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ABSTRACT

Cepheid circumstellar emissions have previously been detected using both infrared (IR) excess and IR interferometric observations
at a few stellar radii. These studies have shown that these circumstellar emission can be produced by ionized gas, however, there is
no direct observational evidence to confirm this hypothesis. In this letter, we explore the continuum emission and a spectrum of the
bright and long-period Cepheid ` Car (P = 35.56 day) at millimeter-wavelengths to detect possible effects of ionized gas emission. We
used ALMA observations of ` Car in two spectral setups in Band 6 (near 212 and 253 GHz, respectively) and compared the measured
flux density to what would be expected for the stellar continuum. We also derived the spectral index and probed the presence of radio
recombination lines (RRLs). We report statistically significant emission of about 3.5 mJy in the two spectral ranges, which is about
2.5 times the stellar continuum emission. For the first time, we have also been able to derive the spectral index of the flux density,
(S ν ∝ να), α = +1.26 ± 0.44 (∼3σ error), which is characteristic of partially optically thick, ionized gas emission. Additionally,
we discovered an emission line from a RRL of hydrogen H29α centered on the stellar rest velocity, smaller in spatial extent than
about 0′′.2 (.100 AU), with a symmetric profile with a width at half power of 55.3± 7.5 km s−1 (1σ error). These findings confirm the
presence of ionized gas emission near ` Car. The millimeter emission detected from ` Car can be attributed to ionized gas emission
from the Cepheid’s chromosphere. Further radio interferometric observations are necessary to confirm the occurrence of these ionized
gas envelopes around Cepheids of different pulsation periods.

Key words. methods: observational – techniques: interferometric – circumstellar matter – stars: variables: Cepheids –
radio continuum: stars – radio lines: stars

1. Introduction

The Cepheid ` Carinae (` Car, HD 84810, HIP 47854) has the
largest angular diameter among southern hemisphere Cepheids
(in average 2.9 mas), making it an ideal candidate for investigat-
ing its photosphere and circumstellar environment. Additionally,
with a pulsation period of P = 35.55 days, ` Car is the clos-
est analog to the long-period, extragalactic Cepheids observed
by the James Webb Space Telescope (JWST). Therefore, under-
standing the evolution and the physics of this star is important
to infer the properties of the period-luminosity (PL) relation of
long-period Cepheids, which directly impact the accuracy of
the distance scale. This is especially important at present, as
JWST is observing Cepheids in distant galaxies to refine the
precision and reliability of these measurements (Freedman et al.
2024; Riess et al. 2024).

One of the intriguing phenomena associated with Cepheids
is the possible presence of infrared (IR) circumstellar emis-
sion, which may serve as a tracer of their mass-loss rates
(Deasy 1988) and may impact the accuracy of the PL rela-
tion (Neilson et al. 2009, 2010). However, circumstellar emis-
sion can originate in various environments, including gas and
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dust contributions from the local interstellar medium, extended
circumstellar material produced by the star’s own mass loss, or
an extended atmospheric layer near the stellar surface. Distin-
guishing between these components requires observations across
different wavelengths and angular resolutions. For instance,
Spitzer IRAC imaging has revealed low-surface-brightness emis-
sion around ` Car at 5.8 and 8.0 µm, extending out to a
radius of approximately 35′′(1.7× 104 AU; Barmby et al. 2011).
Closer to the star, a comparative study in the IR with Spitzer,
VLT/VISIR, and VLTI/MIDI detected emission within a radius
of 1′′, attributed to warm circumstellar dust of a few 100 K at
a distance of about 500 AU (Kervella et al. 2009). This region
might be associated to the circumstellar emission resolved at
only a few stellar radii by near-IR (NIR) interferometry in
the K-band through VLTI/VINCI observations around ` Car
(Kervella et al. 2006). Subsequently, similar compact envelopes
were resolved with CHARA/FLUOR (Mérand et al. 2006, 2007)
around other Cepheids, as well as in the mid-IR (MIR), with
MIDI and VLTI/MATISSE (Gallenne et al. 2013; Hocdé et al.
2021). However, evidence from Spitzer low-resolution spectra
and VLTI/MATISSE observations (Hocdé et al. 2020b, 2025)
stands in favor of the assumption of gaseous envelopes for most
of the Cepheids, including ` Car. Therefore, these circumstel-
lar emission could be related to an extended gas layer above
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the photosphere. Various authors have reported a deep and static
absorption feature in the Hα line of ` Car (Rodgers & Bell 1968;
Nardetto et al. 2008; Hocdé et al. 2020a) and a strong Mg II
absorption line in the ultraviolet (UV) (Bohm-Vitense & Love
1994), attributed to a gaseous envelope centered on the stel-
lar restframe with an extension up to about 1000 AU. Chromo-
sphere activity is also suspected for several Cepheids, in partic-
ular for ` Car, from Ca ii K emission (Kraft 1957), several UV
emission lines (Schmidt & Parsons 1982), and the calcium IR
triplet (Hocdé et al. 2020a). The presence of hot plasma is also
revealed by periodic UV emission lines and X-ray emission (see,
e.g., Engle et al. 2014, 2017; Andrievsky et al. 2023). In terms
of modeling studies, Hocdé et al. (2020b) have shown that the IR
excesses of Cepheids, including ` Car, can be explained by a thin
envelope of ionized gas emitting free-free emission (Hocdé et al.
2021).

However, there is still no direct observational evidence of
free-free emission toward Cepheids. Radio and millimeter-wave
observations are useful to constrain ionized gas emission above
the photospheric continuum as well as the spectral index. Prior
to the recent results for δ Cep (Matthews et al. 2023), only
upper limits on continuum emission were obtained for the twelve
Cepheids observed with radio telescopes (Welch & Duric 1988;
Altenhoff et al. 1994). In particular, radio observations with the
Very Large Array at 5 GHz were performed by Welch & Duric
(1988) who provided upper limits for the mass-loss rates of
the order of 10−9–10−7 M�/yr, assuming ionized wind emis-
sion. Observations of radio spectral lines were attempted, too.
Matthews et al. (2012, 2016) observed the H I 21 cm transi-
tion with the VLA for different Cepheids. Recently, the first
radio detection of continuum emission associated with a Cepheid
(δ Cep) was reported based on VLA observations at 10–15 GHz
(Matthews et al. 2020, 2023). These authors discuss different
potential mechanisms responsible for the radio emission, includ-
ing free-free emission from either a chromosphere, an optically
thick ionized shell, or an ionized wind. However, obtaining the
spectral index is essential to differentiate these scenarios.

In this letter, we explore the first millimeter-wave obser-
vation of the bright Cepheid ` Car with the Atacama Large
Millimeter/submillimeter Array (ALMA, Wootten & Thompson
2009) to investigate the presence and the characteristics of the
ionized gas emission. The advantages of observing at higher fre-
quencies are twofold. First, using higher frequencies increases
the spatial resolution, which helps mitigate the confusion from
background sources and potential companions, facilitating the
study of regions at sub-arcsecond scales. Second, higher fre-
quencies allow the observation of free-free emission from the
stellar wind originating from the inner regions of the circum-
stellar gas, as the opacity decreases with increasing frequency.
Finally, ALMA also allows us to investigate hydrogen recombi-
nation lines (Peters et al. 2012). We present the ALMA obser-
vations and reduction in Sect. 2 and the subsequent results in
Sect. 3, particularly with respect to the continuum, the spectral
index, and the RRL. We present our conclusions in Sect. 4.

2. Observations of ` Car

We observed ` Car with the ALMA main array on 16 December
2023, 5 May, 1 July, 13 July, and 2 October 2024. Observations
were conducted in two spectral setups in Band 6. Both setups
used the continuum (frequency division mode, FDM) config-
uration of the correlator with a coarse spectral resolution of
7.8 MHz, which is the result of averaging 16 channels before
the data were stored. The first setup (setup 1) effectively cov-

ers simultaneously the spectral ranges 211.6–215.3 and 227.6–
231.4 GHz at a channel binning of about 10.7 km s−1. The second
spectral setup, setup 2, covers higher frequencies (255.1–258.9
and 270.9–274.6 GHz) at a channel binning of about 8.8 km s−1.
The spectral setup was designed not only to provide us with a
good estimate of the continuum spectral index, but also to cover
a few key spectral lines; for instance, the CO 2–1 and H29α
lines at 230.5 and 256.4 GHz, respectively. The CO molecules
can form in the Cepheid atmospheres which are metallic enough
and have temperature of about 5000 K (Scowcroft et al. 2016).
The project was executed at ALMA without a specific require-
ment on the array configuration, and, as a consequence, our tar-
get was observed three times in setup 1 (although two of these
were very close in time), and three times in setup 2 with differ-
ent baseline lengths. Details of these observations can be found
in Table A.1. The visibilities were calibrated by the observa-
tory using the default pipeline in CASA (CASA Team 2022).
Self-calibration in phases was attempted but did not improve the
image quality, owing to an insufficient signal-to-noise ratio S/N
in individual tracks. All imaging was done in CASA 6.6. using
tclean procedures. Most of the analysis presented in this paper
was done on images produced with natural weighting of visibili-
ties, which optimizes the sensitivity of maps at the cost of spatial
resolution.

3. Results and discussion

Our ALMA observations have resulted in a single unresolved
point source at the position of ` Car with a beam size of about
0′′.6 and 0′′.5, respectively, for setups 1 and 2 (see Fig. A.1). This
confirms the absence of any companion of ` Car brighter than
about 35 µJy (5σ) in Band 6 and within 15′′ from the star. At
uniform weighting of the visibilities which give effective resolu-
tion of 85 mas, the map shows a single point source. This is in
line with earlier interferometric and radial velocity observations,
which excluded the possibility of a companion (Anderson et al.
2016) and is consistent with the analysis of Gaia proper motions
(Kervella et al. 2019). Flux densities for each setup and for all
continuum data combined are presented in Table 1, with the
flux density of 3.689 ± 0.024 mJy representing the midpoint of
the covered frequencies. We inspected any possible variability
among the radio emission, in particular between the observations
of the second setup which are taken at different phases of the pul-
sation cycle. We do not find any variability between these three
epochs above our measurement uncertainties (see Appendix D).

To compare the measured flux density with the stellar con-
tinuum, we derived the predicted flux based on the assumption
that the emission follows the Rayleigh-Jeans regime of a black-
body. Indeed, we can estimate the flux of ` Car at a given fre-
quency knowing its effective temperature and angular diameter.
Hereafter, we assume that the millimeter continuum is formed
at a similar photospheric radius as the optical and the IR. How-
ever, we note that the millimeter continuum is formed slightly
higher in the photosphere because the atmosphere becomes opti-
cally thick at increasing height, as in the case of the Sun (see, for
example, Wedemeyer et al. 2016). In some extreme cases, the
presence of gas in the high atmosphere can also form a radio-
photosphere of much larger radius such as the ones observed in
the case of AGB stars (Reid & Menten 1997). The flux density,
S ν, in the Rayleigh-Jeans tail for a black-body subtended by a
solid angle Ω follows the convenient form:

S ν =
2kTeffν

2

c2 Ω ≈ 5.67.10−10
(Teff

1 K

) (
ν

1 GHz

)2 ( θ
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Table 1. Summary of measurements and derived quantities.

Beam S ν S ν max RMS α S ν (BB)
(′′) (mJy) (mJy/beam) (µJy/beam) (mJy)

Setup 1 0.70× 0.59 3.306 3.19 10.4 +1.45 ± 0.16 1.23
Setup 2 0.37× 0.30 3.992 3.37 9.60 +1.31 ± 0.09 1.77
Setup 1+2 0.46× 0.39 3.689 3.35 7.06 +1.26 ± 0.06 1.50

Notes. All values for maps obtained at natural weighting. Flux density was calculated by a Gaussian fit to continuum images. Max represents the
value of maximum pixel (central beam). Stellar photospheric component is not resolved and total fluxes are given. The uncertainty in α represents
1σ confidence and does not include the uncertainty in absolute flux. S ν (BB) is the flux density of the photosphere assuming black-body emission
with Teff and θUD from Table A.1 and derived using Eq. (1). S ν (BB) for setup 2 is the mean of the three epochs, setup 1+2 is the mean of the two
setups.
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Fig. 1. SED of ` Car complemented with ALMA flux density in Band 6
from setup (221 GHz) and 2 (261 GHz) presented in Table A.1 and
detailed in Sect. 2. 5σ errors are displayed on the figure for all the data.
Flux density for each band is presented in Table B.1. The grey dashed
line represent a spectral index of αν = +1.26 (equivalent to αλ = −0.74)
as derived in Sect. 3.1. The SED is derived from an ATLAS9 model
(derived up to 10 µm and extrapolated beyond) with Teff and angular
diameter corresponding to the epoch of the setup observation, which fits
the optical and NIR well. The envelope model of ionized gas of constant
density from Hocdé et al. (2021) is shown in yellow. See this paper for
a more detailed analysis and a discussion of the impact of free-bound
emission in the optical and NIR bands.

which is mostly sensitive to the variation of the limb-darkening
(LD) angular diameter, θ, as compared to the effective tempera-
ture, Teff .

Fortunately, the uniform disk (UD) angular diameter of ` Car
is known precisely along the pulsation cycle owing to inter-
ferometric observations in the H-band with PIONIER/VLTI
(Anderson et al. 2016) and in the K-band with VINCI/VLTI
(Kervella et al. 2004), presented in Fig. B.1. In the following, we
neglect the LD effect by adopting the UD angular diameter. On
the contrary the effective temperature of ` Car is not well char-
acterized along the pulsation cycle. We found only one measure-
ment given by Luck (2018), with Teff = 5253 ± 38 K measured
at pulsation phase φ = 0.05. In the following, we have adopted
this measurement for the closest epoch of observations. For the
effectve temperature at φ = 0.65 and 0.26, we adopted interpo-
lated values derived using the parallax-of-pulsation code SPIPS
(Mérand et al. 2015), as shown in Table A.1.

For setup 1 at φ = 0.06, the measured angular size is
θ = 2.91 ± 0.04 mas (Anderson et al. 2016) and the tempera-

ture measured by Luck (2018) is adopted. Thus, we obtain an
expected flux density for setup 1 of S ν = 1.23±0.12 mJy, assum-
ing a conservative 10% uncertainty because of the black-body
assumption. Given the flux density of S ν = 3.31 mJy measured
by ALMA, we obtain a significant excess, 2.7 times brighter than
the stellar photospheric continuum. For setup 2, we obtained
observations at three different pulsation phases (see Table A.1).
For the three epochs of ` Car, we derived an average predicted
flux density of S ν = 1.77 ± 0.18 mJy using Eq. (1). Therefore,
the measured flux density is about 2.2 times higher than the stel-
lar continuum. Assuming a maximum θUD value of 3.2 mas for
` Car (at φ ≈ 0.4, see Fig. B.1), the upper limit for the flux
density expected is S ν ≈ 1.9 mJy. We present these measure-
ments in Fig. 1, together with the photometry obtained in the
visible and the IR (see Table B.1) and an ATLAS9 atmosphere
model (Castelli et al. 2003) derived from the effective temper-
ature and the angular diameter corresponding to the pulsation
phase of setup 2. From this figure, it is clear that the radio emis-
sion deviates significantly from Rayleigh-Jeans continuum of the
star. We used the measured spectral index to constrain the mech-
anism giving rise to the millimeter emission.

3.1. Spectral index

For the first time, we were able to derive the spectral index of
the radio emission of a Cepheid, which is essential for under-
standing the origin of this emission (see Table 1). We derived
an average spectral index of +1.26 ± 0.06 (1σ). We calculated
the spectral index using CASA’s tclean algorithm mt-mfs1 by
applying a second-order (N = 2) Taylor series. In the result-
ing maps, the spectral index α shows some variations within
the region with strong continuum emission; thus, we took the
average value from pixels lying roughly within a contour of
20% peak flux as the representative α. As the associated uncer-
tainty, we took the corresponding average 1σ error calculated in
tclean (see Appendix C for an alternative method). When com-
bining data from two different setups, the results depend quite
strongly on the cross-calibration between the basebands. Our
flux and bandpass calibration were performed using quasars, for
which the observatory claims flux accuracy of about 10% (but
see Francis et al. 2020). For setups 1 and 2 combined, this uncer-
tainty translates to a systematic error in α of about 0.4. There-
fore, we adopted α = +1.26 ± 0.44 (3σ).

Based on the hypothesis that excess flux is caused by free-
free emission, the spectral index α (S ν ∝ να) constrains the
physical characteristics of the emission region. For free-free
emission from a spherical, symmetrically distributed ionized gas

1 https://casadocs.readthedocs.io/en/v6.3.0/notebooks/
synthesis_imaging.html
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component with constant electron density, the spectral index
shifts from α = −0.1 in the optically thin regime (observed at
frequencies above a critical threshold ν > νc) to α = +2 in the
optically thick regime at lower frequencies (Wright & Barlow
1975; Panagia & Felli 1975; Olnon 1975). This is, for example,
the model proposed by Hocdé et al. (2020b) to explain the IR
excess of Cepheids constrained by low-resolution spectra from
Spitzer, which shows optically thick emission in the MIR (see
the model for ` Car in Fig. 1). The spectral index at low fre-
quency depends mostly on the density distribution of the ionized
gas environment. Hence, the spectral index tends to +0.6 at low
frequencies for emission in expanding envelopes corresponding
to a spherically symmetric ionized wind with a density distribu-
tion given as ne ∝ r−2. The spectral index calculated in CASA
is twice larger than the nominal value of ionized wind emis-
sion. This spectral index is also comparable to chromospheric
emission of the red supergiant (RSG) Antares in the millimeter
regime (α = +1.27 at 145 GHz, O’Gorman et al. 2020) and also
Betelgeuse in the centimeter (α = +1.33, see O’Gorman et al.
2015, and references therein). In these chromospheric regions
of RSGs, the gas is partially optical thick, with a steep gradi-
ent in the ionized gas density. Specifically, the spectral index
found in the case of ` Car might be explained if the electron
density scales as ne ∝ r−3.0 (Panagia & Felli 1975). However,
this spectral index is below the one derived in the model devel-
oped for ` Car and constrained by IR data (Hocdé et al. 2021)
(see Fig. 1). This demonstrates the importance of taking into
account the density distribution when modeling the ionized gas
emission. Also, we cannot exclude the possibility that lower fre-
quencies could probe the wind-dominated emission regime with
ν+0.6, while observations at ∼200 GHz are most sensitive to the
inner regions of the gas envelope. Therefore, future observations
at both higher and lower frequencies will help to probe the struc-
ture of the ionized gas environment of ` Car.

3.2. Radio recombination line H29α

Emission lines from Rydberg transition of hydrogen are pro-
duced from radiative recombination at high principal quan-
tum numbers. They are an excellent tracers of ionized gas
(Gordon & Sorochenko 2002). For example, emission from
H30α was recently detected close to the surface of Betelgeuse
at about 230 GHz (Dent et al. 2024). These authors proposed
that periodic shocks might be the origin of the emission in the
atmosphere.

Within our setup observations, we found a spectral feature
which we identify as H29α, which is a radio recombination
line of Rydberg-like transition from principal quantum num-
ber n = 29 of hydrogen. The emission coincides spatially with
the continuum emission of ` Car. At the reference frequency of
256.302035 GHz, the emission is seen from –54 to 29 km s−1

(local standard of rest, LSR). Due to a coarse spectral sam-
pling (8.8 km s−1) and a modest signal-to-noise ratio (S/N), this
range probably overestimates the spread of the emission. The
velocity-integrated emission has a peak at 71.5 mJy/beam km s−1

on maps (see Fig. A.2a) with rms noise of 6.63 mJy/beam
km s−1. In the general case, the RRL profile results from the
convolution of a Gaussian component accounting for thermal
and microturbulent broadening, along with a Lorentzian com-
ponent due to electron pressure broadening, as outlined by
Brocklehurst & Seaton (1972). Hereafter, we assumed only a
Gaussian profile for simplicity, as the low S/N prevents a more
detailed modeling. A Gaussian fit to the feature yields a full
width at half power (FWHM) of 55.3± 7.5 km s−1 and a line cen-

ter at −6.2± 3.2 km s−1 (1σ, LSR). For comparison, Dent et al.
(2024) measured a FWHM of ≈42 km s−1 for H30α from the
chromosphere of Betelgeuse. The central velocity is equiva-
lent to 7.2 km s−1 in the Solar System barycenter frame and it
is thus is within the 3σ error, consistent with the catalog sys-
temic velocity of ` Car of 3.4 km s−1 in the same rest frame
(Anderson et al. 2024). There is no doubt that the Hα emission
originates from ` Car. The current data do not allow us to con-
clusively determine the symmetry of the H29α line, which can
be useful to probe local thermodynamical equilibrium conditions
(Peters et al. 2012). Data at a better S/N and spectral resolution
are necessary to verify this result.

The flux of ` Car’s H29α emission integrated over the spec-
tral profile is 72.2 mJy km s−1 or on average 0.9 mJy per chan-
nel in the ∼80 km s−1 range occupied by the Hα emission. This
line flux is approximately equivalent to 35% of the continuum
flux level at the same frequencies (3.5 mJy). The continuum flux
is a combination of the photospheric component, estimated at
this frequency to be 1.5 mJy from Eq. (1), and the atmospheric
or circumstellar component, which we calculated simply as the
total measured continuum flux minus the photospheric com-
ponent, 3.5–1.5 = 2.0 mJy (cf. Table 1). The photospheric con-
tribution was calculated as the blackbody radiation of a star
with an effective temperature of 4850 K and an angular diam-
eter of 2.9 mas, representing the average properties of ` Car.
Our calculation therefore leads to a flux ratio of line to non-
photospheric continuum of about 0.45. This can be used to calcu-
late the electron temperature of the plasma following the transfer
equation for RRLs. With Eq. (2.124) in Gordon & Sorochenko
(2002), a line width of 63 MHz, and an oscillator strength of
5.8174132 (Goldwire 1968), we find that an electron tempera-
ture of 23 500 K best explains the observed ratio; however, the
uncertainty in this value is very large, roughly 10 000 K (prop-
agated from the error in the flux of the emission line), due to
a very low S/N and uncertain intrinsic line width. Also, the for-
mula assumes optically thin emission for both components. Con-
sidering these limitations, we cannot exclude that the electron
temperature is considerably higher than 23 500 K. On the other
hand, assuming optically thick gas, we can estimate a lower limit
for the mean brightness temperature using Eq. (1). We find a
lower limit of 14 000 K and 11 000 K fors setups 1 and 2, respec-
tively, assuming the star angular diameter, which rapidly drops
off to θ−2 for a larger source.

4. Conclusions

In this letter, we present ALMA observations of continuum and
H29α emission for the long-period Cepheid ` Car. The pres-
ence of a ionized circumstellar gas is inferred from the following
observational results
1. We measured a continuum emission of about 3.5 mJy at

200 GHz (1mm), which is about 2.5 times brighter than the
stellar photospheric continuum at these frequencies.

2. We derived a mean spectral index (S ν ∝ ν
α) of α = +1.26 ±

0.44, indicating partially optically thick ionized gas emis-
sion, similar to chromospheric emission from RSGs.

3. We detected, for the first time, a RRL of H29α centered on
the ` Car restframe and smaller than about 0′′.2 (≈100 au,
≈140 R?), which is direct evidence for the presence of ion-
ized gas physically connected to the Cepheid. We derived a
temperature of the gas of the order of few 104 K.

4. We do not find any significant evidence of variability among
the different epochs of observations.
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In summary, these observations reveal the emission of ionized
gas connected to the star which is distinct from the photospheric
emission. The spectral index derived is higher than expected
from free-free emission of partially ionized wind, which pre-
vents us from estimating a mass-loss rate. However, we can-
not exclude the possibility that such emission can be detected at
lower frequency. Our results suggest that the free-free emission
originates from the hot gas of the star chromosphere, in line with
previous emission lines from the literature for this star (Kraft
1957; Schmidt & Parsons 1982; Bohm-Vitense & Love 1994).
However, the millimeter emission is not explained by the cur-
rent model of the shell of ionized gas from Hocdé et al. (2020b,
2021), which suggests that this model could be improved by
inclusion of density gradient and temperature. Interestingly, we
find no significant evidence of variability of the emission in con-
trast to the results of Matthews et al. (2023) for δ Cep, which
suggests that the free-free emission of ` Car is not directly linked
to the pulsation. The temperature of the gas, estimated to be on
the order of 104 K, is not compatible with X-ray emission either.
The fact that the measurements of the spectral index and RRL of
H29α are similar to what has been found for RSGs of a much
lower effective temperature and with very active atmospheres
also suggests that convection plays an active role in heating
up the gas, as previously noted by Sasselov & Lester (1994a,b).
Finally, given that ` Car is a nearby analog to the long-period
Cepheids observed by the JWST, it is likely that other extragalac-
tic Cepheids possess similar ionized gas emissions as well. Con-
sidering the work of Neilson et al. (2009, 2010), who suggested
that dust emission could impact the slope and the zero-point of
the PL relation in different bands, the question remains whether
ionized gas emission could affect the PL relation in the optical
and the NIR. Further observations are essential to reconstruct a
complete radio SED, enabling us to better determine the temper-
ature profile and physical properties of the ionized gas and for a
larger sample of Cepheids.
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Appendix A: Observational material

The observations hereafter are introduced in Sect. 2. Figs. A.1 and A.2 present the ALMA continuum observations and the radio
recombination line H29α respectively.

Table A.1. Journal of ALMA observations together with ` Car temperature and angular diameter.

Date Date ton PWV Baselines Nant φ Teff θUD
obs. UTC (MJD) (min) (mm) (m) (K) (mas)

setup 1 2024-05-05 01:04:51 60435.04 38 1.19 15 – 99 42 0.02 5253±38 2.91 ± 0.04
(221.61 GHz) 2023-12-16 09:05:51 60294.38 38 3.26 15 – 2516 47 0.06 5253±38 2.91 ± 0.04

2023-12-16 08:08:02 60294.34 38 2.98 15 – 2516 47 0.06 5253±38 2.91 ± 0.04
setup 2 2024-07-13 21:46:16 60504.91 44 0.34 15 – 2516 43 0.98 5253±38 2.91 ± 0.04

(264.86 GHz) 2024-07-01 20:23:21 60492.85 44 0.31 37 – 2516 43 0.65 4586±100 2.99 ± 0.04
2024-10-02 13:50:51 60585.56 41 0.94 15 – 499 42 0.26 4785±100 3.18 ± 0.04

Notes. Journal of observations presented in Sect. 2 for setups 1 and 2. ton is time on source. PWV is the average precipitable water vapour during the
observations. Baseline lengths represent datasets before pipeline flagging. Nant is the number of unflagged antennas. For each epoch, we derive the
pulsation phase using recent pulsation period and reference epoch at maximum light as measured by Gaia, P0 = 35.558 day and T0 = 56807.202
(Gaia Collaboration 2023) and with a rate of period change from Csörnyei et al. (2022). For each pulsation phase φ, the UD angular diameter θUD
are retrieved from the literature, while the effective temperature Teff are retrieved from the literature and interpolated (see Sect. 3).
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Fig. A.1. ALMA continuum observation of ` Car in (left) setup 1 (221.61 GHz) and (right) setup 2 (264.86 GHz) displayed on a 5′′ × 5′′ field of
view. The beam sizes for the two setups are given on the bottom left corner (see also Table B.1).
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Fig. A.2. Detection of the radio recombination line H29α toward ` Car (see Sect. 3.2). The left map presents the total emission integrated over the
line profile, while the right panel presents the spectrum extracted at the pixel with maximum emission. Continuum emission was subtracted from
the visibilities before imaging of the line emission. The histogram presents the observations, while the red dashed line present a Gaussian fit to the
line profile.
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Appendix B: Photometry and angular diameter measurements
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Fig. B.1. Uniform disk angular diameter variation of ` Car obtained from VINCI/VLTI and PIONIER/VLTI measurements (Kervella et al. 2004;
Anderson et al. 2016). The dashed lines represent the three pulsation phases of observation at ≈0.05, 0.26 and 0.65 for setups 1 and 2 (see Table 1).

Table B.1. Flux density in Janskys (Jy) at different wavelengths with associated uncertainties. The SED is displayed in Fig. 1 complemented
with ALMA observations. I19: Neugebauer et al. (2019), S04: Smith et al. (2004), F07: Fouqué et al. (2007), K09: Kervella et al. (2009), M24:
Marton et al. (2024), H24: Herschel Team (2024).

Inst. λeff Flux density References
System (µm) (Jy)

Johnson 0.44 72.6 ± 2.0 F07
Johnson 0.55 181 ± 5.1 F07
Cousins 0.75 274 ± 7.7 F07
2MASS 1.22 382 ± 18 F07
2MASS 1.65 342 ± 16 F07
2MASS 2.16 269 ± 13 F07
COBE 3.50 127 ± 17 S04
IRAC 3.55 117 ± 4 K09
IRAC 4.49 68 ± 2 K09
COBE 4.90 60 ± 10 S04
IRAC 5.73 46.3 ± 1.4 K09
IRAC 7.87 29.1 ± 0.9 K09
VISIR 8.60 24.6 ± 0.9 K09
VISIR 11.22 18.1 ± 0.7 K09
COBE 11.25 14.6 ± 0.5 S04
IRAS 11.79 13.9 ± 0.3 I19
IRAS 23.34 4.31 ± 0.26 I19
MIPS 23.68 3.73 ± 0.15 K09
IRAS 59.32 0.896 ± 0.0801 I19
MIPS 71.42 0.45 ± 0.02 K09
PACS 160 0.106 ± 0.013 M24
SPIRE 250 0.0488 ± 0.0021 H24
SPIRE 363 0.0288 ± 0.0023 H24

Appendix C: Spectral index fit

As an alternative method of deriving α presented in Sect. 3.1, we generated a full spectrum of the map area within the 20% contour
and fitted a line to the logarithmic version of the spectrum (log λ vs log Fν), as shown in Fig. C.1. This resulted in α=+1.78±0.03
(1σ), a value higher than that obtained in CASA in Sect. 3.1. However, since the simple linear fit is more prone to calibration errors
between the different frequency setups of the correlator (cf. Francis et al. 2020), we favor the result obtained in CASA.
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Fig. C.1. Fit to combined spectra from setups 1 and 2. Spectra were extracted from maps obtained at natural weighting and with the same
synthesized beam. The extraction aperture was defined by the contour at 20% of maximum flux.

Appendix D: Fluxes in individual epochs

Flux densities were measured for each individual observation on restored images and using a Gaussian fit. They are presented in
Table D.1 along with the associated 1σ errors derived from the statistical noise in the data and to the goodness of the fit2. The fluxes
measured for the last epoch in setup 2, on 2 Oct 2024, are over 30% higher than in both earlier epochs. Although this discrepancy
exceeds the 5σ statistical uncertainties and 10% calibration errors from ALMA documentation, all measurements are consistent
within the more realistic statistical errors from practical applications, as shown by (Francis et al. 2020).

Table D.1. Flux measurements for individual observations.

Date Flux 1σ error Beam size
obs. UTC (mJy) (mJy) (′′)

2023-12-16 09:05:51 3.506 0.038 0.307×0.270
2023-12-16 08:08:02 3.562 0.044 0.317×0.301
2024-05-05 01:04:51 3.213 0.066 1.136×0.954
2024-07-13 21:46:16 3.265 0.021 0.213×0.181
2024-07-01 20:23:21 3.821 0.040 0.228×0.194
2024-10-02 13:50:51 4.653 0.032 0.869×0.773

Notes. Flux is integrated flux density measured by a Gaussian fit to an image. 1σ error is the statistical uncertainty of the fit taken from the CASA’s
imfit procedure, where the noise rms was specified based on image noise statistics. The uncertainties do not include statistical (calibration)
uncertainties.

2 https://casadocs.readthedocs.io/en/latest/api/tt/casatasks.analysis.imfit.html
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