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ABSTRACT

Dust radiative transfer models are presented for 60 carbon stars in the Magellanic Clouds
(MCs) for which 5-35 pm Spitzer infrared spectrograph (IRS) spectra and quasi-simultaneous
ground-based JHKL photometry are available. From the modelling, the luminosity and mass-
loss rate are derived (under the assumption of a fixed expansion velocity and dust-to-gas ratio),
and the ratio of silicon carbide (SiC) to amorphous carbon (AMC) dust is also derived. This
ratio is smaller than observed in Galactic carbon stars, as has been noted before. Light curves
for 36 objects can be retrieved from the massive compact halo object (MACHO) and optical
gravitational lensing experiment (OGLE) data bases, and periods can be derived for all but two
of these. Including data from the literature, periods are available for 53 stars.

There is significant scatter in a diagram where the mass-loss rates are plotted against lumi-
nosity, and this is partly due to the fact that the luminosities are derived from single-epoch data.
The mass-loss rates for the MC objects roughly scatter around the mean relation for Galactic
C-stars.

The situation is better defined when the mass-loss rate is plotted against pulsation period.
For a given period, most of the Large Magellanic Cloud (LMC) and Small Magellanic Cloud
(SMC) stars have mass-loss rates that are in agreement with that observed in Galactic carbon
stars (under the assumption that these objects have an expansion velocity and dust-to-gas ratio
typical of the mean observed in Galactic carbon Miras).

For some SMC sources only, the IRS spectrum at longer wavelengths falls clearly below
the model flux predicted by a constant mass-loss rate. An alternative model with a substantial
increase of the mass-loss rate to its present-day value over a time-scale of a few tens of years
is able to explain the spectral energy distribution (SED) and IRS spectra of these sources.
However, the probability to have two such cases in a sample of 60 is small, and makes this
not a likely explanation (and testable by re-observing these objects near the end of the lifetime
of Spitzer). Alternative explanations are (ad hoc) changes to the dust emissivity at longer
wavelengths, and/or deviations from spherical symmetry.

*E-mail: groen@ster.kuleuven.be
tPresent address: Service d’ Astrophysique, Bat.609 Orme des Merisiers, CEA Saclay, 91191 Gif-sur-Yvette, France.

© 2007 The Authors. Journal compilation © 2007 RAS



314 M. A. T. Groenewegen et al.

Key words: circumstellar matter — stars: AGB and post-AGB — stars: mass-loss — Magellanic

Clouds — infrared: stars.

1 INTRODUCTION

Almost all stars with initial masses in the range 0.9-8 M) will pass
through the asymptotic giant branch (AGB) phase, which is the last
stage of active nuclear burning before they become post-AGB stars,
Planetary Nebulae and finally White Dwarfs. The main character-
istics of the AGB are (i) the active dredge-up of the products of nu-
cleosynthesis (mainly carbon, nitrogen, s-process elements) which
allows an AGB star to make the transition M — S — C in spec-
tral type depending on the number of so-called thermal pulses and
subsequent dredge-up events, and (ii) significant mass loss, induced
by stellar pulsation and radiation pressure acting on dust grains,
which results in a huge expanding molecular and dust shell around
the star. The combination of nucleosynthesis and heavy mass loss
makes AGB stars the most important contributor to the enrichment
of the interstellar medium (ISM) in dust and many atomic species.

The dust which forms around these cool AGB stars absorbs stellar
light below <1 pum and re-emits it in the infrared (IR). At the very
end of the AGB, the heavy mass loss makes this effect so prominent
that stars become faint or invisible in the optical and very prominent
emitters in the near-IR and mid-IR.

The fact that the process of significant dust production also occurs
at metallicities below solar became obvious with the detection of
hundreds of point-sources in the Magellanic Clouds (MCs) at the
detection limit of the IRAS satellite (e.g. Schwering 1989; Schwering
& Israel 1989; Whitelock etal. 1989; Loup et al. 1997; Groenewegen
& Blommaert 1998). These sources were then in part observed at
other wavelengths mainly to identify the IR counterparts (Reid 1991;
Zijlstra et al. 1996; van Loon et al. 1997), search for maser emission
(Wood et al. 1992; van Loon et al. 2001; Marshall et al. 2004),
monitor in the IR to obtain pulsation periods (Wood 1998; Whitelock
etal. 2003), obtain near-IR spectra (van Loon et al. 1999a; Matsuura
etal. 2005) and observed with the Infrared Space Observatory (ISO)
satellite (Trams et al. 1999; Groenewegen et al. 2000). In addition,
the /IRAS result led to deeper surveys for AGB stars in the MCs with
1SO in order to obtain less biased samples (Loup et al. 1999). More
recently, the Midcourse Space Experiment (MSX) satellite mission
also provided new AGB star candidates (Egan et al. 2001), some
of which have already been observed spectroscopically in the near-
IR (van Loon et al. 2006). Parallel to these developments on the
observational side, there have been efforts in the modelling of these
data by, e.g., Groenewegen & Blommaert (1998), van Loon et al.
(1999b) and van Loon et al. (2005).

All these studies aimed at increasing our knowledge of the evo-
lution on the AGB, in particular the evolution of mass loss and dust
formation, also in the context of the difference in metallicity be-
tween our Galaxy, LMC and SMC. With the successful launch of
the Spitzer Space Telescope (SST; Werner et al. 2004), fainter and
more distant objects can be observed to study in more detail the
dust formation process. In particular with the infrared spectrograph
(IRS; Houck et al. 2004), high-quality spectra can be obtained of
many individual objects in the MCs. The present paper aims to make
detailed models of the IRS spectra and spectral energy distributions
(SEDs) of carbon stars in the MCs in order to derive mass-loss rates.

In Section 2, the observational data are discussed, i.e. the Spitzer
IRS spectra, light curves and periods from the literature and the

optical gravitational lensing experiment (OGLE) and massive com-
pact halo object (MACHO) data bases, and the quasi-simultaneous
ground-based JHKL photometry. Section 3 describes the radiative
transfer models, and the results are presented in Section 4. The paper
concludes with a discussion.

2 OBSERVATIONAL DATA

2.1 IRS spectra

Table 1 lists the sample of 60 carbon stars for which spectra
have been obtained using the IRS onboard the SST using the low-
resolution modules Short-Low (SL) and Long—Low (LL) between
5 and 38 pum at a resolution of R = 68—128. The stars were observed
as part of the General Observing time of SS7, programmes 3505
(PL; PR. Wood) and 3277 (PI; M. Egan).

Details of target selection, observations and data reduction as well
as coordinates of the sources are described for programme 3505 in
Zijlstra et al. (2006) for the LMC sources (IRAS 05132—6941 up
to NGC 19781R4 in Table 1) and Lagadec et al. (2006) for the
SMC sources (GM 780 up to IRAS 00554—7351 in Table 1), and
for programme 3277 in Sloan et al. (2006) for the remaining SMC
sources (MSX SMC 232 up to MSX SMC 033 in Table 1). Table 1
lists in the first column the identifier used in the present paper and
alternative names in the second column.

2.2 Light curves and pulsation periods

The MACHO! and OGLE? data bases (Alcock et al. 1997; Zebruii
et al. 2001) were searched in order to retrieve light curves and de-
termine periods. For 36 objects, the light curves could be retrieved
and they are shown in Fig. 1 in order of RA. For some objects, both
MACHO and OGLE light curves are available. In that case, the
MACHO R band was scaled and offset to fit the OGLE I band
based on the data overlapping in time and the combined light
curve is shown. Periods were determined by analysing the MACHO
and combined MACHO+OGLE light curves in the way described
by Groenewegen (2004, 2005), that is, using a combination of
Fourier analysis and Phase Dispersion Minimization (PDM; see
Stellingwerf 1978). For the stars with only an OGLE light curve, the
period was directly taken from Groenewegen (2004). In some cases,
the light curve is so irregular that no useful period can be derived,
e.g. in the case of NGC 419 LE27/OGLE 010820.61-725251.7. In
other cases, a Long Secondary Period (LSP; see e.g. Olivier &
Wood 2003; Wood et al. 2004) is obvious, e.g. in LEGC 105/0GLE
005446.85-731337.6/MACHO 211.16247.8.

The dominant pulsation periods are listed in the third column in
Table 1 together with other periods from the literature in the fourth
column. The period quoted first is the adopted one and is used
throughout this paper. Periods preceded by a star (x) indicate stars
considered to have the most regular pulsation, and are identified
as such in Figs 3-6. The last column lists the (semi-)amplitude of

U http://wwwmacho.anu.edu.au/
2 http://sirius.astrouw.edu.pl/~ogle/
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Table 1. The carbon star sample: identifiers and pulsation periods.
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Identifier Other name(s) Period Ref. Ampl. (filter)
IRAS 05132—-6941 MSXLMC 223 *630 9 0.85 (K)
IRAS 05112—6755 TRM 4 830, 822 1,7 0.88 (K)
IRAS 05190—6748 TRM 20 939, 889 1,7 0.83 (K)
IRAS 05360—6648 MSXLMC 872; TRM 77 538, 530 1,7 0.60 (K)
IRAS 05278—6942 MSXLMC 635 *980 9 1.20 (K)
IRAS 05295-7121 MSXLMC 692, MACHO 21.7768.2243 632, 682 pp, 1 0.71 (R)
IRAS 05113—-6739 TRM 24 700,713 1,7 0.91 (K)
IRAS 04557—-6753 - 765 1 0.68 (K)
IRAS 05009—6616 MSXLMC 1278 658 1 0.80 (K)
TRM 72 MSXLMC 29, MACHO 56.5052.258 556, 571, 631 pp, 1,7 0.52 (R)
TRM 88 MSXLMC 310, MACHO 58.6508.122 *540, 544, 565 pp, 1,7 1.02 (R)
MSXLMC967 OGLE 053636.92-694722.3, MACHO 81.9122.1165 *537, 615 pp, 2 0.64 (1)
MSXLMC 749 OGLE 053527.04-695227.8, MACHO 81.8879.669 *540, 589 pp, 2 1.92 (D
MSXLMC 349 - *600 9 1.00 (K)
MSXLMC 754 MACHO 7.7779.1137 *462 pp 0.96 (R)
MSXLMC 743 - *540 9 0.70 (K)
MSXLMC 441 - *680 9 0.80 (K)
MSXLMC 679 - *440 9 0.50 (K)
MSXLMC 443 - *540 9 0.60 (K)
MSXLMC 601 OGLE 052650.96-693136.8 545 2 0.90 (1)
MSXLMC 494 OGLE 052309.18-691747.0, MACHO 80.6951.2338 *456, 458 pp, 2 0.92 (I)
MSXLMC 341 - *580 9 0.75 (K)
MSXLMC219 - *670 9 1.05 (K)
GRRYV 38 GRYV 0529-6700; RGC 54, MACHO 60.7954.31 *503, 828 pp, 5 047 (R)
NGC 1978 MIR1 NGC 1978_8 *380 9 0.60 (K)
NGC 1978 1R1 NGC 19783, MACHO 64.7844.416 *431, 491 pp, 3 1.57 (R)
NGC 1978 IR4 NGC 1978_5, MACHO 64.7844.15 523 pp 0.18 (R)
GM 780 MACHO 213.15051.6 *608, 611 pp, 4 0.92 (R)
RAW 960 OGLE 005554.61-731136.3, MACHO 211.16305.35 %310, 296 pp, 2 0.43 ()
NGC 419MIR1 NGC 4198 *700 9 0.75 (K)
NGC 419 LE35 NGC 419.7; OGLE 010817.45-725301.1, [GB98] S21 188 2 0.14 ()
NGC 419LE27 NGC 419_11; OGLE 010820.61-725251.7 - pp

NGC 419LEIS8 NGC 419_17; OGLE 010824.89-725256.7 - 2

NGC419LE16 NGC 419_1; OGLE 010801.10-725317.1 438 2 0.43 (1)
NGC 4191R1 NGC 419_4; OGLE 010812.92-725243.7 453,274, 526 pp, 2,3 0.70 (1)
LEGC 105 OGLE 005446.85-731337.6, MACHO 211.16247.8 %346, 352 pp, 2 0.73 (1)
ISO 00548 OGLE 005450.73-730607.2, MACHO 211.16249.4703 *458, 440 pp; 2 1.13. (D)
IS0 01019 OGLE 010154.53-725822.1, MACHO 211.16707.28 %339, 334 pp, 2 1.05 ()
ISO 00573 OGLE 005720.51-731245.8, MACHO 211.16419.244 *348, 354 pp; 2 0.57 ()
IS0 00549 OGLE 005454.09-730318.0, MACHO 211.16250.4090 537, 524 pp, 2 0.48 (I)
IRAS 00554—7351 [GB98] S16 720 8 0.72 (K)
MSX SMC 232 OGLE 010603.28-722231.9, MACHO 206.17001.2488 508, —, 460 pp, 2,6 0.65 ()
MSX SMC 209 MACHO 207.16376.687 %521, 453, 520 pp, 4,6 1.16 (R)
MSX SMC 202 -

MSX SMC 200 -

MSX SMC 198 OGLE 005710.97-723059.7, MACHO 207.16429.258 %543, 470, 500 pp, 2,6 0.83 ()
MSX SMC 163 MACHO 208.16031.578 *654, —, 660 pp, 4,6 1.14 (R)
MSX SMC 162 OGLE 005240.16-724727.3, MACHO 207.16140.490 516, 529, 520 pp, 2,6 0.39 (1)
MSX SMC 159 OGLE 005422.28-724329.7 540, 560 pp, 6 0.71 ()
MSX SMC 142 OGLE 005140.46-725728.5, MACHO 212.16080.472 %296, 293, 300 pp, 2,6 0.85 ()
MSX SMC 105 OGLE 004502.14-725223.8, MACHO 208.15626.1306 *670, 689, 670 pp, 2,6 0.71 ()
MSX SMC 093 -

MSX SMC 091 -

MSX SMC 066 OGLE 004852.51-730856.5, MACHO 212.15907.28 492,513, 530 pp, 2,6 0.40 (1)
MSX SMC 062 OGLE 004240.89-725705.1, MACHO 213.15510.1225 %553, 491, 570 pp, 2,6 0.96 (1)
MSX SMC 060 [GB98] S06, OGLE 004640.46-731646.9, MACHO 212.15734.3072 711, 350, — 8, 6, pp 0.52 (K)
MSX SMC 054 -

MSX SMC 044 OGLE 004339.58-731457.1, MACHO 213.15563.34 *452, 461, 460 pp, 2,6 0.55 ()
MSX SMC 036 OGLE 004553.92-732340.7 548, 640 2,6 0.90 (1)
MSX SMC 033 OGLE 004705.55-732132.5, MACHO 212.15789.1415 %540, 592, 530 pp, 2,6 0.76 (1)

References: pp = present paper; 1 = Whitelock et al. (2003); 2 = Groenewegen (2004); 3 = Nishida et al. (2000); 4 = Raimondo et al. (2005); 5 = Reid et al.
(1988); 6 = Sloan et al. (2006); 7 = Wood (1998); 8 = Dodion (2003); 9 = Wood et al. (in preparation). Periods preceded by a » indicate stars considered to
have the most regular pulsation (see Figs 3-6).
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Figure 1 — continued

the adopted pulsation period in the filter where the light curve was
obtained, i.e. OGLE I, MACHO R or K. The amplitudes are such
that the observed (dominant) pulsation behaviour can be ascribed to
Mira-like pulsation, except in the cases NGC 419 LE35 (/ amplitude
0.14 mag).

The periods found here and in the literature are in reasonably
good agreement with each other considering the irregular and non-
periodic behaviour that is immediately obvious from inspecting the
light curves in Fig. 1. Exceptions are as follows.

(1) GRRV 38 for which a (main) period of 503 d is found here
(and a LSP of 3020 d) while Reid et al. (1988) quote 828 d based
on an analysis of 23 photographic plates taken between 1976 Dec.
and 1983 Feb. They do remark that in a K-band PL-diagram (their
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fig. 8), it occupies an ‘anomalous position’, in the sense that for its
K-band brightness, a period of 828 d is very long. Unfortunately,
their individual data points are not published, so it cannot be verified
how the data of 25 yr ago phase with the MACHO data and if the
star actually changed period. In any case, its current main pulsation
period is 503 d.

(ii)) NGC 419IR1 (OGLE 010812.92-725243.7) for which
Groenewegen (2004) quote a period of 274 d based on OGLE
data available at that time, which provided a bad fit though, and
Nishida et al. (2000) who gave a period of 526 £ 18 d based on IR
monitoring. The currently available OGLE data were re-analysed to
give a dominant period of 453 d and a secondary period of 977 d.
There can be little doubt that the OGLE and IR observations refer
to the same source. Based on the modelling of the SED, an /-band
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magnitude of 16.1 is predicted well within the observed range dur-
ing the OGLE observations of 15 to 17 mag. Using the program
PERIODI8 (Sperl 1998) the K-band data by Nishida et al. have been
independently analysed to find a period of 516 d (in good agreement
with their value), and to derive a mean magnitude and amplitude.
Then, these K-band data were transformed with [(K — 11.0) x 1.6 +
15.6] to scale the amplitude and mean magnitude to that observed
in the OGLE I band. A period analysis on this combined light curve
(still dominated by the OGLE part) results in an unchanged period
of 453 d, which is adopted here.

(iii)) MSX SMC 060, for which Sloan et al. (2006) derive a period
of 350 d based on a combination of MACHO and OGLE data, which
cannot be confirmed in the present paper using the same data set as
the light curve is too irregular. There exists, however, an IR light
curve which has a clear period of 711 d (Dodion 2003).

2.3 Near-IR photometry

All of the stars in our sample were observed from the ground quasi-
simultaneously with the SST observations. Ground-based observa-
tions were spaced at intervals of about 56 d, and linear interpolation
between the two dates nearest the SST observation date was used to
derive the JHKL values at that time.

The near-IR photometric observations were taken with the 2.3-m
telescope at Siding Spring Observatory (SSO) in Australia, using
the near-IR imaging system Cryogenic Array Spectrometer/Imager
(CASPIR; McGregor et al. 1994) and the filters J (1.28 um),
H (1.68 um), K (2.22 um) and narrow-band L (3.59 um). Stan-
dard stars from the lists by McGregor (1994) were used to cali-
brate the observations. Standard image reduction procedures of bias
subtraction, linearization, bad pixel replacement, flat-fielding and
sky subtraction were done with standard IRAF tasks. Aperture pho-
tometry was performed with the IRAF task QPHOT. All objects were
observed twice and the photometry was averaged.

The photometry is listed in Table 2. For the sources
MSX SMC 033 to 232, they have been published first by Sloan et al.
(2006) but the data are repeated here for convenience and complete-
ness. A full description of the IR monitoring program will follow in
Wood et al. (in preparation).

3 THE MODEL

The dust radiative transfer model of Groenewegen (1993, also see
Groenewegen 1995a) is used. This model was developed to handle
non-r—2 density distributions in spherically symmetric dust shells. It
simultaneously solves the radiative transfer equation and the thermal
balance equation for the dust.

When the input spectrum of the central source is fixed, the shape
of the SED is exclusively determined by the dust optical depth,
defined by

Touter
Ty =/ 7T(12£2)L nd(r) dr

Tinner

=5.405 x 108

dx, (1)

x Voo Pd Te x2 w(x)

MY Q;/a / R(x)
1

where x = r/r., M(r) = MR(x) and v(r) = v w(x). The nor-
malized mass-loss rate profile R(x) and the normalized velocity law
w(x) should obey R(1) = 1 and w(co) = 1, respectively. In the case
of a constant mass-loss rate and a constant velocity, the integral in
equation (1) is essentially unity since X, is typically much larger

than 1. The symbols and units in equation (1) are: the (present-day)
mass-loss rate M in Mg yr!, W the dust-to-gas mass ratio (as-
sumed constant), O, the extinction efficiency, a the grain size in cm
(the model assumes a single grain size), Ry the stellar radius in R,
Voo the terminal velocity of the dust in kms™!, pq the dust grain
specific density in gcm™, r, the inner dust radius in units of stellar
radii and x,,,, the outer radius in units of r..

In the present model calculations, the outer radius is determined
by a dust temperature of 20 K (which corresponds to a few 1000
times the inner radius, and ignores any possible heating by the ISM),
a dust-to-gas ratio of ¥ = 0.005, a grain specific density typical for
AMC of pg = 2.0 gcm*, a constant mass-loss rate, a constant
outflow velocity of vo, = 10.0kms~" and a velocity law of w =
[0.01 +0.99 (1 — Ry/r)*] have been adopted. This law approximates
the acceleration of the dust near the star. The LMC sources have been
put at 50 kpc and the SMC sources at 61 kpc.

For the central star, the stellar atmosphere models by Loidl et al.
(2001) have been used for T = 2650 (in the majority of cases),
2800, 3000 and 3200 K. Models with a carbon:oxygen (C/O) ratio of
1.4 have been preferred over the set of models with C/O = 1.1 as the
C/Oratio is expected to be larger for a given stellar mass in the lower
metallicity environment of the MCs. It is important to remark that
these models have, except for carbon, solar elemental abundances
and therefore are not appropriate for the stars in the MCs under
consideration. Furthermore, these models are hydrostatic while, in
principle, hydrodynamical models would be more appropriate in
representing the stellar photosphere for these intrinsically pulsat-
ing stars. Notwithstanding these limitations, which must be kept
in mind, it was felt that the hydrostatic solar-metallicity models of
Loidl et al. are more appropriate than e.g. simple blackbodies.

For the dust species, a combination of AMC and SiC has been
used, with optical constants from, respectively, Rouleau & Martin
(1991) for the AC1 species and «-SiC from Pégourié (1988). The
extinction coefficients have been calculated in the small particle
limit, and (Q,/a) is calculated from (Q;/a) = y (Q,/a)5C + (1-y)
(0,/2)"MC where y is determined by the fit to the IRS spectrum.

The models have been corrected for a typical Ay = 0.15 for all
stars. The exact value is of no importance as this corresponds to
<0.02 mag of reddening in the near-IR.

The free parameters of the model are the mass-loss rate, the lumi-
nosity, the effective temperature, the ratio y of SiC to AMC dust and
the dust condensation temperature, 7.. For the latter, a default value
of 1000 K for carbonaceous dust has been adopted. Only when the
fits could significantly be improved, values as low as 860 K and as
high as 1200 K have been tried.

The fitting procedure was as follows. For a given T, the dust
optical depth was changed in order to fit the observed J — K colour
(or H — K in case J was not available). Then, the luminosity was
changed to fit the continuum in carbon stars at 6.4 um (see Zijlstra
et al. 2006 for a discussion). If the fit to the IRS spectrum or the H,
L photometry was poor, this procedure was repeated for different
values of T, and T.. The ratio of SiC to AMC dust is determined
by the fit to the SiC feature in the IRS spectrum.

4 RESULTS

4.1 General

Table 3 contains the results of the model fitting: the luminosity,
mass-loss rate, dust temperature at the inner radius, the mass ratio
of SiC to AMC dust, the inner dust radius and the optical depth at
the peak of the SiC feature at 11.33 um. The effective temperature
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Table 2. The carbon star sample: quasi-simultaneous near-IR photometry.

Carbon stars in the Magellanic Clouds

Identifier J H K L
IRAS 05132—6941 - 15.409 £ 0.050 12.900 + 0.026 9.596 £ 0.062
IRAS 05112—6755 - 15.228 £ 0.082 12.636 £+ 0.026 9.274 £ 0.052
IRAS 05190—6748 - 17.265 £ 0.229 13.940 £ 0.047 9.829 £+ 0.076
IRAS 05360—6648 - 16.307 £ 0.084 13.417 £ 0.038 9.980 £ 0.082
IRAS 05278—6942 - 15.229 £ 0.146 12.077 £ 0.022 8.380 + 0.028
IRAS 05295-7121 17.250 £ 0.154 14.761 £ 0.044 12.391 £+ 0.027 9.399 £ 0.069
IRAS 05113—6739 16.431 £0.110 14.162 £ 0.037 12.212 £ 0.020 9.516 £ 0.082
IRAS 04557—6753 17.607 £ 0.177 14.920 £ 0.039 12.676 £+ 0.029 9.785 £ 0.072
IRAS 05009—6616 17.688 £ 0.307 14.806 £ 0.035 12.280 £ 0.037 9.127 £ 0.079
TRM 72 14.965 £+ 0.028 12.997 £ 0.016 11.229 £0.018 8.771 £ 0.068
TRM 88 15.851 +0.079 13.628 £ 0.026 11.758 +0.023 9.282 £ 0.059
MSXLMC 967 13.457 £ 0.029 11.834 £ 0.025 10.412 £ 0.018 8.460 + 0.048
MSXLMC 749 13.525 +£0.033 11.614 £ 0.027 10.091 £ 0.019 8.176 + 0.037
MSXLMC 349 - 16.299 £ 0.099 13.311 £ 0.034 9.762 £ 0.081
MSXLMC 754 13.973 £ 0.039 11.988 £ 0.030 10.643 £ 0.018 8.932 + 0.036
MSXLMC 743 - 15.329 £ 0.054 12.815 £ 0.024 9.847 £ 0.131
MSXLMC 441 - 15.579 £ 0.084 13.108 £ 0.071 9.876 £+ 0.072
MSXLMC 679 16.579 £ 0.134 14.224 £ 0.033 12.078 £ 0.022 9.277 £ 0.044
MSXLMC 443 - 15.114 £0.079 12.718 £ 0.035 9.794 £ 0.061
MSXLMC 601 15.865 £ 0.062 13.593 £ 0.031 11.709 £ 0.020 9.144 £ 0.057
MSXLMC 494 13.483 +0.028 11.708 £ 0.061 10.433 £ 0.019 8.925 + 0.037
MSXLMC 341 - 15.265 £ 0.059 12.972 £ 0.029 9.718 £0.108
MSXLMC219 - 15.943 £ 0.099 13.198 £ 0.050 9.909 + 0.086
GRRYV 38 12.086 + 0.027 10.671 £ 0.022 9.751 £ 0.018 8.753 £ 0.059
NGC 1978 MIR 1 - 14.389 £ 0.041 12.291 £ 0.020 9.590 £ 0.054
NGC 1978 IR1 14.146 £ 0.016 12.265 £0.013 10.747 £ 0.015 8.877 £ 0.060
NGC 1978 IR4 11.537 £0.012 10.308 £ 0.013 9.702 £ 0.015 9.250 £ 0.048
GM 780 12.980 £ 0.024 11.457 £0.023 10.225 £ 0.028 9.017 £ 0.039
RAW 960 13.391 £+ 0.020 11.966 £ 0.037 10.958 £ 0.039 9.882 £0.103
NGC 419 MIR1 - — 15.537 £0.131 11.472 £0.076
NGC 419 LE35 12.776 £ 0.014 11.574 £ 0.039 10.926 + 0.035 10.288 £+ 0.027
NGC 419LE27 12.786 £ 0.021 11.658 £ 0.035 11.035 £ 0.034 10.496 £ 0.040
NGC 419LEI18 12.819 £ 0.016 11.662 £ 0.040 11.038 £ 0.035 10.218 £ 0.035
NGC419LEIl6 13.927 £0.014 12.469 + 0.046 11.338 £ 0.035 10.026 £ 0.081
NGC 4191R1 13.542 £ 0.019 11.953 £ 0.037 10.783 £ 0.033 9.109 £ 0.029
LEGC 105 14.334 £+ 0.054 12.520 £ 0.024 11.248 £ 0.031 9.691 £ 0.108
ISO 00548 13.975 £+ 0