INAF

ISTITUTO MNAZIOMNALE

Ol ASTROFISICA

MATICHMAL INSTITLITE
FOR ASTROFHYSICS

Publication Year 2022

Acceptance in OA@INAF 12023-01-17T13:58:28Z

Title pyFirst Detection of Silicon-bearing Molecules in - Ca

Authors Bordiu, C.; Rizzo, J. R.; BUFANO, FILOMENA; Quintana-Lacaci, G.; BUEMI,
CARLA SIMONA,; et al.

DOl 10.3847/2041-8213/ac9b10

Handle http://hdl.handle.net/20.500.12386/32888

Journal THE ASTROPHYSICAL JOURNAL LETTERS

Number 939




2210.09774v1 [astro-ph.GA] 18 Oct 2022

arxXiv

F. CAVALLARO

DRAFT VERSION OCTOBER 19, 2022
Typeset using IATEX twocolumn style in AASTeX631

First detection of silicon-bearing molecules in 7 Car

A C.Buemi @1 P, Lero 9!
;! C. TriciLio,! G. UmaNa (2,

.1 G. QUINTANA-LACACI

,'S. Loru,! S. Ricar
1

1 J.R. Rizzo (223 F. Burano
,! L. CERRIGONE,” A. INGALLINERA
E. Sciacca

C. BORDIU
1

LINAF-Osservatorio Astrofisico di Catania, Via Santa Sofia 78, 95123 Catania
2 Centro de Astrobiologia (INTA-CSIC), Ctra. M-108, km. 4, E-28850 Torrejon de Ardoz, Madrid, Spain
3ISDEFE, Beatriz de Bobadilla 3, E-28040 Madrid, Spain
4Group of Molecular Astrophysics. IFF. CSIC. C/ Serrano 123, E-28006, Madrid, Spain
5 Joint ALMA Observatory, Alonso de Cérdova 3107, Vitacura, 8320000, Santiago, Chile

ABSTRACT

We present ALMA band 6 observations of the luminous blue variable n Car, obtained within the
ALMAGAL program. We report SiO J =5 — 4, SiS J = 12 — 11 and SiIN N = 5 — 4 emission
in the equatorial region of the Homunculus nebula, constituting the first detection of silicon- and
sulphur-bearing molecules in the outskirts of a highly evolved, early-type massive star. SiO, SiS and
SiN trace a clumpy equatorial ring that surrounds the central binary at a projected distance of ~2
arcsec, delineating the inner rims of the butterfly-shaped dusty region. The formation of silicon-bearing
compounds is presumably related to the continuous recycling of dust due to the variable wind regime
of n Car, that destroys grains and releases silicon back to gas phase. We discuss possible formation
routes for the observed species, contextualizing them within the current molecular inventory of n Car.
We find that the SiO and SiS fractional abundances in localised clumps of the ring, 6.7 x 10~ and
1.2 x 1078 respectively, are exceptionally lower than those measured in C- and O-rich AGB stars and
cool supergiants; while the higher SiN abundance, 3.6 x 10~8, evidences the nitrogen-rich chemistry of
the ejecta. These abundances must be regarded as strict upper limits, since the distribution of Hs in
the Homunculus is unknown. In any case, these findings shed new light onto the peculiar molecular
ecosystem of 1 Car, and establish its surroundings as a new laboratory to investigate the lifecycle of
silicate dust in extreme astrophysical conditions.

Keywords: Massive stars (732) — Luminous blue variable stars (944) — Circumstellar matter (241)

AND

— Circumstellar dust (236) — Shocks (2086) — Astrochemistry (75)

1. INTRODUCTION

7 Car is a massive binary system composed of a ~ 100
Mg luminous blue variable (LBV), and a hotter, ~30
Mg secondary with spectroscopic signatures typical of
late-O and WR stars (Iping et al. 2005). The system
is very eccentric (e = 0.9), with a well-determined or-
bital period of 5.54 years and a minimum separation at
periastron of 1.5 A.U (Damineli 1996; Damineli et al.
2008). The primary, n Car A, is the archetypal mem-
ber of the LBV family, and has captivated astronomers
ever since it underwent a violent mass eruption in the
1840s (Frew 2004). This outburst, dubbed the ”Great
Eruption”, released nearly 10%° erg (Smith et al. 2003;
Smith 2013) -rivalling the energetic output of a SN—,
and ripped off between 20 and 40 Mg of stellar mate-
rial (Morris et al. 2017). The heavily processed ejecta,

ashes of the CNO cycle, formed the Homunculus neb-
ula (Gaviola 1950), a rapidly expanding (vexp ~ 650 km
s~! Hillier & Allen 1992; Smith et al. 2018b) hourglass-
shaped circumstellar structure with a current-day pro-
jected size of ~ 0.18 x 0.11 pc. The Great Eruption
was followed, almost 50 yr later, by a second, less en-
ergetic outburst (Smith & Frew 2011) that gave birth
to an inner structure commonly referred to as the Little
Homunculus (Ishibashi et al. 2003), mimicking a gigan-
tic matryoshka doll. The exceptionally complex circum-
stellar environment produced by these successive events
makes of n Car a unique testing ground to investigate
(1) the nature of eruptive mass loss processes in massive
stars near the Eddington limit (Smith et al. 2004; Smith
& Morse 2019); and (2) the intricate wind interactions
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in highly massive binary systems (Okazaki et al. 2008;
Gull et al. 2009, 2016).

Located at 2350 pc from Earth (Smith 2006) toward
the near side of the Carina arm, n Car and the Homuncu-
lus have been the target of multiple observing campaigns
that, spreading across the entire electromagnetic spec-
trum, allowed for studying the central binary and its
surroundings in great detail (see Davidson & Humphreys
2012 for a review). Spectroscopic observations of the cir-
cumstellar material have provided an accurate portrait
of the atomic gas and dust in and around the Homuncu-
lus, unveiling a chemical panorama quite in line with
other LBV nebulae, i.e., nitrogen-rich ejecta with a sig-
nificant oxygen depletion (Davidson et al. 1982, 1986;
Dufour et al. 1997; Smith & Morse 2004). However,
due to the rather extreme conditions in the outskirts of
n Car —hot temperatures, strong FUV fields—, only in
the last two decades has the molecular content of the
Homunculus begun to draw attention. The first detec-
tion of neutral gas was achieved by Smith & Davidson
(2001), who reported Hy v = 1 emission at 2.12 pm,
tracing the surface of the Homunculus lobes. A few
years later, high velocity absorption lines of CH and OH
were identified through UV spectroscopy (Verner et al.
2005), and shortly after ammonia was reported toward
the core region of the Homunculus (Smith et al. 2006).
The first molecular survey was carried out by Loinard
et al. (2012) with APEX, reporting six new species (CO,
CN, HCO™, HCN, HNC and NyH™") and two isotopo-
logues (*CO and H¥CN), thereby confirming n Car as
the LBV with the richest molecular inventory.

Initial attempts to map the spatial distribution of
this molecular material at high angular resolution with
ATCA (HCN, Loinard et al. 2016) and ALMA (CO,
Smith et al. 2018a) narrowed down the emission to the
central few arcsec of the Homunculus. The gas, with
a velocity dispersion of ~300 km s~!, has a kinematic
age in good agreement with the Great Eruption, and
follows the distribution of the equatorial structures of
warm dust detected in mid-infrared observations (Morris
et al. 1999), tracing a sort of equatorial ring or torus of
radius ~4400 AU. This ring, disrupted towards the NW
—its near side, coincident with the projected direction
of the orbit’s major axis—, delineates the bright rims of
the so-called ”butterfly” nebula (Chesneau et al. 2005),
a region of efficient dust processing where emission from
several other species has been resolved, such as HCN or
HCO™ (Bordiu & Rizzo 2019, hereafter BR19). Inter-
estingly, a thorough re-calibration of CO ALMA data by
Zapata et al. (2022), significantly improving sensitivity,
has revealed higher velocity components that may be

tracing the walls of the polar lobes of the Homunculus
by means of limb brightening.

The most recent observations toward n Car with
ALMA and Herschel continue enlarging its molecular
inventory, reporting new detections of H,O, CH30H
(Morris et al. 2020) and multiple O-, C- and N-bearing
species and reactive ions (Gull et al. 2020), many of
them never detected before in a star of this kind. These
findings unravel an unexpected molecular scenario for an
early-type high-mass star in its final evolutionary stages.
In this work, we analyse ALMA band 6 observations
from the ALMAGAL program, with a resolution better
than ~0.4 arcsec, reporting the first detection of three
Si-bearing molecules, namely SiO, SiS, and SiN, there-
fore adding yet another piece to the intriguing chemical
puzzle of nn Car. In Sect. 2 we describe the observations
and data processing methods; in Sect. 3 we outline the
findings of this work, putting them in a broader con-
text and discussing their implications; and in Sect. 4 we
summarize the results and lay out the next steps in this
research.

2. OBSERVATIONS AND DATA REDUCTION

The ALMAGAL project (P.I: S. Molinari) is an
ALMA Cycle 7 large program that aims at observ-
ing the 1 mm continuum and lines toward more than
1000 dense star forming clumps with M >500 Mg and
d < 7.5 kpc. In the context of this program, the
field ID 653755, centred on the coordinates (a, 0) =
(10h45'03”27, —59°41'03"74), was observed. The field
serendipitously covers the position of n Car, located ~2
arcsec East from the phase centre. Observations took
place on April 4th, 2021, ~one year after the last  Car’s
periastron passage (on 2020.2), using 44 antennas with
a maximum baseline of 1.4 km, resulting in a synthe-
sized beam of 0.38 x 0.31 arcsec (P.A.: 1.38°). The field
was observed for 45 min, under good weather conditions
(precipitable water vapour ~ 2.95 mm).

The spectral setup consisted of four spectral win-
dows, two wide windows covering the frequency ranges
217.00..218.87 and 219.08..220.95 GHz (spectral res-
olution ~ 976.56 KHz), and two narrower, overlap-
ping windows covering the ranges 218.08..218.55 and
220.38.220.85 (spectral resolution ~ 244.14 KHz). Raw
visibilities were calibrated and imaged employing CASA
(v6.1.1.15) with the ALMA pipeline version 2020.1.0.40.
The final products were a 2D continuum map at a refer-
ence frequency of 220 GHz, and four spectral cubes (one
for each spectral window). We manually reprocessed the



products using the SpectralCube' Python library and
the GILDAS/CLASS? software package. Despite the ini-
tial continuum subtraction performed on the visibilities
before imaging, spectra toward the continuum-emitting
region were found to have a highly structured baseline;
this issue could be related to the amplification of small
calibration systematics by the strong continuum of n
Car (Abraham et al. 2022). To deal with this problem,
we fitted and subtracted a 3rd order polynomial to the
spectra in all positions. This method was able to remove
a significant part of the spurious structure towards the
central region, while keeping the baseline flat elsewhere.
Finally, the data cubes were recentred on the J2000 co-
ordinates of n Car, («, §)=(10h45'03"53, -59°41’04”05).

In this work, we focus exclusively on the analysis of
the cubes with the largest spectral coverage. Through-
out the paper, we adopt the following conventions: (1)
intensities are expressed in the original flux density scale
of Jy beam~!, unless explicitly noted otherwise; (2) ve-
locities refer to the local standard of rest frame (LSR);
and (3) positions are given as offsets from the coordi-
nates of n Car.

3. RESULTS AND DISCUSSION
3.1. Detections and identification

After a careful inspection of the cubes, we identi-
fied emission from five molecules, namely SiO, SiS, SiN,
13CO and '3CN. To our knowledge, this constitutes the
first detection of Si- and S- bearing compounds in the
outskirts of n Car, and, in a wider context, in a highly
evolved early-type massive star. Quantum numbers,
lower level energies, and rest frequencies of the tran-
sitions detected are summarized in Table 1.

Table 1. List of molecules detected.

Species Transition B (em™') vy (GHz)
Sio J=5—4 14.48 217.104
SiS J=12 = 11 39.97 217.817
SiN N=5—=4,J=9/2—7/2 14.52 218.006

N=5-=4,J=11/2 = 9/2 14.59 218.512
BCN N=2-1,J=3/2—>1/2 3.62 217.303

N=2-1,J=5/2—3/2 3.65 217.467
Bco J=2-1 3.68 220.398

L https://github.com/radio-astro-tools/spectral-cube
2 https://www.iram.fr/TRAMFR/GILDAS/
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Silicon is an abundant element (solar abundance
nsi/nma2 = 6.47 x 1075, Asplund et al. 2021), most of
which is depleted on to dust, being mainly stored in
grain cores and, to a lesser extent, in the mantles (Gus-
dorf et al. 2008). Shocks can destroy dust grains either
via ion sputtering or, especially when propagating in a
dense medium (ng, >10* cm™3), via grain-grain colli-
sions, effectively releasing Si back to gas phase (Schilke
et al. 1997; Caselli et al. 1997; Guillet et al. 2009, 2011).
For this reason, Si-bearing species like SiO are typically
regarded as reliable tracers of shocked regions (Martin-
Pintado et al. 1992). SiO and SiS have also been pro-
posed as gas-phase precursors of silicate dust. In circum-
stellar envelopes of AGB stars, their fractional abun-
dances have been observed to drop at a few stellar radii,
possibly due to accretion onto dust grains (Lucas et al.
1992; Schaier et al. 2006, 2007; Wong et al. 2016).

The study of Si-bearing molecules is therefore crucial
to understand the lifecycle of dust. Both SiO and SiS
have been widely searched for in many astrophysical en-
vironments: SiO has been detected in molecular clouds
(Wilson et al. 1971), envelopes of evolved stars of all
chemical types (e.g. Morris et al. 1979; Bujarrabal et al.
1994; Schoier et al. 2006); star-forming regions (Lefloch
et al. 1998; Jiménez-Serra et al. 2004); and even in the
disk of the Ble] supergiant CPD-52 9243 (Kraus et al.
2015). Likewise, SiS has also been found in circum-
stellar envelopes of all chemical types (Grasshoff et al.
1981; Schoier et al. 2007; Danilovich et al. 2019; Mas-
salkhi et al. 2019, 2020), star forming regions with out-
flows (Dickinson & Kuiper 1981; Ziurys 1988) and ex-
ceptionally, in L1157, a shocked region associated with
a sun-like protostar (Podio et al. 2017). However, no
detections have been achieved to date in the outskirts
of a highly evolved, early-type massive star like n Car,
where the physical conditions are in principle much less
hospitable.

Contrary to SiO and SiS, SiN is a rather elusive
molecule, that to date has only been found in three
astrophysical environments: the C-rich envelope of
IRC+10 216 (Turner 1992), the hot molecular core
SerB2(M) (Schilke et al. 2003), and the S-type AGB
star W Aql (De Beck & Olofsson 2020).

Our line identification relies upon strong kinematic ar-
guments, as only the SiO, SiS and SiN transitions listed
in Table 1 match the observed velocities of CO, HCN
and HCO' (BR19). Still, we assessed other alterna-
tive identifications to account for the complex kinemat-
ics of the circumstellar material. Several transitions of
CH3OH and SO lie within 100 MHz of the rest frequen-
cies of SiO and SiS (217.104 and 217.817 GHz, respec-
tively). However, we find their corresponding velocities
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to be largely incompatible with those of CO, HCN and
HCO™, in some cases off by more than ~100 km s~!.
Moreover, the CH30H and SO transitions have lower
level energies (Ep,) in the range ~500-2000 cm ™!, much
higher than SiO and SiS, and also than the methanol
transition detected by Morris et al. (2020). The exci-
tation conditions required by such transitions are only
achievable very close to the binary, where vibrationally
excited HCN has been reported (BR19).

Similarly, we searched for other candidate lines to ex-
plain the features at 218.006 and 218.512 GHz that we
attribute to SiN. Both SiN components lie close in fre-
quency to the 109,10 — 90,9 and 927 — 82 ¢ transitions
of 29SiCy at 218.011 and 218.506 GHz. However, the
non-detection of the 10g,19 — 90,9 transition of the pre-
sumably more abundant isotopologue SiCq at 220.773
GHz makes this identification highly unlikely, leaving
SiN as the only plausible option.

3.2. Spatial distribution and kinematics

All the molecules trace a clumpy ”C-shaped” struc-
ture, following the overall spatial distribution of the
equatorial ring already seen in CO, HCN, H!3CN and
HCO™ (see fig. 1in BR19). No molecular emission is de-
tected in the direction of the star. Fig. 1 shows the peak
intensity maps of SiO and '3CO, the brightest lines in
each band, divided by the corresponding rms maps. The
resulting S/N maps highlight the genuine line emission,
while removing spurious features toward the continuum-
emitting region —where the noise is higher— that affected
the original peak intensity maps. For convenience, we
identified twelve significant emission clumps above 50
in the SiO map. The clumps were labelled from A to L
counter-clockwise starting from the North, as indicated
in Fig. 1, and will henceforth serve as a positional ref-
erence.

The SiO clumps have an average projected distance
to the star of ~2 arcsec. Despite their similar distribu-
tion along the butterfly region, SiO and '*CO are not
perfectly correlated: closer inspection reveals an offset
between emission peaks, especially pronounced in the
SE/E clumps (the far side of the ring), the SiO be-
ing closer to n Car in projection by ~0.1-0.2 arcsec
(~ 275 —550 au). This offset, smaller than the beam, is
genuine and was validated by checking against the CO
J = 3 — 2 data presented in BR19. It suggests that
SiO may preferentially trace the inner rims of the but-
terfly nebula, more exposed to the fast wind of n Car,
as proposed by Chesneau et al. (2005).

The spatial distribution of the other Si-bearing com-
pounds is even more patchy, with reliable detections only
in a subset of the clumps. SiS is detected towards clumps

C, D, E, F, G, H, J and L, whereas SiN is only found
in positions D, F, G and H. In clump F, the two tran-
sitions at 218.006 and 218.512 GHz are detected at a
~30o level, whereas in the other clumps only the 218.512
GHz component is unambiguously found. Since the two
transitions are expected to have similar line strengths,
a relative difference could be explained either by noise
fluctuations, or very localised non-LTE effects (as ob-
served in NHjz around G79.294-0.46, Rizzo et al. 2014).

In any case, the low S/N of most of these detections
prevents us from producing meaningful maps of SiS and
SiN, as the lines are only clearly resolved in averaged
spectra. In this sense, the non-detection of SiS and SiN
in clumps where SiO is present may either be a mat-
ter of sensitivity, or imply an actual chemical differen-
tiation. Likewise, the overall clumpiness of Si-bearing
species may be due to the limited sensitivity of the data,
or indicate that only in certain places the right physi-
cal conditions for their formation are met in presence of
sufficient Si. In view of the different relative intensities
and radial offset between SiO and '>CO, we are inclined
to favour the second scenario.

The insets in Fig. 1 show the spectra of SiO and
13CO, averaged in a circular aperture of radius 2.5 arc-
sec, centred on the star, that encompasses the main
emission features. The two molecules show a similar
overall profile, with most of the emission originating
from the velocity range (—100, +100) km s~!. We per-
formed a Gaussian fitting, identifying three major kine-
matic components that explain the overall motion of the
gas: blueshifted material towards the W/NW, the near
side of the ring; redshifted gas towards the S/SE, the
far side; and material towards the NE and SW moving
at velocities relatively close to the systemic velocity of n
Car (—19.7 km s™1, Smith 2004). However, we note that
the relative intensities of the components differ between
SiO and '3CO. In SiO, the redshifted component is the
strongest, as clumps in the far side (e.g. E, F, G) are
significantly brighter than the others. Such a difference
may be a consequence of local density enhancements, or
modulations intrinsic to the orbital phase.

Individual clumps, on the other hand, exhibit a more
complex kinematic structure, with multiple velocity
components spreading over several tens of km s~!. This
dispersion is more significant in the clumps located
south of the star, possibly tracing turbulent or strati-
fied gas. For the subsequent analysis, beam-averaged
spectra were extracted in all the twelve positions. Full
spectra are presented in Appendix A (Figs. 5 and 6).
Fig. 2 shows the spectra of clump F, the brightest one in
SiO, as a representative example, while Fig. 3 presents
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Figure 1. S/N maps of SiO J =5 — 4 (v =0) and **CO J = 2 — 1 towards n Car. Contours from 5 to 10. The position of 7
Car is indicated by the red marker. The approximate beam size is shown in the bottom-left corner. The insets show the average
spectrum of each molecule, computed in a region of radius 2.5 arcsec. The dominant kinematic components are highlighted with

Gaussian profiles. Since SiO appears next to the edge of the band, its spectrum is truncated above 140 km s™".

a closer view of the spectra of the Si-bearing molecules
in that position, aligned in velocity.

3.3. Column densities

We employed the software MADCUBA® (Martin et al.
2019) to determine the column densities and molecu-
lar abundances of the observed species in all clumps.
MADCUBA estimates the physical parameters of the emis-
sion by comparing the observed spectra with synthetic
models computed under the only assumption of Lo-
cal Thermodynamic Equilibrium (LTE). The AUTOFIT
function of the MADCUBA/SLIM package (Spectral Line
Identification and Modelling) performs a non-linear
least-squares fit to the observed spectra, following the
Levenberg-Marquardt algorithm (Levenberg 1944; Mar-
quardt 1963), and returns the set of parameters (column
density N, excitation temperature Ty, line velocity and
full width half maximum) that best reproduces the ob-
served line profiles.

For the calculations, spectra were re-scaled to a main-
beam temperature (7T,,1,) scale, using:

S
Top = 1.222 x 106 —=2
b <10 Vzomajamin

(1)

3 MAdrid Data CUBe Analysis (MADCUBA), developed at the

Centro de Astrobiologia. https://cab.inta-csic.es/madcuba/

1

with S, the flux density in Jy beam™!, v the reference
frequency in GHz, and 0p,; and 6, the major and
minor axes of the beam in arcsec.

With just a single rotational transition observed in all
the lines, the excitation temperature cannot be deter-
mined. We thus have proceeded under the assumption
of thermal coupling between dust and gas, setting the
Tex of the clumps to the black-body equilibrium tem-
perature of dust grains, as given by Smith et al. (2003),

Tpp = 13100 Ryt/* K (2)

where Ray is the physical distance from each clump to
n Car in AU, deprojected assuming an inclination of 41°
(Smith 2006). This approach yields temperatures in the
range 150-200 K, similar to those typically assumed in
the literature. Finally, since all the clumps have a size
comparable to the beam, we did not apply any filling
factor correction.

Table 2 presents the column densities of SiO, SiS, SiN,
BCO and CN in the clumps, with their associated un-
certainties. When a molecule is not detected, the 3o
upper limit of the column density is provided. As dis-
cussed in Sect. 3.2, some clumps show a complex kine-
matic structure, which results in multiple resolved ve-
locity components. For those, the sum of independent
column densities along the line of sight is provided. Line
fitting parameters (observed velocity v, full width half
maximum Awv, and integrated intensity) for all the com-
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Figure 2. Beam-averaged spectra of clump F. Top panel:

2 km st

full band from 217.0 to 218.8 GHz, rebinned to a resolution of
. The insets show zoom-ins of the transitions detected (grey boxes on the full spectrum) at the original resolution,

with a gaussian (blue) or hyperfine (purple) fitting superimposed. The 13CN spectra have been smoothed to better highlight
the hyperfine structure. All the insets have the same flux density scale, with the different lines scaled appropriately for better
visibility. Bottom panel: same as the top panel, from 219.1 to 221.0 GHz.

ponents with a signal-to-noise ratio above 3¢ are listed
in Appendix B (Tables 3 and 4).

We also checked for non-LTE effects using RADEX (van
der Tak et al. 2007). RADEX solves the statistical equi-
librium equations using the escape probability formula~
tion (Sobolev 1960), without assuming LTE conditions.
For the calculation, we set the Hy volume density to
108 cm™3, as suggested by Gull et al. (2020), the ki-
netic temperature to the temperatures in Table 2, and
the column density to the values provided by MADCUBA
for each component. Then, we compared the integrated
line intensities observed with those predicted by RADEX.
We found an average agreement better than 85% for
SiO, better than 95% for SiS, and better than 97% for
13CO. The slight discrepancy in SiO could perhaps be
attributed to a possible weak maser contribution (see
Sect. 3.6). In any case, considering the assumptions
made, we conclude that non-LTE effects, while present,
might not be particularly significant for the measured
transitions.

All the lines are found to be optically thin, with 7
in the range (0.01-0.1). When detected, the column
densities range roughly from 0.7 to 3.5 x 10'* em~2 for
SiO, from 1.3 to 7.1 x 10'* ¢m~2 for SiS, and from 0.7
to 1.7 x 10" ecm~2 for SiN. We observe column density
variations among clumps up to a factor of ~5 in the case
of SiO and SiS. Considering only the positions where the
two species are detected (C, D, E, F, G, H, J and L), the
[Si0/8SiS] ratio has an average value of 0.6, meaning a
slight overabundance of SiS over SiO. The clumps where
SiS is not detected, namely A, B, I and K, have much
higher ratios when considering the N (SiS) upper limits.
Since the rms is similar across the clumps, the strong de-
tections of SiO in absence of SiS in these positions may
indicate a chemical differentiation. It is noteworthy that
these clumps are among those located farthest from the
star and hence with the lowest To,. Contrarily, SiN is
detected only towards four clumps (one of which is a
tentative detection, see Table 3), showing the highest
column density of the Si-bearing species. These clumps
are not among those with the highest SiO and SiS col-



Table 2. Column densities of SiO, SiS, SiN, **CO and '3CN in the positions indicated in Fig. 1.

Pos (Aa, AS) Tex N(SiO) N(SiS) N (SiN) N(*3CO0) N(*3CN)
(K)  (x10™ ecm™2)  (x10™ em™2) (x10™ em™2)  (x10'7 em™2) (x10'® em™?)
A (+0.9, +2.6) 154 0.74 (0.07) < 0.64 < 1.46 0.69 (0.07) <0.14
B (+1.2, +2.2) 166 1.53 (0.21) < 0.51 < 1.51 1.19 (0.61) <0.15
C (+0.9, +1.9) 180 1.42 (0.11) 2.25 (0.12) < 1.65 1.34 (0.13) < 0.42
D (+1.2, +1.7) 185 1.39 (0.08) 2.19 (0.26) 7.11 (6.89) 2.61 (0.09) 0.88 (0.15)
E (+2.0, +0.4) 179 1.79 (0.05) 3.38 (0.41) < 1.62 1.76 (0.10) 0.73 (0.15)
F (+2.0, —0.2) 173 2.75 (0.24) 4.83 (0.85) 17.38 (7.85) 2.44 (0.19) 0.92 (0.15)
G (+1.8, —0.9) 163 2.51 (0.50) 3.38 (0.24) 7.46 (0.85) 1.74 (0.46) < 0.42
H (+0.5, —1.1) 211 3.51 (0.39) 7.05 (1.30) < 2.69 2.89 (0.25) 1.17 (0.34)
I (—0.3, —2.2) 165 2.90 (0.33) < 0.40 < 1.58 3.45 (0.32) <0.25
J (—1.3, —2.3) 162 1.33 (0.07) 3.56 (0.36) < 1.54 3.19 (0.15) <0.17
K (—2.3, —1.1) 168 2.04 (0.16) < 0.53 < 2.02 2.40 (0.15) 1.34 (0.20)
L (—2.0, —0.5) 180 1.66 (0.07) 1.30 (0.20) < 2.20 2.25 (0.10) 1.34 (0.24)

NoTE—For clumps with multiple velocity components (see Tables 3 and 4), we provide the sum of column densities of individual components. When

a line is not detected, we provide the 30 upper limit of the column density.
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Figure 3. Velocity-aligned spectra of the Si-bearing

molecules detected in clump F. The SiN transitions at
218.006 and 218.512 GHz have been stacked to improve
signal-to-noise ratio. For each spectrum, a gaussian fitting
(blue) and the corresponding residual (gray) are shown. The
relative scaling of the lines is the same as in Fig. 2

umn densities, which could possibly imply a localised
overabundance of SiN.

3.4. Molecular abundances

Translating column densities into molecular abun-
dances is not straightforward in n Car, as the distribu-
tion of Hy at angular scales comparable to the clumps is
unknown. We are thus forced to adopt the global value
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Figure 4. Comparison of abundances of SiO and SiS mea-
sured in 7 Car (this work) and other star types with con-
firmed detections of the two species: C-rich stars (Mas-
salkhi et al. 2019), O-rich stars (Massalkhi et al. 2020), S-
type stars (Ramstedt et al. 2009; Danilovich et al. 2018; De
Beck & Olofsson 2020), the yellow hypergiant IRC+10420
(Quintana-Lacaci et al. 2016), and the red supergiants VY
CMa (Ziurys et al. 2007) and NML Cyg (Singh et al. 2021).
Some relevant objects have been labelled for clarity. The size
of the markers is proportional to the square root of M. The
gray star markers around 7 Car indicate the abundances of
individual clumps. The dashed line represents [SiO/SiS]= 1.

of N(Hz) = 3.0x10%?2 cm~2 determined by Smith (2006).
Taking average column densities for each molecule, con-
sidering only clumps with detections above 30, we de-
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rive [SiO/Hy] = 6.7x107%, [SiS/Hy] = 1.2x1078 and
[SiN/Hz] = 3.6x 1078, These values have to be regarded
as peak abundances or upper limits, as we are assuming
a homogeneous distribution of Ho, which may not reflect
reality, i.e., it is likely that Hy is somewhat enhanced in
the clumps, resulting in lower abundances. Neverthe-
less, these values are a useful first estimate that allows
us to put 7 Car in context with other evolved stars with
a rich silicon chemistry.

Fig. 4 compares the SiO and SiS abundances of 7
Car with those measured in other sources, namely C-
rich stars (Massalkhi et al. 2019), O-rich stars (Mas-
salkhi et al. 2020), S-type stars (Ramstedt et al. 2009;
Danilovich et al. 2018; De Beck & Olofsson 2020), the
red supergiants VY CMa (Ziurys et al. 2007) and NML
Cyg (Singh et al. 2021), and the yellow hypergiant
IRC+10420 (Quintana-Lacaci et al. 2016). Only stars
with confirmed detections of the two species have been
included. We find that the abundances of n Car are
exceptionally low, more than one order of magnitude
lower than in other sources. This is in excellent agree-
ment with the trend observed by Gonzalez Delgado
et al. (2003), who surveyed a large sample of AGB stars
and found that the SiO fractional abundance and the
mass-loss rate were inversely correlated regardless of the
chemical type of the envelope, possibly as a consequence
of enhanced depletion of SiO onto dust grains at higher
densities. The case of SiS is particularly interesting. It
is not detected in envelopes with M < 1076 Mg yr—t,
possibly due to a lack of available Si and S. Above this
threshold, Massalkhi et al. (2019, 2020) found weak hints
of an abundance decrease with increasing M, similar to
SiO, but only in C-rich envelopes. However, the abun-
dances of n Car, with its extreme mass-loss rate of 1073
Mg yr~! (Hillier et al. 2001), and other sources with
mass-loss rates of a few ~ 10™% Mg, yr—!, such as NML
Cyg and TRC+10420, seem to support this trend. The
only exception is VY CMa, which presents large abun-
dances of SiO and SiS despite having a high mass-loss
rate ([SiO/Hg] = 1075, [SiS/Hy] = 7x107°, Ziurys et al.
2007).

Besides, in 7 Car, the clumps with detection of SiO
and SiS have [Si0/SiS] < 1 (except for clump L), mean-
ing that their silicon chemistry is somewhat closer to
that of C-rich stars, where SiS tends to be more abun-
dant than SiO by a factor of a few. Such an abundance
ratio is not immediately explainable, considering: 1) the
composition of the ejecta around n Car, which is rich in
N but C- and O-poor; and 2) the lack of reported ob-
servations of sulphur-bearing species to explain the for-
mation of SiS (see Sect. 3.5). In this respect, Zanchet
et al. (2018) developed a simple shock model that pre-

dicts a slower post-shock formation of SiS than SiO, and
with lower abundances. Still, we emphasize that n Car
is an exceptional environment with rather unusual phys-
ical conditions, that probably will require the develop-
ment of specific models to properly describe its molec-
ular chemistry. In this context, a way to explain the
prevalence of SiS over SiO follows the arguments pre-
sented by Massalkhi et al. (2019), who regard SiS as a
more efficient gas-phase reservoir of Si, to the detriment
of SiO, which is more easily incorporated back to dust
grains as density and mass-loss rate increase. Indeed,
condensation of SiO -and, to a lesser extent, of SiS—
onto dust could be a recurring process in the molecular
ring. The material in the inner rims of the butterfly re-
gion would be constantly recycled, with shocks caused
by the binary winds periodically destroying dust and
leading to the formation of Si-bearing species. A frac-
tion of these molecules would eventually deplete back to
dust, in a cycle modulated by the orbital period of 5.54
V.

Finally, it is worth noting that photodissociation could
also play an important role to explain the observed
abundances. Unfortunately, its impact is difficult to cal-
ibrate: first, because the UV flux to which the circum-
stellar material is exposed is, again, a function of the
orbital phase: depending on the epoch, a large fraction
of the ionizing flux from the hotter secondary is blocked
by the optically thick primary wind (Gull et al. 2016);
and second, because the photodissociation rate of SiS is
not yet well determined, and usually assumed similar to
that of SiO (Massalkhi et al. 2019).

3.5. Chemistry of Si-bearing molecules in the
Homunculus

The physics of dust formation in the massive winds
and eruptions of hot evolved stars were studied by
Kochanek (2011), who found that only extremely high
mass-loss rates (M > 1072% Mg yr—') allowed for
efficient condensation while providing sufficient self-
shielding from UV radiation. In this context, the supply
of gas-phase Si in 1 Car could be explained by looking
at the impact of the fast winds of the central stars on
the ejecta from the Great Eruption. In timescales of
months/years, several solar masses of processed mate-
rial were expelled, a fraction of which expanded in the
equatorial plane of the system. This matter, dense and
hot, eventually cooled down enough as to allow for the
condensation of dust grains.

The dust content of the Homunculus at different spa-
tial scales has been thoroughly studied by Morris et al.
(1999) and Chesneau et al. (2005), who concluded that
only a mix of silicates and corundum can account for the



spectral features observed in the infrared. This dust has
been continuously exposed to the strong, optically thick
primary wind (vins ~ 420 km s~1), plus the intermittent
impact of the much faster secondary wind (vi,s ~3000
km s~!) modulated by the orbital cycle. The competing
effect of these winds could possibly explain the process-
ing of dust in the inner borders of the butterfly region,
releasing Si back to gas phase (and explaining the radial
offset observed between SiO and CO/13CO emission re-
ported in Sect. 3.2). We could also speculate about the
differences in brightness of the SiO clumps resorting to
the most accepted orbital geometry (e.g. Teodoro et al.
2016), which places the periastron on the far side of
the orbit (i.e. ”behind” n Car A, in the S/SE direction
where SiO emission is more intense). This is also the
dominant direction where receding, highly compressed
fossil wind structures pile up (Gull et al. 2016) as a re-
sult of the fast dive of the secondary into the primary
wind. The accumulated effect of such abrupt changes in
the wind regime over several orbital cycles may favour
the dust processing on the far side, hence explaining the
observed brightness differences.

Chemical models addressing the formation and de-
struction of Si-bearing species predict two dominant for-
mation routes for SiO, namely: (1) oxidation of gas-
phase Si, primarily through Si + CO — SiO + C and Si
+ OH — SiO + H (Agundez & Cernicharo 2006), and
(2) reaction with sulphur-bearing compounds, via Si +
SO — SiO + S, and Si + SO3 — SiO + SO (Zanchet
et al. 2018). The detection of CO (Loinard et al. 2012;
Smith et al. 2018a) and OH in the Homunculus (Verner
et al. 2005; Gull et al. 2020) may suggest that the former
reactions are the preferential formation channels of SiO,
whereas no other sulphur-bearing species —besides SiS,
in this work— have been ever reported. In particular,
SOa, one of the main reservoirs of sulphur in AGB stars
(Danilovich et al. 2016), has not yet been detected to-
wards 1 Car. The ALMAGAL setup covers eight transi-
tions of SOy spanning a wide range of Ey, values (~200—
3000 cm~1), allowing us to set a 3o upper limit column
density N(SO2)<10'® cm~2 following the assumptions
in Sect. 3.3. This value, however, does not really set
tight constraints, and still allows for a high fractional
abundance. Finally, an alternate pathway for SiO for-
mation involves the destruction of SiS through SiS 4+ O
— SiO + S. For this reaction to be dominant, sufficient
free oxygen has to be available, which is unlikely in the
environment of 7 Car, given that most of it should be
already locked in CO, and other less abundant species
like OH. However, it could explain an overabundance of
SiO in the clumps where no SiS is detected.
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Regarding SiS, the kinetics of chemical reactions lead-
ing to its formation are less understood. The primary
paths involve reactions with SO and SO2, competing
with SiO but having lower reaction rate coeflicients
(Zanchet et al. 2018). As a consequence, the formation
rate of SiO is always higher (by a factor of 5-7) than
SiS. In a recent work, Mota et al. (2021) proposed an
alternate gas-phase reaction, Si + SH — SiS + H, that
was able to successfully explain the SiS overabundances
observed in L1157 (Podio et al. 2017).

Follow-up observations specifically targeting other sul-
phur carriers will provide better insight on the feasibil-
ity of the different formation routes of SiO and SiS. We
note, though, that most of the available chemical models
address the conditions and abundances found in circum-
stellar envelopes or star forming regions, and hence may
not be directly applicable to n Car, where conditions
may differ by a large margin. The development of ad
hoc models will surely be needed to explain the lifecycle
of Si-bearing species in such a harsh, unusual ambient.

The formation of SiN is probably related to that of
SiO and SiS. However, the current understanding of SiN
gas-phase chemistry is limited. Provided that shocks
supply enough Si, one of the main formation routes for
SiN would be the neutral-neutral reaction (Roveri et al.
1988) Si + NH — SiN + H. In C-rich environments, an-
other possible source of SiN could be a dissociative elec-
tron recombination following the reaction Sit + NHjz
— SiNHJ + H (Turner 1992). In 5 Car, these two
routes seem feasible, considering the recent detection
of NH and NH;3 (Gull et al. 2020), a significant fraction
of which may reside in the equatorial regions where SiN
is found. Indeed, the high SiN abundance reflects the
unusually nitrogen-rich chemistry of the Homunculus,
consistent with heavily processed CNO ejecta.

3.6. Is maser emission possible?

The column densities and abundances derived in Sect
3.4 assume a thermal origin for the emission of all
molecules. However, masers of SiO and its isotopologues
have been frequently observed in envelopes of evolved
stars (Schwartz et al. 1982; Pardo et al. 1998; Kim et al.
2010; Rizzo et al. 2021), even in their vibrational ground
states (v = 0). SiS masers have been detected as well,
but only in IRC+10216 (Henkel et al. 1983; Fonfria
Expdsito et al. 2006). One may wonder whether the
maser scenario may also hold in n Car. In fact, SiO
and SiS show some features that might be compatible
with a maser contribution. First, SiO maser emission in
evolved stars is generally clumpy, arising from discrete,
very compact regions that usually trace a circumstel-
lar ring due to tangential amplification (Colomer et al.
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1992; Diamond et al. 1994, 1997); such a morphology
resembles the spatial distribution of SiO around 7 Car,
although at very different angular scales. Second, maser
emission tends to show narrower velocity profiles than
thermal emission; in our case, we observe that SiO and
SiS have significantly narrower lines than '*CO in many
of the studied positions, as shown in Fig. 5.

The pumping mechanism of SiO masers is not com-
pletely established, with radiative and collisional pump-
ing as the most plausible explanations. For these mech-
anisms to be effective, Hy densities in excess of ~10°
cm ™3 and kinetic temperatures above 1000 K are re-
quired (Elitzur 1992; Bujarrabal 1994). Such stringent
physical conditions are typically found at a few stellar
radii from the stellar photosphere in the case of AGB
stars, hence posing an important drawback for n Car,
where material is located ~ 5000 AU away from the
binary. However, at this point there is no ground for
rejecting the possibility that these conditions are locally
met in unresolved, hot and dense pockets of gas. Any
further assumption is mere speculation, as we cannot be
certain about the nature of the SiO and SiS lines with
just a single transition observed. Follow-up interfero-
metric observations of higher J transitions and other
vibrational states, will elucidate whether the observed
emission is entirely thermal, or has a weak maser con-
tribution.

clump J

Flux density (Jy beam ')

—0.01 L b b b
-50 0 50

Vier (km s)

Figure 5. Comparison of the SiO and 3*CO line profiles in
clumps C, D, H and J. Spectra have been smoothed to 2 km
s~!. All panels have the same intensity scale.

4. SUMMARY AND CONCLUSIONS

We have analysed ALMA band 6 observations toward
n Car with a resolution better than 0.4 arcsec. We
report the detection of SiO, SiS and SiN, the first Si-

and S-bearing species found in the outskirts of a highly
evolved, early-type massive star. The molecules trace
a clumpy equatorial ring that surrounds the central bi-
nary at a projected separation ~2 arcsec, presumably
dating back to the Great Eruption in the 19th century.

Considering the abrupt changes of the wind regime
due to the binary interaction, we propose the continu-
ous processing of dust grains in the inner rim of the but-
terfly region as the most likely source of the gas-phase
silicon needed for the formation of these species. The
recent detection of other molecules typically associated
with shock-heated gas, like NHz, CH30H, HyO or CHT
(Morris et al. 2020; Gull et al. 2020), even when their ex-
act location in the Homunculus is yet to be pinpointed,
may support this interpretation.

We have derived molecular abundances of [SiO/Hs]
= 6.7 x 1079, [SiS/Hy] = 1.2x107%, and [SiN/H,] =
3.6x107% in the clumps. The SiO and SiS abundances
are significantly lower than those measured in AGB stars
and cool supergiants, (1) making of  Car an outstand-
ing object from the perspective of silicon chemistry, and
(2) further confirming the trend of decreasing SiO and
SiS abundances with increasing M inferred from obser-
vations of AGB stars. We suggest a more efficient re-
adsorption of SiO into dust grains to explain the ob-
served [SiO/SiS] ratio, whereas the prevalence of the
rarer SiN over the other Si-bearing compounds seems
consistent with the nitrogen-rich nature of the ejecta.

All in all, n Car gives us an unmatched opportunity
to examine the lifecycle of dust and molecules in the
outskirts of a hot, evolved star in affordable timescales.
Further and deeper observations to complete its chem-
ical inventory, along with new chemical models able to
reproduce its time-dependent conditions, will provide an
insightful view of the kinetic networks at work, con-
tributing to fill the gaps in our knowledge about this
fascinating object. Finally, we remark that a proper un-
derstanding of silicon chemistry in sources like n Car is
also crucial to assess the relevance of early-type massive
stars as factories of silicate dust, a role so far reserved
to cooler objects and supernovae.
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Data availability . The data presented in this work is
publicly accessible from the ALMA archive. The NEA-
NIAS project fully supports Open Science and encour-
ages the application of FAIR principles. Therefore, we
have exported the MADCUBA outputs in VO-compliant
format (Rizzo et al. 2022) to ensure interoperability and
reproducibility of the modelling results, making them
available along with the processed spectra in the Zenodo
repository at https://pending..upon..acceptance. The
physical parameters are written as VOTables, and the
resulting synthetic spectra as verified FITS files* com-
pliant with the ObsCore data model®.
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APPENDIX

A. FULL SPECTRA

Flux density (Jy beamgl)
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Figure 5. Beam-averaged spectra of n Car between 217.000 and 218.850 GHz extracted from the clumps indicated in Figure 1.
Spectra have been smoothed to a resolution of ~ 5 km s™!. In each panel, the markers indicate the frequencies of the transitions
listed in Table 1, shifted to the velocity of the strongest SiO component.
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Figure 6. Beam-averaged spectra of 7 Car between 219.100 and 220.950 GHz, extracted from the clumps indicated in Figure
1. Spectra have been smoothed to a resolution of ~ 5 km s™'. In each panel, the markers indicate the frequency of the 3CO
J = 2 — 1 transition, shifted to the velocity of the strongest SiO component.

B. LINE FITTING
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Table 3. MADCUBA line fitting parameters for SiO, SiS and SiN . Symbol # in the fourth column denotes component number, in
order of increasing velocity.

SiO Sis SiN
Pos (Aa, A6) Tex # VLSR Av [ Tmpdv VLSR Av [ T dv VLSR Av J Tondv
(K) (kms™!) (kms™') (Kkms ') (kms ') (kms™!) (Kkms ') (kms™') (kms ') (Kkms™!)
A (409, 42.6) 154 1 —47.4 3.9 (0.4) 25.11 (2.43)
B (+1.2,+22) 166 1 —33.5 5.4 (0.7) 34.16 (2.62)
2 254 7.1 (1.7) 15.09 (2.99)
C  (40.9,+1.9) 180 1 —24.3 6.7 (0.6) 42.52 (3.33) ~24.9 4.4 (0.3) 17.36 (0.88)
D (+1.2,+1.7) 185 1 —23.5 2.5 (0.4)  6.17 (0.91) —244 55 (0.7) 10.72 (1.13)
2 —12.4 6.4 (0.3) 34.66 (1.47) —12.4 2.7 (0.4)  5.89 (0.79) —14.3 4.2 (3.8)  3.88 (1.45)
E  (4+2.0,+0.4) 179 1 57.8 5.9 (0.2) 53.86 (1.40) 58.0 8.6 (1.2) 26.13 (3.19)
F  (4+2.0,-0.2) 173 1 59.2 4.8 (0.9) 19.35 (2.04) 60.0 6.0 (1.9) 14.49 (2.30) 56.6  10.0 (4.3) 5.84 (2.70)
2 65.9 5.7 (0.4) 65.46 (2.21) 65.8 5.0 (1.0) 23.58 (2.11) 64.7 4.9 (2.0)  4.19 (1.88)
G (+18,-09) 163 1 71.2 4.7 (0.5) 37.83 (1.98) 69.3 7.7 (0.6) 27.63 (1.99) 701 2.9 (0.8)  4.51 (1.32)
2 78.4 13.7 (2.5) 43.98 (3.37)
H (405, —1.1) 211 1 23.6 3.8 (0.7)  9.94 (1.44)
2 34.3 7.3 (0.6) 52.68 (2.00) 33.7 5.9 (1.0) 22.04 (1.65)
3 404 2.9 (1.2)  7.08 (1.25) 395 4.0 (1.0) 12.94 (1.36) L0
4 45.9 6.3 (1.0)  23.08 (1.86) 44.9 5.0 (1.0)  14.05 (1.51)
I (0.3, —2.2) 165 1 44.0 310 (2.5) 82.44 (5.44)
2 455 3.2 (1.8) 11.71 (1.75)
J (1.3, -23) 162 1 57  58(0.9) 16.68 (2.47) ~5.2 113 (1.4) 29.25 (2.76)
2 0.6 5.0 (1.0) 27.05 (2.29)
K  (-23,-11) 168 1 —76.1 2.5 (0.7)  4.96 (1.05)
2 ~70.0 5.5 (0.3) 45.99 (1.57)
3 —61.0 5.3 (0.8) 13.75 (1.54)
L (-2.0,-0.5) 180 1 781 5.7 (0.3) 49.68 (2.20) ~76.5 3.5(0.6) 10.03 (1.52)

NoTE—The fitting of SiN only considers the component at 218.512 GHz.

@ Tentative detection at 2.50 (see text).
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Table 4. MADCUBA line fitting parameters for *CO and *CN . Symbol # in the fourth column
denotes the component number, in order of increasing velocity.

1300 183oN
Pos (A, AG) Tex # VLSR Av mebév VLSR Av meb(Sv
(K) (km s™1) (km s~ 1) (Kkms™') (kms™!) (kms™!) (Kkms™?)
A (409, +2.6) 154 1 464 9.2 (1.0)  33.74 (3.21)
B (+1.2,42.2) 166 1 —43.0  27(0.7)  5.98 (1.10)
2 —38.4 3.4 (1.3) 6.74 (1.23)
3 ~33.3 8.8 (2.9)  38.02 (1.98)
4 238  3.7(3.9)  3.84 (1.29)
C  (40.9,+1.9) 180 1 334 4.9 (0.0) % 11.13 (2.65)
2 ~25.2  10.9 (0.9)  46.22 (3.24)
D (+1.2,+1.7) 185 1 ~32.8 4.1 (L1)  6.63 (1.75)
2 —16.6 185 (0.8) 101.84 (3.72) —12.8 135 (3.1) 0.01 (1.67)
E (420, 40.4) 179 1 57.9 6.1 (0.2)  51.37 (1.74) 58.2  13.5 (3.2)  0.01 (1.46)
2 63.9 6.7 (0.8)  23.88 (2.43)
F (420, -0.2) 173 1 56.4 1.1 (0.9)  0.77 (0.40)
2 64.5 11.4 (0.3) 91.38 (2.03) 62.3 10.4 (2.0) 0.01 (1.41)
3 735 2.4 (0.0) ¢ 7.89 (3.43)
4 80.4 2.4 (0.0) ¢  7.33(3.39)
G (+1.8, -09) 163 1 711 5.6 (0.4)  38.45 (1.60)

2 79.8 8.9 (4.7)  16.83 (2.01)

3 91.9  13.0 (3.1)  26.09 (2.42)
H (405, —1.1) 211 1 122 1.8 (0.2) 3.84 (0.41)
2 21.7 9.6 (0.7)  34.49 (2.31) 25.3 12,5 (6.1)  0.01 (2.16)
3 31.7 7.8 (1.5)  10.68 (1.92)
4 35.4 18.6 (1.4)  52.00 (3.36)
5 447 4.3 (0.9) 6.18 (1.20)
I (0.3, —2.2) 165 1 19.3 6.5 (0.8)  17.61 (1.78)
2 20.9  10.1 (0.6)  43.72 (2.29)
3 40.3 183 (1.4)  44.90 (3.05)
4 52.4 293 (4.1)  29.74 (3.79)
5 70.0  47.0 (9.3)  23.84 (5.04)
J (-1.3, —2.3) 162 1 —37.9 5.8 (0.0) % 2512 (2.50)
2 —6.7 24.7 (1.2) 124.21 (5.17)
K  (-23,-1.1) 168 1 —121.0 4.9 (0.8)  10.06 (1.44)
2 —103.7 7.7 (0.6)  26.15 (1.80)
3 —71.5 10.2 (0.4)  58.91 (2.07) —76.4 14.1 (2.5) 0.02 (2.31)
4 —26.5 5.6 (0.7)  13.96 (1.54)
L (2.0, —0.5) 180 1 —154.1 3.8 (0.5)  16.61 (1.76)
2 —78.0 88(0.3)  78.93 (2.68) —79.3  13.3(3.2) 0.02 (2.39)

@ The parameter had to be fixed to allow the fitting to converge simultaneously for all components.



