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ABSTRACT

Mid-infrared spectra from the Medium-Resolution Spectrometer on the James Webb Space Telescope have

revealed the molecular chemistry of carbon stars in the Large Magellanic Cloud in unprecedented detail. Our

sample spans a range of dust-production rates and includes three relatively dust-free semi-regular variables and

six dustier Mira variables. All were observed 15–20 years earlier with the Infrared Spectrograph on the Spitzer

Space Telescope at lower spectral resolution. The new spectra show that the C3 molecule is responsible for a

strong absorption band centered at 5.2 µm. CS is clearly present in some of the sample, especially the stars

with less dust. HCN also appears to be present. Some of the spectra have changed significantly between the

Spitzer epoch and the current epoch, and in most cases, these changes can be attributed to the stellar pulsation

cycle. One exception is the disappearance of a dust emission feature at ∼18 µm in one of the Miras. The new

spectra confirm the existence of what resembles a broad absorption band from an unknown carrier centered

at ∼10 µm, although we cannot rule out the possibility of molecular emission to either side of the apparent

absorption. The presence of this spectral structure on the short-wavelength side of the SiC dust emission feature

at ∼11.3 µm combined with the broad C2H2 band centered at 14 µm raise the possibility that some previously

reported detections of weak SiC dust emission in other carbon stars may not be real.

Keywords: carbon stars (199); asymptotic giant branch stars (2100); long period variable stars (935); circum-

stellar dust (236); circumstellar gas (238)

1. INTRODUCTION

Carbon stars dominate the population of evolved stars

on the asymptotic giant branch (AGB) in the nearby Large
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and Small Magellanic Clouds (LMC and SMC; Blanco et al.

1978, 1980; Cioni & Habing 2003). They also domi-

nate the production of dust in these metal-poor dwarf

galaxies (Matsuura et al. 2009, 2013; Boyer et al. 2012;

Srinivasan et al. 2016). AGB stars turn carbon-rich when

they produce carbon via the triple-α process (Salpeter 1952)

and dredge enough of it up to their surfaces to push the

C/O ratio above 1.0 (Renzini & Voli 1981). These stars
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are unstable to pulsations in their envelopes which trig-

ger the mass loss that will strip them to their cores (e.g.,

Habing 1996; Mattsson et al. 2008; Liljegren et al. 2016;

Höfner & Olofsson 2018).

Kraemer et al. (2019) showed that the amplitude of the

pulsations is critical to the quantity and chemistry of the

dust produced (see also McDonald & Trabucchi 2019). Car-

bon stars pulsating weakly as semi-regular variables (SRVs)

form small amounts of dust dominated by SiC. Carbon stars

pulsating strongly enough to be classified as Mira vari-

ables produce significantly higher amounts of dust, primar-

ily amorphous carbon, which dominates the dust as the

stars evolve (Martin & Rogers 1987). Once a carbon star is

forming amorphous carbon, the grains are opaque enough

to be accelerated to escape velocity by radiation pressure

from the central star and drag the gas along with it (e.g.,

Wickramasinghe et al. 1966; Woitke 2006; Mattsson et al.

2010; Bladh et al. 2019; Eriksson et al. 2023).

The dust condenses from molecular gas in the atmosphere,

but a clear understanding of the molecular chemistry is

lacking. Cherchneff et al. (2006) provide a good map of

the reaction pathways and compounds to be expected. In

a carbon-rich atmosphere, CO consumes all of the avail-

able oxygen, and molecules such as C2H2, HCN, SiS, and

CS will form. All four have been identified in the mid-

infrared spectra of Galactic carbon stars (Aoki et al. 1998,

1999), using the Short Wavelength Spectrometer (SWS;

de Graauw et al. 1996; Leech et al. 2003) aboard the Infrared

Space Observatory (ISO; Kessler et al. 1996, 2003). Acety-

lene (C2H2) may be the primary building block of the ben-

zene molecule (C6H6; Frenklach & Feigelson 1989), which

in turn is the building block of graphite, amorphous car-

bon, and polycyclic aromatic hydrocarbons (PAHs; e.g.,

Allamandola et al. 1989).

The launch of the Spitzer Space Telescope (Werner et al.

2004) made it possible to obtain sizable mid-infrared spectro-

scopic samples of carbon stars in nearby galaxies in the Lo-

cal Group, which enabled the study of how metallicity affects

the photospheric chemistry and the production of dust in car-

bon stars. Using the Infrared Spectrograph (IRS) on Spitzer

(Houck et al. 2004), several studies obtained spectra of a to-

tal of 184 carbon stars in the Large Magellanic Cloud (LMC;

see Sloan et al. 2016, and references therein). The LMC has

a metallicity which ranges between 30 and 50% Solar (−0.5

< [Fe/H] < −0.3) (Piatti & Geisler 2013; Choudhury et al.

2016). Despite the difference in metallicity, carbon stars in

the LMC and even the more metal-poor SMC showed no no-

table differences in the quantity of dust produced compared

to a sample of Galactic carbon stars observed by the SWS

on ISO (Sloan et al. 2008). This trend continues to carbon

stars in even more metal-poor dwarf spheroidal galaxies in

the Local Group (Sloan et al. 2012). These results attest to

the power of helium-burning and dredge-ups on the AGB.

Carbon stars are producing all the carbon they need to make

dust themselves, no matter their initial metallicity. Thus, they

are likely contributors to the dust in galaxies even in the high-

redshift Universe.

While metallicity does not affect the dust-production rates

in carbon stars strongly, the molecular component is another

matter. In Galactic carbon stars, acetylene, HCN, CS, and

SiS are all detected in the mid-infrared, but in the LMC and

SMC, only acetylene has been observed (Aoki et al. 1998;

Matsuura et al. 2006). This difference could arise from the

lower metallicities of the stars, but the IRS spectra have a

spectral resolving power (R ≡λ/∆λ) of ∼100, which is high

enough to study the molecular bands as a whole but too low

to study the detailed structure within them. Thus, it is pos-

sible that low levels of absorption from molecules beside

acetylene were present but went undetected.

This project follows up on carbon stars in the LMC previ-

ously observed with the IRS on Spitzer to better understand

the nature of the molecular absorption in their spectra. We

have observed a sample of carbon stars in the LMC with the

Medium-Resolution Spectrometer (MRS; Wells et al. 2015),

an observing mode of the Mid-Infrared Instrument (MIRI;

Wright et al. 2023) aboard the James Webb Space Telescope

(JWST; Gardner et al. 2023). The first three spectra in the

sample observed with the MRS raised temporal variations as

another dynamic to be considered (Sloan et al. 2024).

This paper presents an overview of the entire sample and

focuses on (1) qualitative molecular analysis, (2) temporal

spectral variations, and (3) their relation to the stellar pulsa-

tion cycles. Section 2 introduces the sample of spectroscopic

targets, Section 3 describes the observations and data reduc-

tion, and Section 4 presents the results of the spectral analy-

sis. Sections 5 and 6 discuss and summarize the results. The

appendices examine the ancillary data used in this paper and

supplement the figures from the spectral analysis.

2. SAMPLE

JWST program 3010 observed nine carbon stars in the

LMC with the MRS on MIRI in Cycle 2. Table 1 provides

details on the properties and observations of each star. Fig-

ure 1 plots the sample along with all carbon-rich Mira vari-

ables and SRVs from the Optical Gravitational Lensing sur-

vey of the LMC (OGLE-III; Soszyński et al. 2009). The pho-

tometry comes from the Infrared Array Camera on Spitzer

(IRAC; Fazio et al. 2004), the Wide-field Infrared Survey Ex-

plorer (WISE; Wright et al. 2010), and the Near-Earth Ob-

ject WISE Reactivated mission (NEOWISE-R; Mainzer et al.

2014). The data in the 3.4 and 4.6 µm WISE filters (W1 and
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Table 1. The MRS sample of carbon stars in the LMC

RA Declination Var. Period Luminosity [3.6]−[4.5] Integration IRS epoch MRS epoch

Targeta (J2000) type (days)b (L⊙)c (mag)d time (s) (MJD) (MJD)

J050629 76.623347 −68.926346 SRV (218) 3820 ± 3 −0.150 5784 54484 60273

KDM 1691 75.903917 −68.560699 SRV 523 13650 ± 560 −0.094 1340 54649 60551

WBP 17 81.582833 −69.693703 SRV 309 5510 ± 310 −0.034 4224 53596 60551

WBP 29 81.670642 −69.386490 Mira 245 5010 ± 50 0.076 5112 53482 60274

J051803 79.513592 −68.830750 Mira 372 3270 ± 300 0.323 1560 54688 60490

J053441 83.672587 −69.441864 Mira 519 9190 ± 590 0.643 540 54611 60551

MSX LMC 220 78.133621 −69.261230 Mira 637 15760 ± 530 0.863 540 53379 60551

MSX LMC 774 81.596238 −69.188965 Mira 671 8180 ± 720 1.134 540 53445 60551

MSX LMC 736 83.278350 −70.509682 Mira 690 8210 ± 620 1.375 628 54611 60385

aThe three stars with names beginning with “J” have the more formal coordinate-based names 2MASS J0506290−6855348, SSTISAGE1C

J051803.23−684950.7, and 2MASS J05344142−6926307. This paper will refer to them by their shorter “J” names throughout.

bSee Appendix A. Values in parentheses are uncertain.

c See Appendix B.

dFrom photometry reported by Sloan et al. (2016).

Figure 1. The sample of nine MRS targets (open circles) in color-

color space defined by the four IRAC filters, plotted with data from

the OGLE-III sample of carbon-rich long-period variables in the

LMC (Soszyński et al. 2009) and the carbon stars observed by the

IRS on Spitzer (Sloan et al. 2016). Three of the targets sample the

SRV sequence (magenta), and the other six cover the Mira sequence

(purple and brown).

W2) have been shifted to the IRAC 3.6 and 4.5 µm filters

using the conversions from Sloan et al. (2016).

The colors of the carbon stars follow two distinct se-

quences. The Mira variables, which are undergoing strong

fundamental-mode pulsations in their atmospheres, lie to the

right of the boundary at [3.6]−[4.5] ∼ 0. The SRVs lie to

the left of that boundary, no matter their pulsation mode.

The range of [5.8]−[8] colors in the SRVs probably arises

from varying strengths of molecular absorption bands in their

spectra. Molecular absorption may redden the color by pref-

erentially decreasing the emission in the 5.8 µm filter, and C3

is a likely suspect (Sloan et al. 2015). In the Mira variables,

on the other hand, the increasing red colors in all filters result

from higher optical depths of amorphous carbon dust around

them.

We selected nine targets in Program 3010 to track both

the SRV and Mira sequences in Figure 1, with three stars

along the SRV sequence and six along the Mira sequence.

We chose targets that had been previously observed by the

IRS on Spitzer, were roughly evenly spaced along the two

sequences, and were close to the bar of the LMC so that

they were observed in six epochs with IRAC on Spitzer. The

first two IRAC epochs were from the program Surveying the

Agents of a Galaxy’s Evolution, which surveyed the entire

LMC (SAGE; Meixner et al. 2006). The other four epochs

were obtained in the SAGE-Var program (Riebel et al. 2015).

Figure 1 shows the Spitzer/IRS sample of carbon stars in

the LMC as black dots. The nine sources also observed by

the MRS on JWST are circled in magenta (for the SRVs) and

purple and brown (for the bluer and redder Miras, respec-

tively).

Table 1 provides the pulsation periods and luminosities

of the stars in the sample, which were determined as de-

scribed in Appendices A and B, respectively. Figure 2 com-

pares the properties of the sample to evolutionary tracks from

Vassiliadis & Wood (1993), which gives a rough idea of the
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Figure 2. The stars in our sample compared to evolutionary tracks

by Vassiliadis & Wood (1993) and the period-luminosity relation

for carbon stars (Whitelock et al. 2009). Appendix B decribes how

the luminosities were calculated.

initial mass of the stars. KDM 1691 and MSX LMC 220

are significantly more luminous than the rest of the sample,

and thus more massive and in all likelihood more metal-rich.

J051803 appears to be the least massive and therefore old-

est and most metal-poor star in the sample. The SRVs are

all to the left of the period-luminosity relation determined

by Whitelock et al. (2009), which is arguably consistent with

overtone pulsation modes, but the spread in the Miras to ei-

ther side of the relation indicates that the relation must be

broad and not well defined by a single curve.

3. OBSERVATIONS AND DATA REDUCTION

Each of the nine stars in the sample was observed in all

three grating settings in the MRS, giving complete cover-

age at a spectral resolving power of ∼2000–3000 from 4.9 to

28 µm, although the data cease to be meaningful past a limit

of ∼19–22 µm, depending on the brightness of the star. Inte-

gration times were set to achieve a minimum signal/noise ra-

tio (S/N) of ∼100 from 5 to 12 µm. For the reddest three stars

in the sample, the S/N stayed above ∼100 out to ∼18 µm.

Each target was observed with the four-point dither pattern

optimized for point sources in all MRS channels.

The spectral data were processed using the JWST pipeline

version 1.18.0 and Calibration Data Reference System

(CRDS) context jwst 1364.pmap. This version of the

pipeline processed the 12 spectral segments (four channels,

three grating segments) separately and applied the optional

residual defringing algorithm to each. The flux calibration

produces results within 1% of the IRS on Spitzer for stan-

dard stars observed by both (Law et al. 2024). Figures 3 to

5 present the resulting spectra from the MRS and compare

them to the IRS.

Figure 3. MRS spectra of the three semi-regular variables, com-

pared to the spectra from the IRS. The spectra from the MRS are

plotted as produced by the pipeline and also after regridding them

to the lower-resolution wavelength grid of the IRS.

4. SPECTRAL ANALYSIS

4.1. The Manchester Method

We have measured the strength of the acetylene absorption

band at 7.5 µm and the SiC dust feature at ∼11.5 µm us-

ing the Manchester Method, which estimates the continuum

by fitting a line segment to either side of the spectral fea-

tures. Sloan et al. (2016) describe this method and its history

(see their Figures 1–2 for illustrations). While the Manch-

ester Method is arguably simplistic, it does provide a quick

measurement using a method applied to hundreds of other

carbon-star spectra for comparison. It also provides a color

in two discrete wavelength bands centered at 6.4 and 9.3 µm,

which sample spectral regions that come closer to continuum

than most others in these complex spectra. The “continuum”

in these spectra is a combination of emission from the star

and amorphous carbon dust, which has no resonances and

thus no spectral features in the infrared. The [6.4]−[9.3]

color measures the amount of amorphous carbon dust around

the star, with higher dust-production rates leading to increas-

ingly red colors (Groenewegen et al. 2007).
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Table 2. Spectroscopic data

[6.4]−[9.3] C2H2 at 7.5 µm SiC dust emission

Target (mag) Wavelength (µm)a Eq. width (µm)b Wavelength (µm)a SiC/continuumbc

J050629 0.144 ± 0.003 7.67 ± 0.01 0.155 ± 0.001 11.55 ± 0.01 (0.097 ± 0.001)

KDM 1691 0.031 ± 0.002 7.51 ± 0.01 0.102 ± 0.001 11.38 ± 0.01 0.238 ± 0.001

WBP 17 −0.001 ± 0.004 7.46 ± 0.00 0.335 ± 0.001 11.42 ± 0.01 0.180 ± 0.001

WBP 29 −0.130 ± 0.003 7.41 ± 0.02 0.012 ± 0.001 12.17 ± 0.03 (0.023 ± 0.002)

J051803 0.452 ± 0.001 7.48 ± 0.01 0.106 ± 0.001 11.08 ± 0.02 (0.038 ± 0.000)

J053441 0.452 ± 0.001 7.45 ± 0.00 0.122 ± 0.001 11.27 ± 0.02 0.045 ± 0.001

MSX LMC 220 0.830 ± 0.001 7.54 ± 0.02 0.039 ± 0.001 11.33 ± 0.01 0.090 ± 0.001

MSX LMC 774 0.908 ± 0.001 7.48 ± 0.00 0.107 ± 0.001 11.29 ± 0.01 0.141 ± 0.001

MSX LMC 736 1.147 ± 0.001 7.56 ± 0.01 0.133 ± 0.001 11.33 ± 0.01 0.155 ± 0.001

aThe central wavelength of the band or feature as defined in the text.

bUncertainties are lower limits; they do not account for systematic effects, as Section 4.1 explains.

c Questionable measurements are in parentheses.

Table 2 gives the results for the [6.4]−[9.3] color, the

equivalent width of the acetylene absorption at 7.5 µm, and

the strength of the SiC dust emission feature at ∼11.3 µm

with respect to the continuum. Figures 6 and 7 plot the

strengths of the acetylene absorption and SiC emission versus

the [6.4]−[9.3]. Both figures exclude the eight deeply red-

dened carbon stars observed with the IRS in the LMC with

[6.4]−[9.3] > 2.0.

For the absorption band and the dust emission, Table 2 re-

ports a central wavelength, defined as the wavelength which

bisects the absorption or emission. It provides a useful check

of the extracted feature. All of the acetylene bands have cen-

tral wavelengths between 7.4 and 7.7 µm and appear to be

valid, even the weak band in WBP 29.

The central wavelength of the extracted feature rules out

the presence of SiC dust emission in the spectra of WBP 29

and J050629, based on a comparison to the sample of car-

bon stars in the LMC published by Sloan et al. (2016). That

sample includes 123 sources with a SiC/continuum ratio >

0.05 (out of 184). The mean central wavelength = 11.293 ±

0.113. Taking two standard deviations to define the range

of valid central wavelengths gives 11.07–11.52 µm. Both

WBP 29 and J050629 are outside this range. One other

source, J051803, is close to blue edge, faint, and therefore

also questionable.

The uncertainties in the strengths of the extracted features

in Table 2 are statistical. They should be treated as lower lim-

its, because they do not include the systematic effects from

how spectral structure (from molecular bands or solid-state

features) on either side of the band or feature considered

might affect the continuum. In the case of the SiC dust emis-

sion feature, absorption from C2H2 to the red will affect the

measured strength. Thus, a high ratio of feature strength to

uncertainty does not necessarily mean the feature is real.

4.2. Analysis of the detailed molecular band structure

The analysis uses a grid of synthetic spectra based on

hydrostatic models with effective temperatures of 3100 K

and 2800 K, a range of C/O ratios from 1.05 to 4.0, M =

1.0 M⊙, log g (cm s−2) = 0.0, and a metallicity ([Z/H])

of −0.5. The models are based on the COMARCS code

(Aringer et al. 2016, 2019). The models used EXOMOL

line lists for C2H2 (Chubb et al. 2020), C3 (Lynas-Gray et al.

2024), HCN (Harris et al. 2008; Barber et al. 2014), and

CS (Paulose et al. 2015), and the HITEMP line list for CO

(Li et al. 2015)1. The models include isotopologues of the

above molecules (at solar abundances), other molecules, and

atomic transitions.

The hydrostatic models provide synthetic spectra with de-

tailed band structure for individual molecules which can

greatly aid the identification of what is absorbing in dif-

ferent wavelength regions. The hydrostatic models do not

include pulsation, convective structures, or winds and as a

consequence will not include the cooler layers of gas likely

to be responsible for much of the observed molecular spec-

tral structure. As a result, we should not expect the band

depths or the relative strengths of the available transitions

in the synthetic spectra to match the observed spectra. The

1 https://hitran.org/hitemp

https://hitran.org/hitemp
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Figure 4. MRS spectra of the three bluest of the six Mira vari-

ables, compared to the spectra from the IRS. As in Figure 3, the

spectra from the MRS are plotted before and after regridding to the

IRS. Two of the IRS spectra have been scaled up multiplicatively

to match the brightness of the MRS spectra to make comparisons

easier.

present analysis focuses on the detailed spectral structure

within short wavelength intervals rather than attempting to

model the overall band strength and shape. With the excep-

tion of measuring radial velocities, the analysis is more qual-

itative than quantitative.

We confine the spectral analysis in this work to what can

be described as the “flatten-and-fit” method. We have bro-

ken the spectra into multiple wavelength intervals, with in-

tervals at 4.9–5.2 and 5.2–5.5 µm to investigate absorption

by CO and C3, 7.0–7.5, 7.5–8.0, and 8.1–8.6 µm for C2H2,

HCN, and CS, and 12.6–13.1, 13.1–13.6, and 13.8–14.3 µm

for C2H2 and HCN.

In each interval, we take the following steps: (1) create a

pseudo-continuum from the observed spectrum by generat-

ing a median with a 100-pixel interval, (2) divide the spec-

trum by that pseudo-continuum to isolate the spectral struc-

ture within the band, and (3) subtract 1.0 so that the spectral

emission and absorption structure oscillates around a mean

value of 0.0. The pseudo-continuum runs through the mid-

Figure 5. MRS spectra of the three reddest Mira variables, com-

pared to the spectra from the IRS. As in Figure 4, the MRS spectra

are plotted before and after regridding, and two of the IRS spectra

have been shifted up to align with the MRS.

dle of the band structure and not the top, as might be more

appropriate for an absorption spectrum. The synthetic molec-

ular absorption spectra follow the same steps, except that

we initially downsampled them to the wavelength grid and

resolution of the MRS, using the resolutions as defined by

Pontoppidan et al. (2024). When fitting the synthetic absorp-

tion to an observed spectrum, we normalize the synthetic

spectrum to the mean of the absolute value of the observed

spectrum across a wavelength interval. The acetylene band at

7.5 µm flattens pretty well, but the deep and narrow Q branch

from the ν5 band at 13.7 µm retains some of its structure,

which is why the chosen intervals skip from 13.6 to 13.8 µm.

We placed the 8 µm interval at 8.1–8.6 µm to concentrate on

the region where CS absorbs most strongly.

4.2.1. Radial velocities

To determine the radial velocities of the stars in the sam-

ple, we iterated in 1 km/s steps from 160 to 320 km/s and also

through different mixtures of the 2–3 molecules contributing
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Table 3. Radial velocities

Teff Radial velocity (km/s) in wavelength interval (µm)a Mean rad. vel.

Target (K) 4.9–5.2 5.2–5.5 7.0–7.5 7.5–8.0 8.1–8.6 12.6–13.1 13.1–13.6 13.8–14.3 (km/s)b

J050629 3100 244 (184) 229 250 240 (180) 248 (263) 242 ± 4

KDM 1691 3100 278 270 260 266 261 239 277 (183) 264 ± 5

WBP 17 3100 289 270 261 268 261 238 277 266 266 ± 5

WBP 29 2800 240 229 224 240 (238) (180) 228 247 235 ± 4

J051803 2800 241 179 224 204 (271) (180) 223 (235) 214 ± 11

J053441 2800 244 (226) 224 204 (275) (180) 223 (228) 224 ± 8

MSX LMC 220 2800 240 184 213 203 240 (178) 206 (183) 214 ± 9

MSX LMC 774 2800 241 221 234 227 (276) (180) 221 (183) 229 ± 4

MSX LMC 736 2800 277 226 224 206 (278) 189 258 (316) 230 ± 13

aVelocities in parentheses were not used.

bUncertainties are uncertainties in the mean.

Figure 6. The equivalent width of the 7.5 µm acetylene absorption

band as a function of the [6.4]−[9.3] color. The nine stars in the

present sample are plotted as small light-blue diamonds as observed

by the IRS and large light-blue diamonds as observed by the MRS.

WBP 29 has moved dramatically from top left to bottom left due to

its disappearing acetylene band.

to each wavelength interval. Generally, the best radial ve-

locity depended only weakly on the details of the chemical

mixture. For the SRVs, we chose an effective temperature

Teff = 3100 K, and for the Miras, 2800 K. For all stars, we

used synthetic spectra based on models with a C/O ratio =

2.0.

Table 3 gives the resulting radial velocities for each star in

each wavelength interval. The 8.1–8.6 µm interval presented

problems in the Mira variables, with the χ2 residuals not pre-

senting well-defined minimum in most cases. The 12.6–13.1

and 13.8–14.3 µm intervals were also difficult, leading us to

use the fitted radial velocities in only the best behaved cases.

Figure 7. The strength of the SiC dust emission feature versus the

[6.4]−[9.3] color, with IRS and MRS results plotted as in Figure 6.

We rejected two of the fitted velocities in the 5.2–5.5 µm for

the same reason.

For a given star, the apparent velocities can vary signif-

icantly between intervals, possibly because of noise in the

data and the caveats listed below. Another possibility is that

some of the differences could be real, as different molecules

could be tracing different layers in the pulsating stellar atmo-

sphere. Even for the same molecule, absorption at different

wavelengths could arise from gas at different opacities and

thus different temperatures and layers. Nonetheless, we are

able to determine radial velocities with uncertainties less than

10 km/s in most cases.

Comparing our radial velocities to those from Gaia DR3

increases our confidence in the results (Gaia Collaboration
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2016, 2023). Gaia has radial velocities for three stars in our

sample. For KDM 1691, Gaia gives vrad = 260 ± 1 km/s,

compared to the MRS result of 264 ± 5 km/s. For WBP 17,

vrad = 261 ± from Gaia and 266 ± 5 from the MRS, and for

WBP 29, the corresponding results are vrad = 240 ± 3 and

235 ± 4. In all three cases, the error bars overlap.

This procedure comes with a number of caveats. The only

molecules we considered were CO, C3, C2H2, HCN, and

CS (and not their isotopologues). Other molecules are cer-

tainly contributing to the spectra, As already noted, the spec-

tra show evidence of absorption from molecules much cooler

than one might expect in a hydrostatic model, and that differ-

ence in temperature could shift relative line strengths within

bands and thus the apparent radial velocity. That motivated

us to break broader spectral regions into smaller wavelength

intervals, which reduces the effect of an incorrect tempera-

ture over larger wavelength ranges. Finally, the line lists may

have errors in predicted line positions and intensities, which

will increase the residuals in the fitting process.

4.2.2. General results

Figure 8. The absorption in the synthetic spectra based on hydro-

static models at two temperatues and five C/O ratios. The models

have been regridded to the MRS wavelength grid and then smoothed

with a 29-pixel boxcar. The 2800 K models show that the spectra

are never even close to a real continuum in the mid-infrared.

Figure 8 plots synthetic spectra from the hydrostatic mod-

els at Teff = 2800 K and 3100 K at five different C/O ratios.

The synthetic spectra are normalized relative to a contin-

uum taken from a calculation without any line opacities. The

most important takeaway is in the 2800 K models, where the

absorption is substantial throughout the mid-infrared. The

spectra are nowhere near a true continuum level anywhere

between 5 and 17 µm. That behavior illustrates how the

Manchester Method is making broad assumptions about what

can be used for a local “continuum.”

In most cases in Figure 8, the acetylene absorption band at

7.5 µm in the synthetic spectra does not have the classic “W”

shape seen in the observed spectra. This shape is apparent in

the downsampled MRS spectra of all six Miras in Figure 4

and 5, but it is less obvious in the synthetic spectra, espe-

cially those based on the 2800 K models. In the hydrostatic

models, the C2H2 aborption occurs in a layer with a tem-

perature of ∼1200–1500 K, but to reproduce the “W” shape,

the absorbing gas needs to be below 1000 K. Matsuura et al.

(2006) were able to reproduce the band shape with a slab

of absorbing C2H2 at 500 K. They also noted that the ob-

served C2H2 absorption at 13.7 µm in carbon stars heavily

obscured by circumstellar dust requires that the absorbing

gas be above the dust photosphere, which would be in the cir-

cumstellar envelope and well above the stellar photosphere.

Hydrostatic models do not reproduce this structure, which

is why the present analysis is limited to the flattening-and-

fitting method.

Table 4 presents the results of our analysis of the flattened

spectra, where we have fitted the relative molecular contri-

butions in the smaller wavelength intervals listed in Table 3

and combined the results into groups of wavelength intervals.

Where a molecule clearly dominates the absorption, it is in

bold type. Otherwise, the order of the molecules listed is not

significant. Analysis based on more realistic models would

be required for quantatively meaningful relative abundances.

Appendix C plots the best-fitting models in each wavelength

interval for each star.

4.2.3. C3 and CO at 5 µm

Figure 9 compares the observed spectra of the SRVs with

synthetic spectra based on 3100 K models after the spectra

have been smoothed with a 29-pixel boxcar. The spectra of

the SRVs all show a minimum at ∼5.2 µm, and that matches

the shape of the C3 band in the synthetic spectra. The CO

band, on the other hand, has a bandhead further to the blue

at ∼4.6 µm. The synthetic spectra show that the C3 band

increases in strength as the C/O ratio increases, and it also

grows wider. As in Figure 8, the absorptions in the synthetic

spectra are based on ratios to synthetic spectra of models

computed without line opacities.

Figure 10 looks more closely at the detailed band structure

in the SRVs and compares it to absorption from C3 and CO

in synthetic spectra based on models with Teff = 3100 K and
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Table 4. Identified molecules

Identified molecules in wavelength rangea

Target 5 µm 7–8 µm 8.1–8.6 µm 13–14 µm

J050629 C3, CO C2H2, HCN, CS CS, C2H2 C2H2, HCN

KDM 1691 C3, CO C2H2, HCN, CS CS C2H2, HCN

WBP 17 C3, CO C2H2, HCN, CS CS, HCN C2H2, HCN

WBP 29 C3, CO C2H2, HCN, CS HCN C2H2, HCN

J051803 C3, CO C2H2, HCN, CS CS C2H2, HCN

J053441 C3, CO C2H2, HCN, CS CS C2H2, HCN

MSX LMC 220 C3, CO C2H2, HCN, CS HCN, CS C2H2, HCN

MSX LMC 774 C3, CO C2H2, HCN, CS CS, HCN C2H2, HCN

MSX LMC 736 CO, C3 C2H2, HCN, CS CS, HCN C2H2, HCN

aDominant molecules are in bold. Otherwise, the order is not significant.

Figure 9. Observed spectra of the SRVs compared to absorption in

the synthetic spectra from 4.4 to 8.5 µm at low spectral resolution.

The MRS spectra and synthetic spectra have been smoothed with a

29-pixel boxcar. The vertical dotted line at 4.9 µm marks the blue

edge of the MRS data. Top: Observed MRS data. Middle: Full

absorption of all molecules and atoms considered in the models at

Teff = 3100 K. Bottom: Absorption from C3 and CO.

C/O = 2.0. The observed spectra agree well with the synthetic

Figure 10. A comparison of the band structure of C3 and CO to the

flattened spectra of the SRVs between 4.9 and 5.07 µm. The gray

boxes highlight two spectral regions with the clearest signal from

C3 in the observed spectra. The synthetic spectra (black) are for Teff

= 3100 K and C/O = 2.0.

absorption of C3, confirming its presence, if not dominance,

in the SRVs. The overall shape of the band in Figure 9 rein-

forces this conclusion. The analysis of the flattened spectra

reveals that adding CO absorption reduces the residuals, and

roughly speaking, the fraction of CO required increases as

one moves from the SRVs to the bluer Miras to the redder

Miras. For the reddest target, MSX LMC 736, only CO is

needed in the 4.9–5.2 µm region. The figures in Appendix C

show these results in more detail and for the Miras.

The low-resolution spectra from the IRS typically cease to

be meaningful below 5.1 µm, while the MRS data are good
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to 4.9 µm. The additional 0.2 µm greatly help our ability to

identify C3, as the upturn below the peak absorption at 5.2 µm

is unambiguous. Figures 3 to 5 show that C3 is clearly present

in the three SRVs and the three blue Miras, but not as obvious

in the three red Miras.

Comparing the spectra from the MRS to the synthetic spec-

tra confirms previous hypotheses that C3 explains the range

of reddening in the [5.8]−[8] color in the SRVs, which can

be seen in Figure 1. The synthetic spectra suggest further

that the cause of the varying quantities of C3 may be the C/O

ratio in the atmosphere of the SRV. However, this conclusion

is only qualitative due to the limits of the hydrostatic models.

The actual C/O values needed to reproduce the depth and

shape of the observed C3 band require further investigation.

4.2.4. CS at 8 µm

Figure 11. The 8.1–8.6 µm spectra of the three SRVs (in color) and

the synthetic spectrum of CS from the hydrostatic model at 3100

K and C/O = 2.0 (black). CS is clearly present in KDM 1691 and

WBP 17, and while less visible in J050629, is required to minimize

the residuals.

Figure 11 compares the 8.1–8.6 µm spectra of the three

SRVs with CS from the synthetic spectrum from a 3100 K

model with C/O = 2.0. The presence of CS is unmistakable in

all three spectra. The other possible contributors, C2H2 and

HCN, have different spectral signatures in this wavelength

interval, as can be seen in the spectra in Appendix C. The

spectra in Appendix C reveal that CS is present in the SRVs

in the 7.5–8.0 µm interval, too. Thus, the MRS and its higher

spectral resolution can detect CS while the lower resolution

of the IRS on Spitzer (R ∼ 100) could not (Matsuura et al.

2006).

4.2.5. HCN

Matsuura et al. (2006) did find evidence of HCN in one

or two Magellanic carbon stars in their low-resolution IRS

spectra. The spectra from the MRS present stronger evi-

dence, but no clear proof like that found for C3 or CS. The

iterative fitting process of the flattened spectra found, for all

nine stars in the sample, that the presence of HCN results in

lower χ2 residuals in most or all of the wavelength intervals

from 7.0 to 14.3 µm. The figures in Appendix C compare

the observed spectra with HCN and other possible contribu-

tors. Thus, while the evidence for HCN is not conclusive, it

is strong.

5. DISCUSSION

5.1. WBP 29 and spectral variations in the sample

While WBP 29 is classified as a Mira variable, it lies close

in color-color space to the boundary with the SRVs (Fig-

ure 1). Its pulsational properties separate it from the other

Miras. It has the shortest pulsational period of the Miras, and,

for the Miras where we have measured the pulsation ampli-

tudes with confidence, it has the lowest amplitude (Table 6 in

Appendix A).

WBP 29 may be in transition from an SRV to a Mira, and

its spectrum has changed dramatically between the IRS and

MRS epochs, with the 7.5 µm acetylene band almost dis-

appearing and an apparent 10 µm absorption band growing

strong in its place (Figure 4). Sloan et al. (2024) raised the

possibility that the changes in its spectral properties could be

due to evolutionary changes in the star itself, as opposed to

changes one might expect over the pulsation cycle of the star.

Since then, we have investigated its infrared light curve

more thoroughly (Appendix A) and have also investigated the

question of the apparent 10 µm absorption band in archival

data from the SWS on ISO (Appendix D). The SWS data

reveal that the 10 µm band can be seen in the spectra of four

Galactic carbon stars observed in multiple epochs, and that

it generally is strongest when the star is at maximum in its

pulsation cycle, which is also the case for WBP 29.

With the completion of the observations of the rest of the

sample, we can place WBP 29 in better context. To examine

the behavior of the 7.5 µm absorption, we can compare the

shift in positions in Figure 6 with the positions of the IRS

and MRS epochs on the light curves in Appendix A. We ex-

clude J050629 from consideration due to insufficent phase

information. KDM 1691 was observed by the IRS at min-

imum and by the MRS at maximum, and its 7.5 µm band

has weakened. J053441 was observed near minimum by the

IRS and near maximum by the MRS, and the 7.5 µm band

has weakened in its spectrum also. WBP 17 was observed at

maximum by the IRS and at minimum by the MRS, and once

again, the observation at minimum has the stronger absorp-

tion at 7.5 µm.
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In J051803, on the other hand, the 7.5 µm band has grown

slightly stronger in the MRS observation, which was closer

to maximum, compared to the IRS observation, which was

halfway from minimum to maximum. That suggests that the

behavior of the 7.5 µm depends on more than just pulsation

phase. Similarly, the three reddest Miras present a mixed

bag. All three were observed at or near minimum by the IRS

and by the MRS at or near maximum. However, the changes

in the 7.5 µm band strength are not large, and only two of

the three stars (MSX LMC 220 and 774) follow the trend of

stronger absorption at minimum. It is possible in these three

redder stars that the absorbing layer is much further above the

photosphere and does not vary as strongly with the pulsations

in the star below it.

To summarize, WBP 29 appears to follow the weak trends

of weaker 7.5 µm absorption and stronger apparent 10 µm

absorption close to maximum in its pulsation cycle. We con-

clude that the observed spectral variations most likely result

from its pulsations as opposed to evolutionary changes.

5.2. The impact of the apparent 10 µm absorption band

Figure 12. The synthetic spectrum of a hydrodynamic model of a

carbon star, computed without dust opacities and scaled to the spec-

trum of WBP 29. The synthetic spectrum has been downsampled to

the MRS wavelength grid and resolution, and the observed spectrum

has been smoothed with a 15-pixel boxcar. The model is represen-

tative and not fitted specifically to WBP 29. It is for a 1 M⊙ star

with Teff = 3000 K and L = 7000 L⊙.

The spectra of the SRVs and the blue Mira WBP 29 in

Figures 3 and 4 show a clear depression centered at 10 µm,

which could be a molecular absorption band. The depth of

this feature and the position of its long-wavelength edge may

vary between objects and with time. As Appendix D shows,

some Galactic carbon stars observed by the SWS behave sim-

ilarly.

The carrier of the apparent absorption band at 10 µm is un-

certain. We were unable to match the spectral structure in that

region closely to any of the molecules considered in the syn-

thetic spectra based on hydrostatic models (viz., C2H2, HCN,

CS, CO, and C3). An unidentified molecule not included in

our models could be responsible.

Another possibility is that the apparent absorption at 10 µm

arises from molecular emission to either side, at 7.5 and 12–

15 µm, most likely from C2H2, with possible contributions

from HCN. These molecules have millions of overlapping

transitions in this spectral region, which could produce a

raised quasi-continuum in the right conditions. Those con-

ditions could be met if the pulsations in the carbon stars are

strong enough to push a layer of gas above the stellar photo-

sphere.

Figure 12 plots a synthetic spectrum from a snapshot

of a hydrodynamic model with an extended pulsating at-

mosphere and a dust-driven wind, alongside a spectrum

of WBP 29. This model is based on the DARWIN code

(Höfner et al. 2016) and is similar to the carbon-star mod-

els by Eriksson et al. (2023) and Siderud et al. (2025), except

for the updated molecular opacities as in the hydrostatic CO-

MARCS models (see Section 4.2). While the dynamic sim-

ulations include dust, we have computed the synthetic spec-

trum without dust opacities. That choice makes the synthetic

spectrum bluer, but it also removes dust as a possible cause of

the apparent absorption at 10 µm. In the synthetic spectrum,

the apparent dip at 10 µm is just continuum between molecu-

lar emission from other molecules to the red and to the blue.

The 7.5 µm band can be seen in emission in Figure 12, as can

the broad ν5 C2H2 band with its Q branch at 13.7 µm and the

P and R branches extending the band to ∼12 and 15 µm.

The similarity of the shape of the synthetic and observed

spectra in the 10 µm region demonstrates that the emission

scenario is plausible, but direct detailed evidence for emis-

sion on either side of the 10 µm feature is lacking. In

WBP 29, C2H2, HCN, and CS are all detected between 7.0–

7.5 µm, but in absorption. The absorption could arise from a

cooler layer in the line of sight above the emitting layer. The

same argument could also apply at 13.7 µm, where the ν5 Q

branch of C2H2 is clearly in absorption.

More work is needed to investigate the nature of this ap-

parent absorption band at 10 µm. Whether it is absorption

or continuum between emission regions, its presence is af-

fecting the [6.4]−[9.3] color, which is used as a proxy for

the ratio of dust to stellar emission and the dust-production

rate. In Figure 6, the strong dip in the spectrum of WBP 29

at 10 µm has actually driven the [6.4]−[9.3] color negative.

We could mitigate by shifting the 9.3 µm band to a shorter

wavelength, perhaps ∼8.7 µm, which would move it partly

out of the 10 µm dip.

Measurements of the SiC dust emission feature are also af-

fected by the 10 µm dip to the blue, as well as absorption

from C2H2 and other molecules to the red. At first glance,
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the synthetic spectrum in Figure 12 might look like it has SiC

dust emission at ∼11.3 µm, but it does not. Leisenring et al.

(2008) were aware of this challenge and tried to mitigate for

it by modeling the “continuum” (from the star, amorphous

carbon dust, and molecular absorption) when measuring the

flux from SiC dust. A simpler approach would be to focus on

the centroid of the extracted feature, as done in Section 4.1.

While that might not remove all false positives, it would cer-

tainly catch some.

5.3. MSX LMC 220 and its vanishing dust emission

The dust emission in the spectrum of MSX LMC 220

has changed dramatically between the IRS and MRS epochs

(Figure 5). The IRS spectrum shows a cool dust emission

feature that peaks in the vicinity of 18 µm. We examined

the spectral images from which the IRS spectrum was ex-

tracted and saw no evidence for a contaminating source or

anything else unusual, leaving us to conclude that the earlier

spectrum really does show this extra dust component. This

feature could be related to an 18 µm shoulder seen in the

dust emission from some carbon-rich planetary nebulae by

Bernard-Salas et al. (2009), who noted that while it was in

roughly the right position to be the O–Si–O bending mode

in silicate dust, one would expect to see the Si–O stretching

mode at 10 µm, which is absent, and oxygen-rich dust would

be unlikely in a carbon-rich environment. They were unable

to identify the carrier of the feature.

The disappearance of this apparent dust emission in the

time between the IRS and MRS epochs is as much of a mys-

tery as its origin in the first place. A simplistic calculation

assuming blackbodies for the grains, an outflow velocity of

10 km/s, and Teff = 3000 K for MSX LMC 220 results in

changes in dust temperature too small for it to vanish from

the infrared spectrum in the intervening 19.6 years. For ex-

ample, a grain at 150 K when observed by the IRS would

have cooled to 140 K by the MRS epoch. A grain temper-

ature as high as 1000 K is highly unlikely, but even then, it

would have cooled only to 380 K. MSX LMC 220 is the most

luminous source in our sample, which raises the possibility

that it is an unusual object and not a normal star on the AGB.

6. SUMMARY

Observations of nine carbon stars in the LMC with the

MRS have revealed detailed molecular structure in their spec-

tra. C2H2 produces strong and broad absorption bands cen-

tered at 7.5 and 13.7 µm that was well-known before. By

comparing the observed spectral structure to synthetic spec-

tra from hydrostatic models of carbon stars, we can confi-

dently identify C3 as the carrier of an absorption band cen-

tered at 5.2 µm. The presence of C3 explains the range of

[5.8]−[8.0] colors observed in semi-regular variables. The

spectra also show direct evidence of CS at ∼8 µm. The evi-

dence for HCN is indirect, but including it in the fitted mix-

tures of absorptions from the synthetic spectra in the wave-

length intervals with C2H2 generally results in lower residu-

als in the fitting process.

WBP 29 shows spectral structure that looks like a strong

and broad 10 µm absorption band in the MRS data that is not

apparent in the IRS data. This spectral structure appears in

other spectra in our sample. A review of multi-epoch spec-

troscopy from the SWS on ISO confirms its presence and its

variability in Galactic carbon stars. If the apparent 10 µm dip

is an absorption band, its carrier is unknown. Hydrodynamic

models of carbon stars offer an alternative explanation, that

we may be observing a continuum at 10 µm bracketed by

emission at shorter and longer wavelengths. The variation

appears to be related to the pulsation cycle of the star, with a

stronger “dip” at 10 µm when the star is at optical maximum.

This variable spectral structure in the vicinity of the SiC

dust emission feature at ∼11.3 µm raises some concern about

the reliabilty of measured dust emission strengths using the

Manchester Method. That approach fits line segments above

absorption bands and below emission features to estimate the

continuum, but these spectra have no real continuum in the

classic sense. For strong SiC emission, these problems are

less significant, but detections of fainter SiC dust features

may not be real. They may simply be continuum between ab-

sorption bands or shoulders between emission and absorption

bands. We recommend that users of the Manchester Method

use the measured central wavelengths of bands and features

to identify false positives. It may also make sense to shift

some of the continuum positions, such as the wavelengths

used to measure the [6.4]−[9.3] color, which has served as a

proxy for the amount of amorphous carbon dust contributing

to the spectrum.

The spectrum of MSX LMC 220 changed significantly be-

tween the IRS and MRS epochs, with the older data show-

ing a broad emission feature from apparent dust at ∼18 µm

which is not present in the MRS data. The origin of the fea-

ture in the previous epoch and the reason for its disappear-

ance are not known.
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APPENDIX

A. INFRARED LIGHT CURVES

We can use multi-epoch infrared photometry to determine

the phase of the pulsational cycle of the stars when the IRS

and MRS obtained spectra. We constructed light curves for

all nine targets using 3.6 and 4.5 µm photometry from the

SAGE and SAGE-Var surveys and 3.4 and 4.6 µm photome-

try from WISE. Most of the targets have 29 epochs, two from

SAGE in 2005, four from SAGE-Var in 2010 and 2011, two

from the original WISE mission in 2010, and 21 from the re-

activated WISE mission, NEOWISE-R, which ran from 2014

to mid 2024.

The WISE epochs are spaced roughly six months apart.

Each of these epochs consists of many individual scans ob-

https://www.cosmos.esa.int/gaia
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tained every few hours. Because the LMC is close to the

south ecliptic pole, targets in the sample had an average of

between 174 and 391 of these individual scans per epoch.

The photometry from the individual scans were combined by

finding a median, filtering out any data more than 0.35 mag-

nitudes from that value, and then redetermining the median.

The SAGE and SAGE-Var data provide epochs that are not

on the six-month cadence of the WISE data, so they can help

break degeneracies. The SAGE-Var data were taken contem-

poraneously with the first two original WISE epochs, which

makes them particularly helpful, and the SAGE epochs in

2005 extend the photometric baseline to 19 years.

The IRAC data require a correction to align with the WISE

data. The first part of the correction is based on the color

corrections generated by Sloan et al. (2016), except that they

converted from WISE to IRAC. We repeated their analysis,

going in the other direction and adding the WISE epochs

since 2016 to the analysis. Table 5 gives the results, based on

least-squares fits of lines to the mean magnitudes for all of the

carbon stars in the Spitzer/IRS sample defined by Sloan et al.

(2016). That sample includes 184 carbon stars in the LMC

and 40 in the SMC. Stars with [3.6]−[4.5] colors> 1.55 were

excluded because the color corrections for the reddest carbon

stars do not appear to follow any coherent trend.

The corrections in Table 5 leave the IRAC data still offset

from the WISE data by typically∼0.15–0.25 mag. These off-

sets are within the scatter of the photometry for the full sam-

ple (see Figure 17 from Sloan et al. 2016), and they are gen-

erally unimportant when fitting the large-amplitude variables

at the red end of the Mira sequence. For weaker pulsations,

though, the offsets make using the IRAC data challenging.

To remove these residual offsets, we first fitted a sinusoid

to just the WISE photometry, then used that to determine the

mean residuals for the IRAC photometry after the first cor-

rection was applied. The second correction to the IRAC pho-

tometry then removes these offsets source by source. As ex-

plained below for individual stars, two stars show long-term

variations in their light curves in addition to the fitted sinu-

soid, and for those we forced the average residuals for the

four SAGE-Var and two original WISE epochs, all taken in

2010–2011, to match.

Our algorithm for fitting light curves is based on the one

used by Sloan et al. (2016). We iterated through pulsation

periods, typically from 100 to 1,200 days, with a step size of

one day, fitted a sine function to the W1 and W2 data inde-

pendently, and picked the period with the least χ2 residuals

for each. The pulsation periods for W1 and W2 were then

averaged and sinusoids fitted to determine the mean magni-

tudes and amplitudes for W1 and W2. That result served

as the basis to determine the second correction to the IRAC

photometry.

With the IRAC photometry corrected to be consistent with

WISE, we then fitted sinusoids to the combined IRAC and

WISE photometry, again iterating from 100 to 1,200 days and

searching for the period with the minimum residuals. Table 6

gives the results. The reported period is the average from fit-

ting W1 and W2 separately, and the mean magnitudes and

amplitudes were determined by using that mean period. The

amplitudes are peak-to-peak for the fitted sinusoid. The un-

certainty in period is the standard deviation of the four peri-

ods found for W1 and W2 with and without using the IRAC

photometry and illustrates how the measured periods depend

on the data available. The zero-phase epoch is the average

of the results for W1 and W2 in the final fitting step (fixed

period, IRAC and WISE data), and the quoted uncertainty is

the uncertainty in the mean (i.e., half the difference).

Table 6 gives the periods to nearest day, given the un-

certainties of ∼1–5 days. Figures 13 to 15 show the light

curves and fitted sinusoids for both unphased and phased

data, and Figure 16 plots the residuals from the fitted sinu-

soids (data−model). The following subsections discuss the

results for each star.

Figure 13. Light curves for the three SRVs in the sample, plotted

versus Modified Julian Date (MJD; left) and phased (right). IRAC

data color-corrected to the WISE filters are plotted as squares. The

fitted sine functions are plotted in light blue for W1 and orange

for W2. In the left-hand panels, the vertical dashed lines give the

epochs of the IRS and MRS observations. All three panels have the

same vertical range, 0.75 mag.
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Table 5. Color and magnitude corrections for carbon stars

Relation y-intercept Slope

(W1−W2) − ([3.6]−[4.5]) versus [3.6]−[4.5] 0.1528 0.3003

W1−[3.6] versus [3.6]−[4.5] 0.0352 0.3449

W2−[4.5] versus [3.6]−[4.5] −0.0224 0.0537

NOTE—These corrections are only valid for [3.6]−[4.5] < 1.55.

Table 6. Fitted light curves

Perioda mean magnitude amplitude (mag)a,b mean zero-phase IRAC offsets (mag)c

Target (d) W1 W2 W1 W2 MJD W1 W2

J050629 (218) ± 0.77) 10.456 10.519 0.090 0.077 53845.47 ± 2.97 −0.217 −0.135

KDM 1691 523 ± 1.20 9.065 9.010 0.174 0.143 53364.38 ± 2.93 −0.214 −0.034

WBP 17 309 ± 1.99 10.400 10.319 0.269 0.216 53608.45 ± 0.66 −0.146 −0.072

WBP 29 245 ± 0.81 10.705 10.584 0.367 0.268 53654.67 ± 0.87 −0.179 −0.269

J051803 372 ± 4.74 9.803 9.212 (0.296) (0.234) 53091.09 ± 6.99 0.013 0.128

J053441d 519 ± 2.92 8.970 8.070 0.408 0.391 55439.96 ± 4.65 −0.161 0.015

MSX LMC 220 637 ± 4.47 8.528 7.292 1.131 1.055 53685.42 ± 0.59 0.217 0.266

MSX LMC 774 671 ± 1.67 9.716 8.100 1.312 1.126 53831.45 ± 0.91 −0.138 −0.005

MSX LMC 736 690 ± 1.39 10.740 8.803 1.138 1.120 53472.85 ± 0.58 −0.123 0.005

aValues in parentheses are poorly constrained.

bPeak-to-peak amplitude of the fitted sinusoid.

c Offsets should be subtracted from the IRAC photometry after the first correction.

dThe results are from the light curve fitted to just the WISE photometry.

A.1. J050629

J050629 is classified as an SRV, and it behaves like

one, with a small pulsation amplitude and no clear pulsa-

tion period, resulting in inconsistent periods in the litera-

ture. The OGLE-III survey reported two periods, 741.3 and

154.42 d with similar amplitudes (Soszyński et al. 2009),

while the MACHO survey reported periods of 266.52 and

238.49 d, again with similar amplitudes (the survey for Mas-

sive Compact Halo Objects, or MACHO; Fraser et al. 2005).

Sloan et al. (2024) published a light curve with a period of

154 d, consistent with the shorter OGLE-III period.

The present analysis includes one more WISE epoch than

available to Sloan et al. (2024). Adding it and improving the

corrections to the IRAC photometry result in two possible

pulsation periods, 156 or 218 d. The combined χ2 residuals

for W1 and W2 are smaller for the 218 d period, and that

is what is reported here. No one period dominates the light

curve of this star. The different published periods may well

result from what mode, or resonance between modes, hap-

pened to be strongest at the time each survey obtained its

data. We can say little about the relative phases of observa-

tions for this star, but the pulsation amplitudes are small, so

that the star was likely to have been in a similar physical state

for both observations.

A.2. KDM 1691

KDM 1691 is an SRV, like J050629, but the literature gives

a more consistent period somewhere over 500 d, with re-

ported periods of 502.77, 518.7, 529, and 531.95 d, to take

some examples from the literature (Soszyński et al. 2009;

Fraser et al. 2005; Groenewegen & Sloan 2018; Kim et al.

2014, respectively). However, both the OGLE III and MA-

CHO surveys reported weaker overtone periods of 285.8 and

261.37 d, respectively, indicating that the pulsations are not

particularly stable.

Analyzing the WISE data reveals multiple possible peri-

ods, at 135, 170, 197, 279, and 522 d, with minimum χ2
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Figure 14. Light curves for the three bluest Miras in the sample.

The figure key is the same as Figure 13. The top panel has half

the magnitude range as the bottom two (1.2 mag versus 2.4 mag).

The nearly one-year period of J51803 and the six-month cadence

of the WISE data mean that the fitted pulsation amplitudes are not

trustworthy.

Figure 15. Light curves for the three reddest Miras in the sample.

The figure key is the same as Figure 13. All three panels have a

vertical extent of 4 mag.

residuals at 197 d for W1 and 522 d for W2. Such com-

plex pulsational behavior should be expected for an SRV. The

522 d period is more consistent with the optical results, and

because this star is not reddened by much dust and the optical

data have a much better cadence, it is reported here.

The amplitudes of the pulsation cycles in KDM 1691 are

twice those of J050729 but they are still less than 0.2 mag,

making this star a weak pulsator, despite the apparently long

pulsation period. The light curve in Figure 13 and the resid-

uals in Figure 16 show that the pulsation cycle is more com-

plex than a single sinusoid, with a notable excursion to fainter

magnitudes between MJD 58000 and 59000 (2017–2020).

All of the above is behavior expected for an SRV. Nonethe-

less, the pulsation period is long enough and characterized

well enough that we can state confidently that the star was

observed close to its minimum by both the IRS and MRS.

A.3. WBP 17

WBP 17 is the third SRV in the sample, and its pe-

riod is consistently close to 310 d in the literature. The

OGLE-III survey reported 314.3 d (Soszyński et al. 2009)

and the MACHO survey reported 308.45 d (Fraser et al.

2005). Ou & Ngeow (2022) re-analyzed the OGLE-III data

and found a period of 315.44 d. Our analysis suggests that

pulsation periods of 244 and 309 d fit the light curves with

similar residuals, but the optical data are more finely sam-

pled. Consequently, we report the period closest to ∼310 d.

The pulsation amplitudes of WBP 17 are the strongest of

the three SRVs in the sample, but evidence for some irregu-

larities in its behavior can still be seen in its light curve and

its residuals at a level of ∼0.2 mag. Despite those deviations

from a sinusoid, the light curve is clean enough to show that

the IRS observation came close to maximum and the MRS

observation close to minimum.

A.4. WBP 29

WBP 29 is the least reddened of the six Miras in the sam-

ple, and it also has the shortest pulsation period, with OGLE-

III reporting 246.7 d (Soszyński et al. 2009) and MACHO

reporting 245.82 d (Fraser et al. 2005). Seven other investi-

gators found periods between 240 and 247 d (Ita et al. 2004;

Groenewegen 2004; Spano et al. 2011; Kim et al. 2014;

Groenewegen & Sloan 2018; Iwanek et al. 2021). Our anal-

ysis of the IRAC and WISE data results in a period of 245 d.

The fitted light curves imply that the IRS observation was ob-

tained at minimum and the MRS observation at maximum.

A.5. J051803

Previous studies indicate a pulsation period for

J051803 close to one year. Soszyński et al. (2009)

found that the strongest pulsations had a 348.9 d pe-

riod, Groenewegen & Sloan (2018) reported 352 d, and

(Iwanek et al. 2021) reported 362.44 d. A period close to

one year is particularly difficult for the WISE cadence, but

the IRAC epochs may have broken the degeneracy. For the
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Figure 16. Residuals after subtracting the fitted sinusoids from the observed light curves, with diamonds for WISE observations and squares

for color-corrected IRAC data. The IRAC data after the color corrections in Table 5 are plotted as open squares in light blue (for IRAC1) and

orange (for IRAC2). The corresponding data after correcting for the residual offsets in Table 6 are plotted as blue or red closed squares.

first pass, instead of using WISE data to find a period, we

adopted the period of 362.44 d and used that to determine

the corrections for the IRAC photometry.

The light-curve residuals for J051803 in Figure 16 indicate

that the star has long-term variations with a peak-to-peak am-

plitude of ∼0.5 mag. To avoid the impact of this long-term

trend, we determined the corrections to the IRAC data us-

ing the four SAGE-Var epochs and the two WISE epochs in

the interval 55000 < MJD < 56000. Combining the cor-

rected IRAC photometry with WISE gives a pulsation period

of 372 d. This pulsation period is still close to a year and

the full pulsation cycle is poorly sampled by the IRAC and

WISE photometry. For that reason, the pulsation amplitude

is poorly constrained, as indicated in Table 6.

The fitted periods for J051803 have been increasing with

time, but whether this result is meaningful or not is an open

question. The zero-phase epoch for the fitted sinusoids dif-

fers by 14 d between W1 and W2, the largest difference for

the stars in our sample. That might be a result of a period

close to one year, or it could arise from the long-term varia-

tions. The residuals show a hint of periodicity, but the avail-

able data do not contrain a possible period well. Fitting both

the WISE data and the corrected IRAC data yields a period of

∼6140 d in W1 and ∼7130 d in W2, which is a rather signif-

icant difference of ∼15%. While the period may not be well

contrained, the peak-to-peak amplitude of a sinusoid fitted to

these residuals is significant, 0.93 mag in W1 and 1.0 mag in

W2. These long-period results should be viewed more as a

suggestion than a meaningful measurement. With all of these

uncertainties, the only safe conclusion is that J051803 has a

complex light curve.

The fitted light curve for J051803 suggests that the IRS

epoch was obtained as the source was climbing from mini-

mum to maximum and the MRS epoch was close to maxi-

mum. But all the caveats for the light curve for this source

should be kept in mind.

A.6. J053441

J053441 has a light curve similar to J051803, except that

the primary pulsation period is considerably longer than

one year. Previous investigations found periods between

489 d and 548 d (Soszyński et al. 2009; Spano et al. 2011;

Groenewegen et al. 2020; Iwanek et al. 2021; Ou & Ngeow

2022). Our analysis of the WISE photometry results in a pe-

riod of 519 d. As with J051803, the light curve shows long-

term variations (see Figure 16), forcing us to determine a cor-

rection for the IRAC data using just the data with 55000 <

MJD < 56000. Despite those corrections, adding the IRAC

data did not help us determine a primary period, because the

curve-fitting software failed to converge at the minimum χ2



18 SLOAN ET AL.

residuals in W2. The period in W1 was 522 d, and in W2 at

least 523 d. Table 6 gives the results for just the WISE data,

although the uncertainty in the period reflects the range in the

fitted period introduced by adding the IRAC data.

J053441, like J051803, shows possible periodicity in its

residuals. Fitting both the WISE data and the corrected IRAC

data give periods of ∼7700 d for W1 and ∼5700 d for W2,

but the discrepancy between the two filters is even larger than

for J051803. The peak-to-peak amplitudes are smaller, 0.90

mag in W1 and 0.57 mag in W2. The long-term variations

are clear enough, but the available data do not allow them to

be properly quantified.

A.7. MSX LMC 220

For MSX LMC 220, we find a period of 644 d with just

the WISE data. Adding the corrected IRAC data shifts this

result to 637 d. Previous results have similar periods of 625

and 632 d (Groenewegen et al. 2009; Groenewegen & Sloan

2018), although OGLE-III reported periods of 313 and

1805 d (Soszyński et al. 2009). The light curves based on

the IRAC and WISE data indicate fairly steady pulsations

over the past 20 years in the 3–5 µm range (Figure 14), but

the residuals in Figure 16 show deviations up to ∼0.4 mag in

some isolated epochs, suggesting that the pulsations are not

completely settled. The pulsation cycle is long enough and

the pulsations steady enough to conclude with some confi-

dence that the IRS epoch came close to minimum, while the

MRS epoch came as MSX LMC 220 was roughly halfway to

maximum.

A.8. MSX LMC 774

Moving to the red end of the Mira sequence leads to stead-

ier and stronger pulsations, and MSX LMC 774 follows that

trend. Its dust shell effectively erases the star from the opti-

cal skies, so it does not appear in the OGLE-III and MACHO

surveys. Using the IRAC data and the limited number of

WISE epochs available at the time, Sloan et al. (2016) found

a period of 670 d, and with more epochs and a slightly differ-

ent technique, Groenewegen (2022) found periods of 680 d

in W1 and 678 d in W2. Using even more WISE epochs,

we find a period of 668 d. The well-behaved pulsation cycle

and long period of MSX LMC 774 constrain the epochs of

the IRS and MRS spectroscopy well, with the IRS observ-

ing the star just before minimum and the MRS very close to

maximum.

A.9. MSX LMC 736

MSX LMC 736 is another Mira too reddened by

its own dust to appear in optical variability surveys.

Previous measurements of its period have been based

on the six SAGE and SAGE-Var epochs and increas-

ing numbers of epochs from WISE: 686, 683, 672,

and 690 d (Sloan et al. 2016; Groenewegen & Sloan 2018;

Groenewegen et al. 2020; Sloan et al. 2024, respectively).

This work duplicates the last period, 690 d, even though it

adds one WISE epoch and corrects the IRAC photometry for

residuals. As with MSX LMC 774, the light curve constrains

the IRS and MRS epochs well, with the first just after mini-

mum and the second right at maximum.

B. LUMINOSITIES

Table 7 presents bolometric luminosities for the stars in

our sample, determined using two methods and compared

to the results from Groenewegen & Sloan (2018). Our first

method is to apply the PySSED software (ver. 1.1), which

constructs a spectral energy distribution (SED) for a source

from an automated look-up of the available photometry in

VizieR and integrates the result through wavelength space

(McDonald et al. 2024, 2025). Our second method of deter-

mining the bolometric luminosity uses a curated set of pho-

tometry and the spectra from the IRS and MRS.

For the second (curated) method, the mid-infrared pho-

tometric data were limited to the mean 24 µm photometry

from the SAGE survey (Meixner et al. 2006) and the mean

results in the WISE filters at 3.4 and 4.6 µm reported in

Appendix A (including the color-corrected IRAC photome-

try from SAGE and SAGE-Var). We also used near-infrared

photometry from the Two-Micron All-Sky Survey (2MASS;

Skrutskie et al. 2006), 2MASS 6X (same reference), pho-

tometry from the Infrared Spectral Survey (IRSF; Kato et al.

2007), the Deep Near Infrared Survey of the Southern Sky

(DENIS; Cioni et al. 2000), and the Vista Magellanic Cloud

survey (VMC Data Release 6; Cioni et al. 2011). Photome-

try at shorter wavelengths came from the OGLE III survey

(Soszyński et al. 2009), the MACHO survey (Fraser et al.

2008), the Magellanic Clouds Photometric Survey (MCPS;

Zaritsky et al. 2004), the SkyMapper Southern Sky Survey

(Data Release 4; Onken et al. 2024), and Gaia (Data Release

3; Gaia Collaboration 2023). We did not include the Ks pho-

tometry from the VMC because it gave the faintest magni-

tude at Ks in five of the nine sources. We omitted the MA-

CHO Rc magnitudes because they were low outliers in all

four sources for which data were available. We also omitted

the MCPS i-band data for J053441 and MSX LMC 220 be-

cause they were outliers and one of the DENIS I-band mag-

nitudes for MSX LMC 220 for the same reason. For both

J051803 and MSX LMC 736, some care was required to

avoid neighboring sources. We averaged the remaining data

at I (0.77–0.80 /um), J (1.22–1.25 µm), H (1.61–1.67 µm),

and Ks (2.23–2.16 µm).

We combined the MRS and IRS data by regridding the

MRS to the IRS, truncating the MRS beyond 20 µm, averag-
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Table 7. Bolometric luminosities and magnitudes

Bolometric luminosity (L⊙)

Groenewegen PySSED Curated SED Mbol

Target & Sloan (2018)a method and spectra meanb (mag)

J050629 (3489) 3818 3824 3821 ± 3 −4.21 ± 0.00

KDM 1691 12707 13595 14653 13652 ± 562 −5.59 ± 0.04

WBP 17 (7268) 5201 5824 5513 ± 312 −4.60 ± 0.06

WBP 29 5032 5084 4910 5009 ± 52 −4.50 ± 0.01

J051803 (4851) 2968 3570 3269 ± 301 −4.04 ± 0.10

J053441 8198 10232 9145 9192 ± 588 −5.16 ± 0.07

MSX LMC 220 (23388) 16290 15230 15760 ± 530 −5.74 ± 0.04

MSX LMC 774 7574 7342 9620 8179 ± 723 −5.03 ± 0.10

MSX LMC 736 9311 7168 8150 8210 ± 619 −5.04 ± 0.08

aValues not used in mean luminosity are in parentheses.

bUncertainties are the uncertainty in the mean.

ing the spectra where they overlapped, and normalizing the

remaining spectral data to align with the average. To nor-

malize the resulting spectra to the approximate mean of the

light curve, we used the phase information for the epochs in

Appendix A. For six of the nine carbon stars, we forced the

combined spectrum to the average of the two. The excep-

tions were KDM 1691 and MSX LMC 220, where we forced

the IRS to align with the MRS, and J051803, where we did

the opposite. Figure 17 shows the resulting SEDs for all nine

sources, along with the spectra from the MRS and IRS.

Figure 17. Spectral energy distributions and merged spectra from

the MRS and IRS for the nine stars in the sample. The plotted data

are not corrected for interstellar aborption.

The PySSED code uses Gaia-based extinction maps from

Lallement et al. (2022). Groenewegen & Sloan (2018) as-

sumed Av = 0.15 in the LMC, and we followed their lead.

We used the interstellar extinction from Rieke & Lebofsky

(1985) to 1.35 µm and Chiar & Tielens (2006) past 1.35 µm.

The extinction affected the results by ∼3% for the bluer

sources and ∼1–2% for the redder sources, which means that

the specific choice for the extinction correction has little ef-

fect.

We integrated the combination of SED and spectra to de-

termine the bolometric luminosity of each source, using a

Wien tail for a 3000 K blackbody to extrapolate to the blue

from the shortest observed wavelength and a Rayleigh-Jeans

tail to extrapolate from the longest observed wavelength to

the red. For the three SRVs and WBP 29, the usable spectral

data only extended as far as 20 µm, so we included the MIPS

24 µm photometry in the SED. For the remaining five Miras,

the spectral data extended to 38 µm and we omitted the MIPS

photometry.

For the luminosities and bolometric magnitudes, we as-

sumed a distance modulus to the LMC of 18.48 mag

(Pietrzyński et al. 2019). We shifted the results from

Groenewegen & Sloan (2018) to this distance; they assumed

a distance of 50.0 kpc (m−M = 18.495 mag).

As Table 7 shows, the PySSED method generally obtained

similar results to the combination of curated SEDs and MRS

and IRS spectra, in no small part because both methods

shared much of the same photometry. Given the work in-

volved in curating the photometry, the similar results are

a strong argument for using the more automated PySSED

method. Groenewegen & Sloan (2018) used the photome-
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try available at that time to construct a model of the star and

from that determined the bolometric luminosity. That method

produced results which differed more significantly. We ex-

cluded the model-based luminosities when they doubled the

standard deviation estimated from our two methods (Table 7

shows the excluded values in parentheses). The remaining

five luminosities were averaged with the results from our two

methods to provide the mean luminosities in Table 7 (and

Table 1).

C. FITTING THE BAND STRUCTURE IN THE

SPECTRA

Figures 18 to 25 compare the flattened spectra of the car-

bon stars in our sample to the best-fitting combination of ab-

sorbing molecules, using synthetic spectra generated from a

2800 K model for the SRVs and 3100 K for the Mira vari-

ables. The plotted spectra cover the eight wavelength inter-

vals defined in Section 4.2. The observed spectra are cor-

rected for the radial velocities determined in Section 4.2.1

and listed in Table 3.

Figure 18. The flattened spectra at 4.9–5.2 µm for the nine car-

bon stars in the sample (in color) and the best-fitted combination

of molecular spectra for each (black). The C3 spectrum at the top

is from the synthetic spectrum based on an effective temperature of

3100 K. The CO spectrum at the bottom is for 2800 K. Both are for

a C/O ratio of 2.0. The observed spectra are shifted to correct for

the radial velocities in Table 3.
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Figure 19. As Figure 18, but for 5.2–5.5 µm. Figure 20. The flattened spectra at 7.0–7.5 µm, with the observed

spectra in color and the fitted molecular spectra in black. The HCN

and CS at the top are from the synthetic spectra with Teff = 3100 K,

and the C2H2 at the bottom is from the 2800 K spectrum. Both have

a C/O ratio of 2.0. The observed spectra are corrected for the radial

velocities in Table 3.
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Figure 21. As Figure 20, except for 7.5–8.0 µm. Figure 22. As Figure 20, but for the interval 8.1–8.6 µm.
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Figure 23. The flattened observed spectra at 12.6–13.1 µm (in

color) compared to fitted molecular spectra (black). The HCN spec-

trum at the top is for Teff = 3100 K and a C/O ratio = 2.0. The C2H2

at the bottom is for 2800 K and the same C/O ratio. The observed

spectra are corrected for the radial velocities in Table 3.

Figure 24. As Figure 23, but for 13.1–13.6 µm.
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Figure 25. As Figure 23, but for 13.8–14.3 µm.
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D. MULTI-EPOCH SPECTRA FROM THE INFRARED

SPACE OBSERVATORY

Figure 26. Light curves from the AAVSO in grey with the epochs of

the SWS observations plotted in color. The magnitudes at the SWS

epochs are estimated from AAVSO observations with ±20 d. In the

panels for R Scl and V Cyg, the second and third spectra were ob-

tained the same day, so the green plotting symbol completely covers

the blue. Figure 27 plots the spectra in the same colors.

The SWS on ISO obtained reliable infrared spectra of

42 Galactic carbon stars (Leisenring et al. 2008; Sloan et al.

2016). Several of these stars were observed multiple times,

and we examined the individual spectra of all of them for

variations in the apparent 10 µm absorption band, using

the spectra processed by Sloan et al. (2003). Four sources

showed this apparent absorption, and it varied in each of

them.

Figure 27. Spectra from each SWS observation for the four Galac-

tic carbon stars chosen to compare the behavior of the 10 µm absorp-

tion band. The spectra are plotted with the same colors in Figure 26.

All spectra are normalized to the first spectrum at 11.0–11.2 µm.

Table 8 provides basic information about the four Galactic

carbon stars, including their [6.4]−[9.3] colors, which range

from ∼0.3 to ∼0.5. That interval includes the MRS targets

J051803 and J053441. R Scl is an SRb variable, and the other

three are Miras. The pulsation periods range from ∼360 to

480 d, again similar to J051803 and J053441.

Table 9 gives the details of each SWS observation consid-

ered. Two observations of R Scl and V CrB occurred on the

same day; we treated these independently, but they corrabo-

rate each other well.

To check the spectral variations with the pulsation phase,

we analyzed visual photometry of the four Galactic carbon

stars from the American Association of Variable Star Ob-

servers (AAVSO; Kloppenorg 2025). We excluded upper

limits and data described as “discrepant.” Figure 26 plots the

AAVSO light curves, and it also shows when the SWS data
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Table 8. Comparison carbon stars in the Galaxy

RA Decl. Spec. Spec. Variabilityc [6.4]−[9.3]

Target (J2000)a Type Ref.b Type Period (d) (mag)d

R Scl 21.783725 −32.801921 C6.4p S44 SRb 370 0.27

V CrB 237.380467 +39.571637 C6,2e S44 Mira 357.63 0.40

V Cyg 310.326115 +48.141336 C5,3e Y75 Mira 421.27 0.52

S Cep 323.803430 +78.624496 C6.3e Y75 Mira 484.4 0.30

aFrom Gaia EDR3 (Gaia Collaboration 2021).

bS44 = Sanford (1944); Y75 = Yamashita (1975).

c Samus et al. (2017).

dLeisenring et al. (2008).

Table 9. SWS observing log

Target TDTa Obs. date (MJD)

R Scl 24701012 50285

37801213 50414

37801443 50414

39901911 50436

41401514 50451

56900115 50606

V CrB 11105149 50149

25502252 50293

42200213 50459

42300201 50460

47600302 50513

57401003 50611

67600104 50712

V Cyg 08001855 50118

42100111 50458

42300307 50460

51401308 50551

59501909 50632

69500110 50731

S Cep 56200926 50599

75100424 50787

aTime Designated Target number. The

first three digits give the approximate

number of days since the launch of ISO.

were obtained. For each SWS epoch, we estimated a visual

magnitude by averaging the AAVSO data within an interval

of ±20 d. While S Cep has only two epochs, compared to 6–

7 epochs each for the other three stars, they fall conveniently

close to a visual maximum and minimum.

Figure 27 plots the individual spectral observations from

the SWS. The first and last observations of R Scl, both taken

at or close to maximum, show stronger apparent absorption

at 10 µm than the four observations taken as the star ap-

proached minimum. The correlation of the strength of the

band with phase is strong, with the two observations closest

to minimum showing the weakest apparent absorption. S Cep

shows the same dependency of apparent 10 µm absorption

with phase, with the caveat that we only have two epochs.

If we had the same two observations of V Cyg, we could

expect to draw a similar conclusion, with the last epoch

coming at maximum and showing deep apparent 10 µm ab-

sorption and the fourth epoch (gold) coming at minimum

and showing the weakest apparent absorption. The remain-

ing epochs, however, do not follow such a consistent pat-

tern, with the second and third epochs (blue and green) ob-

tained as the star approached mininum and showing almost as

much apparent absorption as when the star was at maximum.

V CrB also shows complex behavior. While the epochs clos-

est to minimum are among the spectra with the weakest ap-

parent absorption (green, gold, and brown), and the epoch

closest to maximum among the strongest (red), the epochs at

intermediate phases do not appear to follow a coherent pat-

tern.

We conclude that the SWS data confirm the presence of a

varying apparent absorption component at 10 µm in the spec-

tra of carbon stars observed with the MRS, and that the trend

is generally for stronger apparent absorption when the central

star is at its maximum in the optical.
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Höfner, S., Bladh, S., Aringer, B., & Ahuja, R. 2016, A&A, 594,

108
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