from
ity taken to be the Trapezium emissivities at 7.5 and 136 The particle transmission measurements and presentegou
inferred colour temperature is around 350 K, not too didsinid @).
the model-based temperatures listed in Table 2. In no caewia-
ter ice, either as a mantle or as inclusions, match the dputegzth
profile. We therefore conclude that water ice is highly uglljkto
be responsible for the unique SVS13 MIR spectrum, unlesspis
tical properties are much fierent to those used here (which are
extremely similar to those presented in many other puliingj.

All can provide good matches to the overall profile of the ob-
served spectrum, with respective volume fractions of th@ i
clusions of 0.1 for the Pitman et al. and Choyke & Palik data,se
and 0.25 for the Laor & Draine and Pegourie optical data. ghil
the models are all qualitatively similar, apart perhapsnftbe Pe-
gourie case, the best match appears to be for the 6H (hexagona
e-ray optical data of Pitman et al. (2008; FigLire 6 b). Speatif,
the wavelength of peak polarisation and the profile shap&stbf
the polarisation and optical depth more closely follow thearva-
tions.

Thus, the only remaining alternative is SiC and indeed this
provides the best match to the observed SVS13 MIR polarisa-
tion spectrum. See Figufé 6 which shows polarisation moadlels
SiC inclusions within an amorphous silicate matrix, usimg t
Maxwell-Garnett mixing rule to calculate thefective dielectric
function. Several dferent dielectric functions of SiC were trialed,

That the SiC polarisation signature dominates over that of
silicates is testament to its stronger refractive indiced band

© 2014 RAS, MNRASD00,[THI5
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strength, i.e., absorption cross section per unit volumetlleast
the crystalline samples this is accentuated by a polavisagver-

sal across the strong resonarice (MErtin 1975: Hong & Greenbe

@), which essentially subtracts polarisation from thegphous
silicate at 10um.

M), with only one recent report of clear detection of apso
tion [. 2011) to ddie fact that may or may not favour
one crystallisation mechanism over the others. Inclusidtise two
most abundant crystalline silicate species, forsteritg,@i0;) and
enstatite (MgSi@), in absorption, substantially improve the model

In the interests of completeness, we computed models with fitting in the current study. Equilibrium calculations site for the
SiC as a confocal mantle on a silicate core. These did not pro- inner disc regions{ 1 au/Gall 2004) show that these magnesium-
vide anywhere near as good a match to the observed opticalrich crystalline silicates should dominate.

depth and polarisation profiles. Similarly, models using tp-
tical data of amorphous thin films of SiC from_Mutschke ét al.
(1999) and Larruquert etlal. (2011) did not match the spebea
ing either too broad aridr peaking at the wrong wavelength.
Given their weaker refractive indices than for the crystalphases
they also necessitated a larger relative abundance of Si@-(c
pared to silicates). Finally, we replaced the ‘astronohsdaate’
with a magnesium-iron laboratory olivine, MgFe ,SiO,, from
IDorschner et al[ (1995), motivated by its good match to tifeisk
ISM MIR polarisation profile presentedm M(Md

Wright & Glassk|(2005). This provided very similar fits to thea.
In summary, both the conventional and polarisation speetra

quire the presence of a material with optical propertieshlike
SiC, inclusive of a high band strength, a central wavelemgiar
11.3 um and full width of a few microns. We thus assess the car-
rier of the additional absorption from approximately 10 m

in SVS13 to be SiC itself. But given the variation in the ogtic
properties of specific types of SiC found in the literaturelz&ble
estimate of its abundance isfiitult. This is apart from a general
statement that it is higher than in any other young star epecbr
disc of which we know.

4.1.3 Crystalline silicates

The ISO crystalline silicate revolution 98) came
about because tH80 satellite was equipped with instruments ca-
pable of making measurements at longer wavelengths, whgse ¢
talline silicate features are not overwhelmed by those aofrabun-
dant and warmer amorphous silicates, as is usually the case i
the N-band 0). There are three plausible mecha
nisms adept at producing crystalline silicates.

1. Evaporation and re-condensatiodnder high temperature
and pressure condition in the immediate vicinity of the calrgtar

(< 1 au), dust grains can be evaporated and then re-condense as

crystals (e.g @72).

2. Thermal annealingThere have been at least three probable
heat sources suggested in circumstellar discs [accratinmbsity
in the inner region {1 au),l 4); shock heating at a few
au, Harker & Desc¢h (2002); and disc surface layer annealimg d
ing accretion outbursAbraham et &l (2009)]. Whatever the actual
heat source(s) may be, the essence of the mechanism is simple
nealing (i.e., heating of amorphous silicates and subse@oeling
to re-order the lattice structure).

3. Low-temperature crystallisatioRut forward by Yamamoto

and co-workers (e.d., Yamamoto & Chigai 2005), provided #ma

amorphous silicate core is coated with an organic (carkeme)

refractory layer|(Kimura, Mann & Jessberger 2003), a chahmie

action can be triggered at a low temperature (a few hundret K)
re-arrange the silicate lattice structure.

It is interesting to note that, so far, most detections ok<¢ry
talline silicate features towards young stars have beemiis-e

sion (e.g./ Watson et al. 2009; Olofsson et al. 2009; Jubbak

However, the crystalline silicate features are observeabin
sorption here and therefore the dust grains responsiblénéosig-
natures are likely to reside in the cold, outer regions. Afram
the low-temperature crystallisation described above,esoreans
of heating is required to turn the amorphous lattice stmecinto
crystalline, and if heating is only possible in the viciniby the
central star, anféective transpofmixing mechanism is required
for crystalline silicates to be found in the remote, cooksgions.
Indeed, crystalline silicates appear to be concentratetidrcen-
tre of many T-Tau systems, with more than 90 per cent of the
84 objects observed MOOQ) showing strong 10
um crystalline silicate features but only about 50 per cent ha
ing detectable 2038-um signatures, most probably indicating the
temperature range of the crystalline silicat&€s{ 200 K at< a
few au, Watson et &l. 2009). Olofsson et al. (2009), who, asaba
the Spitzercores-to-discs legacy programme, observed 108 young
stars (66 of which were known T-Tau stars), identified what/th
termed the ‘crystallinity paradox’, wherein they found tbeld
crystalline features at wavelengths20 um more frequently than
those at~10 um. However, when they re-examined it by analysing
a further 58SpitzerIRS spectra, they found a simultaneous en-
hancement of crystallinity in both the inner, warm and quteid
regions [(Olofsson et &l. 2010). Sargent etlal. (2009b) @lported
comparable crystalline silicate abundances in the inndraarer
disc regions in &SpitzerIRS study of 65 T-Tau stars. Although
details may dier slightly, an undisputed universal outcome of all
these investigations is the existence of processed (iystadline)
materials in the outer, cooler parts of the circumstell@irenment,
as well as in the warmer, inner regions in the vicinity of teatcal
star.

Comets contain crystalline silicates (e.g., Comet HalpgBo
Crovisier et all 1996; 1997). The most definitive confirmatizas
once again found in the Stardust sample return from Comet
81PWild 2, the crystalline silicate mass fraction of which was

as high as~0.5-0.65 (Westphal et al. 2009). The S/Yﬂld 2

Specimens also included chondrule-like particle .
M) a clear indication that materials that constltute th
comet experienced high temperatures in the past. Another cl
to the apparent heating episode(s) in the Stardust samsles i
the presence of Calcium-, Aluminium-rich Inclusion (CARe
grains [(Zolensky et al. 2006). However, as mentioneddrL.2,
81PWild 2 belongs to the short-period JFCs, which are believed
to originate in the Kuiper Belt, extending from the orbit oép¢
tune (at~30 au) to approximately 50 au, in which the surface tem-
perature of the most famous of its resident, Pluto, is oy K

(Stern, Weintraub & Festbu 1993).

5 A tentative identification has been made for deeply embetiednass
protostars IRAS 034483242 and HH46 IRS| (Boogert etflal. 2004), and
for the high-mass YSO AFGL2591 (Aitken el Al._1088). Cryistal sili-
cate absorption features towards other types of objects,udtra-luminous

infrared galaxie@@%), have also been ghort
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To overcome these facts at odds with each other (existencestar HD172555, which suggested the presence of amorphbus si

of high-temperature phases in cold regions), a number ohatec
nisms have been proposed to yhiansport radially the dust grains
transformed near the central star. These include: the doipmit-
flow ‘X-wind’ model (e.g.. Shu, Shang & Lee 1996), accretidscd
turbulence (e.giL' Bockelée-Morvan et al. 20@pjral
arms in marginally gravitationally unstable discs ( ),
and outward transport in the disc mid-plane ( G
[2004;[ Ciesld 2007). Now, both chondrules and CAls are sizabl
entities that often measure hundredsuofi and some as large as
mm (chondrules) or even cm (CAIs) in diameter ( K
[200%5; MacPherson etlal. 2005). Although particles thaelamghe
81PWild 2 capture are rare (Horz etlal. 2006; Burchell ét al.&)0
analogous to chondritic meteorites that contain large ¢hdas
and CAls, a similar size distribution may also be expectedxto
ist in their probable natal bodies such as co R4
recent modelling fort (Hughes & Armitagé 2010) has found that
particles of the size of chondrules and CAls (a few mm or Igrge
cannot easily be transported out to the comet-forming regie-
gardless of their initial location. If this is the case, arsitu pro-
duction of melted grai&may have to be invoked. We will come
back to this point ir§4.2.

0

4.1.4 Annealed Si©

Aforementioned equilibrium calculations also show thatew
the MgSi abundance ratio i 1 (or perhaps after a signifi-
cant amount of Mg has been taken up by forming forsterite),
SiO, (and enstatite) becomes a major conden Ga
[2001)! Fabian et al. (2000) found that when they anneale@ties
(MgSiOs) smoke at 1,000 K for 30 hours, the end product consisted
of crystalline forsterite (MgSiOy), tridymite (crystalline Si@) and
amorphous silica (Si§). This is a case similar to that reported by
n|_(TQi4), who cooled a mixture of composition
MgSiO; from the liquid state and found that, first forsterite sepa-
rated out and, after further cooling, a mixture of silica @ndtatite
condensed. As crystalline silicates also exist, it may hduded
that some form of heating has melted Mggiéhd decomposed it
into Mg, SiO, and SiQ. We further speculate that, once again, tak-
ing the presence of crystalline forsterite and enstatitevadence,
the cooling rate is just so that it would allow re-orderinglat-
tice structures to produce annealed SiOr, that crystalline Si@
is dominant over its amorphous counterpart in the stageseufitm
ately after their formation.

As mentioned earlier, SiOhas been identified in the MIR
spectra of some young stmOOS) observerhar -
star Hen 3-600A in thé\-band and their best-fit model included
a-quartz (i.e., a type of crystalline SiOfrom|Spitzer & Kleinmah
ll9_61)|_S_an.enl_e_LhL_(2006) used optical constants@artz from
\Wenrich & Christenseér (1996) to analylieband spectra of 12 T-
Tau stars. They found a small amount (up to a few per cent bgmas
of crystalline SiQ in about a half of the objects studied. Amor-
phous  silica [(Henning & Mutschke 1997) and silica-rich glas
(Koike et al.[ 1989) emissivities were ruled out by Sargemtlet

), this time observing 5 moreflérent T-Tau stars, but in-
clusion of annealed Si ImO) gave a better fit. A
SpitzerIRS spectrum of g-Pictoris analogous (i.e., debris-disc)

6 Note that grains in question here are not crystalline ségao the low-
temperature crystallisation of Yamamoto and co-workeratiared earlier
would not apply.
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ica and SiO gas, was examined by Lisse &tlal. (2009). The 12.6-
um feature that would have indicated the existence of criyséal

silica was not detected. They proposed planetesimal-gs&im-
size) hyper-velocity ¥ 10 km s!) impacts as the mechanism
that produced fine (amorphous) silica dust and SiO gas. Mere r
cently,[Fujiwara et al (2012) obtainedSpitzerIRS spectrum of
another debris-disc star HD15407A and concluded that pazor
rating an almost equal amount of fused (i.e., amorphousjtzjua
(Koike et al.[1989) and annealed sili tal. 2000) p
vided the most satisfactory fit. They also favoured a sinslze-
nario to that adopted 09) for HD172555.
Although the number of samples is rather limited and most
studies mentioned above did not set out specifically to pooye
talline or otherwise of silica dust structure, overall ittésnpting
to conclude that younger stars (T-Tauri stagslO Myr) are more
likely to possess more crystalline than amorphous, Sidile with
slightly more evolved sources (debris-disc bearing stat€) Myr),
the balance is tipped in the other direction. Also, if hypelacity
planetesimal impacts are indeed required for the produatid
amorphous silica, this alone points to the latter stagelsdrevolu-
tion of protoplanetary discs. If this scenario is correegrt the nat-
ural implication may be that the circumstellar environmefngstill
deeply embedded and therefore much younger) PMS star SVS13
should contain mostly crystalline Sj®ut not much (if at all) of its
amorphous sibling.

4.2 Possible crystallisation mechanism and planet formatin

We have demonstrated that crystalline silicates (fortstenmd en-
statite) and annealed Si@xist in the cold, outer regions of cir-
cumstellar environment of the PMS star SVS13. Although vee di
not directly detect larger chondrules and CAls in the cursgudy,
they may exist if the typical dust size distribution in chatid
meteorites also holds in the remote, cooler regions (at Irake
comet-forming region at a few tens of au from the central)star
that is the case, an in-situ transformation mechanism dfghains

is probably required.

The runaway growth of planetesimals is the ‘standard’ model
for terrestrial planet formation (e.d.. Raymond et al. 20DBiuter
gas giants, like Jupiter and Saturn, can be formed in a simila
fashion via what is called the core-accretion (CA) mode.(e.
4). But also feasible is if the remote, celgions
of the protoplanetary disc become gravitationally unstailold frag-
ment, forming self-gravitating clumps, some of which wiltiu
mately become gas giants (see 2014 aed ref
ences therein).

According to the latter mechanism, commonly referred
to as the disc instability (DI) model, fragmentation canetak
place at> 50 au and clumps ranging from a few tal0 M;
(Jupiter masses) may form (elg.. Boley €t al. 2010; Forgaric® R
[2011;Rogers & Wadsley 2012). As these massive clumps con-
tract and migrate inwards, the internal temperature rises ia
can reach> 1,000 K, stficient to produce crystalline silicates,
chondrules and CAls (and dissolving amorphous carbon coat-
ing on SiC grains)in situ. When they are tidally disrupted,
these thermally altered particles may be distributed at dewi
range of radii to be re-captured by, e.g., com WZ
INayakshin, Cha & Bridgés 2011).

Of course, thermal processing of dust species can stillroccu
in the immediate vicinity of the central star and the dustirgra
may be transported out to the comet-forming region of the pro
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toplanetary disc. One of the plausible dust heating presetsat

binaries with separation wider than 100 au are indistirttabte

could produce chondrules and CAls (and at the same time a pos-from single stars in terms of trends regarding their praoptary

sible transpoymixing mechanism), is the X-wind model of Shu
et al. (i.e., jets near the central star). But this has betitised
by [Desch et d1.[(2010), who prefer shock- heating, due to @I bu

at a few au (e.gl. Desch & Connolly 2002; see etal.

[2012). However, as mentioned .13, it is dificult, |f not impos-
sible, to move large particles such as chondrules and CAlsoou
the comet-forming region, wherever their initial locatioay have
been|(Hughes & Armitagle 2010). Even if shocks can be trighere
the gas density at the distance of the Kuiper Bel80 au) is such
that chondrule formation by shock-heating might not beifdas
lida, Nakamoto & Susa (2001) estimate the pre-shock deosiy
least 16*> cm is required, while both the minimum-mass So-
lar Nebula model @81) and the minimum-massextr
Solar nebula of Chiang & Laughlin (2013) predict a much lower
density of the order 10'%-** cm3 at 30 au.

We recall that SVS13 is a close binary, with a separation of
~0.3 arcsecy 71 au. Theory and model simulations depict some
common features in the early stages of binary evolutioretlsep-
arate discs (individual circumstellar discs around eachpmment
of the binary system and a circumbinary disc) and a clearayg b
tween the two classes of discs (elg., Artymowicz & Lubow 1994

Bate & Bonnell 1997; Gunther & Kléy 2002). Under certain €on
ditions, however, one binary component (primary) will gailarge
circumstellar disc, while the other (secondary) only a $wraé (or
none at all), with little to no circumbinary dis
@). The primary is usually the dominant dust continuuore®
in PMS binarymultiple systems (e.d., Harris etlal, 2012), and apart
from a few outstanding cases, circumbinary discs appeas &b
sive [Monin et all 2007; Harris etlal. 2012). In the case of $¥/S
only one member of the binary (VLA 4B) exhibits significant
dust emission| (Anglada etlal. 2004) and just a single objast h
been found in the NIR (which_Hodapp & CHini 2014 identify as
VLA 4B) as we do here in the MIR. Furthermore, the unresolved
radio source exhibits a larger flux density than the sum ofr¢he
solved individual binary components, implying the exiseof an
extended envelopé (Anglada etlal. 2004). Also commonly seen
snapshots from simulations are spiral arms in all threesdise to
the tidal interactions of the central binary. Whether sucdviga-
tional interplay and structures inhibit or enhance Dl-ioeldi frag-
mentation is a matter of debate (Mayer, Boss & Nelson 2010).

The ‘clearing’ or a gap between the circumbinary and the cen-
tral circumstellar discs is also a product of the tidal iattions
between the binary components, as the protoplanetary digcs
stripped of materials and truncated to substantially snalizes
compared to those around single stars (e.9., Artymowicz Bowi
[1994). Indeed, Anglada etlal. (2004) found a compact strecit
the position of VLA 4B of radius~30 au, clearly smaller than
that often measured for discs around single stars @00 au (see
e.g./ Williams & Cieza 2011 and references therein). Disesnat
only truncated but, in such a dynamic environment, they e a
rapidly dispersed within a short period of timg (L Myr), con-
siderably shorter than a characteristic disc lifetimez02.5 Myr
normally expected for single stars (e 00ugh
the dfect could be slightly milder for a binary separation of
~70 au for SVS13[(Monin et al. 2007; Cieza etial. 2009). Al-
though this type of disruptive impact might be thought fieet the
planet formation negatively, Bonavita & Desidera (200%& a&so
Bonavita, Desidera & Gratton 2010) concluded that the dietec
frequencies of planets in single and binary systems arnstatatly
identical. Most interestingly. Duch&ne (2010) showed, thile

discs, debris discs, and planets, close binaries in theerénogn
5 to 100 au exclusively host giant planets (i.e., those widssn
> 1 Mj), or exhibit a distinct lack of planets smaller thariM.
The two modes of planet formation discussed earlier present
tably different timescales: CA with a few Myr and DI< 1 Myr
@M). Considering the short lifetime of airestellar
discs in close binaries, it could be the case that DI is thg efil
fective means of forming planets in them, and if so, the figdif
[Duchenel(2010) might just be a natural consequence of this.

Recent observations of the young low-mass binary system
GG TauA 2) have revealed that a ‘streamerusf d
and gas, originating from the circumbinary disc and feedimg
inner circumstellar discs can shock-excite ¢ris at the interface,
where the gas temperature was found to be in excess of 1,500 K.
Unlike the shock-heating of particles (due to DI) rejectedier
because of the low density in the outer parts of the circuiaste
disc, we surmise that a stream of material from the circuanyin
disc piling up at the outer rim of the protoplanetary disanbined
with a higher shock velocity generated by streamers-80km st
for streamers vs< 10 km s? for DI, [Desch & Connolly 2002;
Harker & Desch 2002; Beck et ulz) could make this a eiabl
mechanism for meltingnnealing dust grains situ in the remote
regions of circumstellar discs.

We therefore suggest that, amongst the processes that-are ca
pable of thermally altering dust grains, an in-situ mectianis
favoured for SVS13. Furthermore, the DI model for giant ptan
formation — provided that fragmentation occurs in circuetat
discs in binary systems — along with the shock-heating nmésha
detected by Beck et bl. (2d12), is the leading candidaterfmyz-
ing crystalline silicates (and chondrules & CAls), annegiSiQ,,
as well as possibly dissolving the feature-concealing ahmus
carbon layer from the SiC core. It remains to be seen if theaee
ios just presented are rare or only occur in a short-livedLélamary
phase in shaping the distinctideband spectrum of SVS13. To this
end, we are embarking on the search for similar objects atttbat
same time, it is hoped that work both in the laboratories &ed-t
retical studies will advance fiiciently in the near future to solve,
for example, the missing SiC problem.

5 CONCLUSIONS

The N-band spectrum of the low-mass PMS close binary system
SVS13 is presented. The unique and complex spectrum is best
modelled by a mixture of amorphous silicates, crystallorsterite,
crystalline enstatite, annealed $j@nd, most intriguingly of all,
SiC, which has never before been identified in the circuriasteh-
vironment of a young star. The requirement for the inclusibsil-

icon carbide is alsofairmed from the MIR polarimetry perspective.
All these signatures are seen in absorption, implying thet plarti-
clesreside in remote, cold regions of the circumstellairenment.
Speculation is made on possible origins of the dust speesgs-
cially those that have been processed and altered thermaihely
crystalline silicates and annealed $i@he DI-induced fragmen-
tation and the subsequent contraction and disruption ofjituet
planet embryos, along with the newly discovered shockihgat
mechanism at the interface between the circumbinary acdroi
stellar discs, may be able to modify those dust grairstu in the
outer, cooler parts of the circumstellar environment. Thatimg

© 2014 RAS, MNRASDOO [THI5



episode(s) provided by one or both of these processes aafeals
sibly reveal the hidden SiC feature.
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