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Abstract

Aims. We aim to investigate the infrared excess of 45 Milky Way (MW) Cepheids combining different observables in order to constrain the presence of circumstellar envelopes (CSEs).

Methods. We used the SpectroPhoto-Interferometry of Pulsating Stars (SPIPS) algorithm, a robust implementation of the parallax-of-pulsation method that combines photometry, angular diameter, stellar effective temperature, and radial velocity measurements in a global modelling of the pulsation of the Cepheid. We obtained new photometric measurements at mid-infrared (mid-IR) with the VISIR instrument at the Very Large Telescope complemented with data gathered from the literature. We then compared the mean magnitude of the Cepheids from 0.5 μm to 70 μm with stellar atmosphere models to infer the IR excess, which we attribute to the presence of a circumstellar envelope.

Results. We report that at least 29% of the Cepheids of our sample have a detected IR excess (> 3σ). We estimated a mean excess of 0.08 ± 0.04 mag at 2.2 μm and 0.13 ± 0.06 mag at 10 μm. Other Cepheids possibly also have IR excess, but they were rejected due to their low detection level compared to a single-star model. We do not see any correlation between the IR excess and the pulsation period as previously suspected for MW Cepheids, but a rather constant trend at a given wavelength. We also do not find any correlation between the CO absorption and the presence of a CSE, but rather with the stellar effective temperature, which confirms that the CO features previously reported are mostly photospheric. No bias caused by the presence of the circumstellar material is detected on the average distance estimates from a SPIPS analysis with a fitted colour excess. We also do not find correlation between the presence of IR excess and the evolution stage of the Cepheids.

Conclusions. We report a fraction of 29% of Cepheids with an IR excess likely produced by the circumstellar envelope surrounding the stars. Longer period Cepheids do not exhibit greater excess than short periods as previously suspected from observations and theoretical dusty-wind models. Other mechanisms such as free-free emission, among others, may be at the origin of the formation of the CSEs. We also show that not fitting the colour excess leads to a bias on the distance estimates in our Galaxy.
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⋆ Based on observations collected at the European Southern Observatory under ESO programme 097.D-305(A).



1. Introduction
A significant fraction of Cepheid stars are known to exhibit extended infrared emission, possibly linked to a circumstellar shell. Near- and mid-IR interferometric observations revealed the first circumstellar envelope (CSE) surrounding ℓ Car (Kervella et al. 2006), then followed by similar detections around other Cepheids (Mérand et al. 2006, 2007; Gallenne et al. 2013). Near- and mid-IR photometry also showed an IR excess around several Cepheids (Gallenne et al. 2010, 2012a, 2017a; Barmby et al. 2011; Schmidt 2015), leading to the hypothesis that perhaps all Cepheids are surrounded by a CSE. Theoretical modelling using pulsation-driven mass loss supports the presence of IR excess (see e.g., Neilson & Lester 2008; Neilson et al. 2010).
These envelopes are interesting from several perspectives. First, they might be tracers of past or ongoing stellar mass loss. Mass loss for Cepheids is still poorly understood and is important for our understanding of stellar evolution. It is still unknown whether the presence of these CSEs and IR excess are global or local phenomena. It has been proposed that mass loss can account for the Cepheid mass discrepancy problem (i.e. the disagreement of ∼10% between masses calculated from stellar evolution and pulsation models, see e.g., Caputo et al. 2005), but this still needs to be investigated further. It is also suggested that the circumstellar material may be induced by shock waves propagating in the Cepheid atmosphere during the pulsation cycle (see e.g., Neilson & Lester 2008; Neilson et al. 2010; Engle et al. 2014; Hocdé et al. 2020a), but there is still no clear evidence. Second, IR excess may affect the IR period-luminosity relations (PLRs) and their calibration. Indeed, the presence of a CSE can affect both the photometric and interferometric measurements because the Cepheids would appear brighter and larger. The effect of the CSEs on the PLRs has not been quantified yet, but the near-IR relations are likely less affected than in the mid-IR as the CSE contribution is lower, going from a few percent in the K band (Mérand et al. 2006, 2007) to tens of percent in the N band (Gallenne et al. 2012a, 2013). Interestingly, there might be a correlation between the CSE flux contribution and the period of the Cepheids both at near- and mid-IR wavelengths, with long-period Cepheids exhibiting relatively brighter CSEs than the short-period ones (Mérand et al. 2006, 2007; Gallenne et al. 2012a, 2013). Cepheids with long periods have higher masses and larger radii; therefore if we assume that the CSE IR brightness is an indicator of the mass-loss rate, this would mean that heavier stars experience higher mass-loss rates. Although the sample used to study this correlation is still too small to make firm conclusions, this would be consistent with the previously mentioned theoretical predictions that the mass-loss mechanism is linked to a pulsation-driven mass-loss mechanism. This scenario is also supported by the observations, with a stronger velocity field detected at certain pulsation phases (Nardetto et al. 2006, 2008; Hocdé et al. 2020b).
Physical origin and composition are still poorly studied, probably because of a lack of specific observations. Gallenne et al. (2013) probed the close environment of two Cepheids using mid-IR interferometric observations. We used a numerical radiative transfer code to simultaneously fit the spectral energy distribution (SED) and visibility profile with a dust shell model to determine physical parameters of the CSEs. Although the dust composition was restricted to typical composition for circumstellar environment, an optically thin envelope with an internal dust shell radius in the 15−20 mas range provided a satisfying fit. Recent work of Hocdé et al. (2020b) analysed the SED of five other Cepheids and proposed that IR excess is caused by free-free emission produced by a thin shell of ionised gas. Groenewegen (2020) also investigated the IR excess of 477 Cepheids by gathering photometric data from the literature. He fitted the average SEDs with a dust radiative transfer code and only detected IR excess for a few Cepheids.
In this work we investigated the IR excess of 45 bright Cepheids using the SPIPS algorithm (SpectroPhoto-Interferometry of Pulsating Stars, Mérand et al. 2015), which is an implementation of the parallax of pulsation (PoP) method using all available observables (photometry, radial velocities, effective temperature, ...). We did not aim to estimate distances which is usually done with the PoP technique, but instead we analysed the phase-dependent SED in a more global way taking into account the pulsation of the star and various observables. In Sect. 2, we present new mid-IR photometric observations and list the literature data we gathered for our global PoP analysis. The SPIPS algorithm and its use to our Cepheids are detailed in Sect. 3. We then discuss our results and conclusions in Sects. 4 and 5.
2. Observations and data reduction
In this section we present the Cepheids we used in our SPIPS analysis, mainly selected from the Spitzer light curves published by Monson et al. (2012). We report new single-epoch mid-IR photometric observations for 19 of them, and list the additional data taken from the literature which are used in the global fit.
2.1. VISIR data
We obtained new mid-IR observations with the VLT/VISIR instrument (Lagage et al. 2004) installed at the Cassegrain focus of UT3. It provides imaging and long-slit spectroscopy in the spectral bands M (3−7 μm), N (8−13 μm), and Q (16−24 μm). Our observations were performed with the new AQUARIUS detector providing a field of view of 38″ × 38″ with a plate scale of 45 mas/pixel. Images were acquired with the PAH1 (λc = 8.59 μm, Δλ = 0.42 μm) and PAH2 (λc = 11.25 μm, Δλ = 0.59 μm) filters with a total on-source integration time of 180 s. To remove the sky and telescope thermal background, chopping and nodding sequences were used during the acquisitions with a perpendicular amplitude of 8″. To obtain an absolute flux calibration, we observed a nearby standard star from the Cohen et al. (1999) catalogue before or after each Cepheid. The observing log is listed in Table 1. Our sample was selected from three main criteria: (1) they are bright (V < 8), to avoid a significant observing time; (2) their pulsation period ranges from 3 to 39 days to provide a sufficient coverage in period; and (3) they have at least B, V, J, H, and K-band photometric light curves, which will allow us to better match the measured mid-IR excess for a given pulsation phase.
Table 1. 
Log of the VISIR observations with our photometric measurements.

Data were reduced with the ESO data reduction pipeline1, taking into account the chopping and nodding corrections to obtain a final average image. Examples of the images obtained are shown in Fig. 1. We then extracted flux densities by using classical aperture photometry with an aperture radius of 50 pixels (3.75″) and a background annulus with inner radius of 55 pixels and a thickness of 10 pixels (4.13″ − 4.88″). No aperture correction was applied as we used the same for all. Absolute flux calibration was obtained taking into account the filter transmission2. We also applied an airmass correction such as
[image: thumbnail]
	[image: thumbnail]	Fig. 1. Sample of the final VISIR images for three Cepheids (top) and their calibrator (bottom). The scale is logarithmic for all images.



with λ being the wavelength, AM the airmass, and the correction factor C(λ, AM) taken from Schütz & Sterzik (2005):
[image: thumbnail]
where λ is expressed in μm. Our absolute flux measurements are listed in Table 1. Errors were estimated using the formalism of Laher et al. (2012). In addition, we added a 5% error to account for possible additional mid-IR sky variability.
2.2. Literature data
The SPIPS algorithm performs a time-dependent global fit; therefore from the optical to near-IR bands we only retrieved photometric light curves. This includes ground-based observations performed by many astronomers and also data from the Gaia data release 2 (Gaia Collaboration 2016, 2018; Riello et al. 2018; Evans et al. 2018) and the HIPPARCOS mission (Perryman et al. 1997; van Leeuwen et al. 1997). All references are listed in Table D.1. J, H, and K photometry from Laney & Stobie (1992) and Feast et al. (2008) have been transformed from the Carter to CTIO photometric system following the transformation formulae from Carter (1990). Cepheids are known to have nearby hot companions (see e.g., Szabados 1995; Szabados et al. 2011; Kervella et al. 2019a,b), so to avoid any flux contamination, B-band light curves were not used.
Light curves in the Spitzer bands I1 ∼ 3.6 μm and I2 ∼ 4.5 μm were also retrieved from Monson et al. (2012). Unfortunately no other light curves are available in the literature for λ > 3 μm. In addition to our VISIR mid-IR photometry, we also gathered multi-epoch photometric measurements from WISE (W1 ∼ 3.4 μm, W2 ∼ 4.6 μm, W3 ∼ 11.6 μm and W4 ∼ 22.1 μm, Wright et al. 2010) and AKARI (S9 ∼ 9 μm and L18 ∼ 18 μm, Ishihara et al. 2010; Cutri et al. 2012). Other measurements from MSX (Egan et al. 2003) and IRAS (Helou & Walker 1988) were not used due to large uncertainties that do not provide any additional constraint (> 0.1 mag). AKARI data do not provide observing dates, so in order to avoid phase mismatch we quadratically added a 0.05 mag uncertainty. We also rejected all WISE measurements that are in the AllWISE reject table and have a quality image factor < 0.5, which are data that do not meet pre-defined criteria3 (saturation, S/N < 5, etc.), as suggested by the AllWISE data release products.
We also gathered radial velocities derived from the cross-correlation method if possible. When several data sets exist, we only used the ones with a precision < 1.5 km s−1, which are better constraints to the global fit.
Spectroscopic stellar temperatures were retrieved mostly from Luck (2018), who used several previously published Cepheid spectra. Some Cepheids have a good phase coverage in temperature (typically the brightest), while others only have one measurement.
Additionally, when available, we completed our observables with published spectroscopic effective temperatures and interferometric angular diameters. This allowed us to remove the degeneracy with the reddening during the fitting process. For some Cepheids, measurements were made at various pulsation phases, providing better constraints.
3. SPIPS analysis
Our dataset contains photometry of 45 Cepheids from 0.5 μm to 70 μm, radial velocities estimated using the cross-correlation method, stellar effective temperatures derived from line-depth ratios, and in certain cases interferometric angular diameters. For some stars, we rejected a few photometric data points from the literature, as noted in Table D.1. Some of our VISIR measurements were also rejected due to negative excess or a very high value (> 3σ) compared to the trend in excess. For those observations, we checked the weather conditions for which thermal IR observations are strongly sensitive. We noticed that these measurements were executed with some intermittent clouds passing by, which may have altered the photometric transmission, either for the calibrator (resulting in a too strong an IR excess) or the Cepheid (negative IR excess).
Some of the Cepheids are known or suspected binaries. The presence of a companion may affect both the radial velocities and photometric measurements. As previously explained, most of the companions are hot main-sequence stars and are outshone by the Cepheid brightness from the visible wavelength. This is why we decided to not use the B band so that the contamination on the Cepheid photometry would be negligible for wavelengths longer than 0.5 μm. Radial velocities are also affected by the presence of a companion, such that measurements are the combination of the pulsation and orbital motion. Therefore, when the companion is massive enough to impact the velocities (at least at the precision level of the measurements), they need to be corrected before applying the SPIPS modelling. Following the formalism of Gallenne et al. (2018, 2019), we corrected the orbital motion for the Cepheids FF Aql, U Aql, DL Cas, XX Cen, Y Oph, S Sge, W Sgr and U Vul in order to only have the pulsation effect. For T Mon, CD Cyg, δ Cep, X Cyg which are known binaries from long-term trend of the systemic velocity, we did not succeed in fitting the orbital motion, so we only used the more recent RVs with more observations and a good orbital coverage. Others are suspected binaries, but no clear offset is detected between different measurements, so no corrections were applied.
We used the SPIPS modelling tool to perform a global simultaneous fit of the previously listed observations. A full description of the code can be found in Mérand et al. (2015)4. Briefly, this tool is based on the parallax-of-pulsation method (also called the Baade-Wesselink method), meaning it compares the linear and angular variations of the Cepheid diameters to retrieve physical parameters of the stars, such as the ratio p-factor-distance, effective temperature, colour excess, etc., following this equation:
[image: thumbnail]
with the pulsation period Ppuls, the distance d, the angular diameter θ, and the pulsation velocity vpuls. The radial velocity vr is related to the pulsation velocity via the p-factor such as vpuls = p vr (for a short review, see e.g., Nardetto et al. 2017).
The SPIPS code can take several types of data and observables, such as optical and IR magnitudes and colours, radial velocities, effective temperatures, and interferometric angular diameters. The resulting redundancy in the observables ensures a high level of robustness. We already proved the efficiency of SPIPS for both Galactic and Magellanic Cloud Cepheids (Breitfelder et al. 2016; Kervella et al. 2017; Gallenne et al. 2017a). The angular diameter is an important additional observable to constrain the fitted parameters as it is independent of interstellar extinction and allows us to decorrelate the colour excess and the effective temperature, parametrised with the following surface brightness relation (Mérand et al. 2015):
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with Aλ being the bandpass-dependent reddening coefficient, and m0, Cλ a set of parameters describing the relation.
Synthetic photometry is created using the ATLAS9 models (Castelli & Kurucz 2003), interpolated in time over the pulsation cycle with Fourier series or periodic splines functions, and integrated in wavelength using the bandpass of each observing filter5. A Galactic metallicity of 0.03 dex is used for the models (Luck et al. 1998), which is kept fixed during the fitting process. The reddening law and coefficient implemented in SPIPS are Galactic, taken from Fitzpatrick (1999) with Rv = 3.1, which is a fixed parameter. Reddening for each photometric bandpass is parametrised with a global colour excess E(B − V) and is computed using a chromatic reddening law, the SED of the star and the bandpass of the filter. It should be noted that this method is much more accurate than usual computations which use only E(B − V) and a generic reddening factor defined for a stellar temperature of 10 000 K. Cepheids are significantly cooler than 10 000 K, resulting in reddenings that are not accurately computed with usual assumptions. This also means that, strictly speaking, the E(B − V) we estimate are not directly comparable with values found in the literature.
Another important aspect is the temperature scale between the temperatures estimated from the SPIPS models and the spectroscopic temperatures estimated from line depth ratios (LDR, Kovtyukh & Gorlova 2000). Comparing with temperatures determined from near-IR surface brightness relations, Lemasle et al. (2020) estimated that the uncertainties remain below 150 K at all phases. An ongoing work comparing SPIPS temperatures of stars containing angular diameters with LDR temperatures (S. Borgniet, priv. comm.) shows that the uncertainties are better (∼50 K) for short-period Cepheids and can be as high as 150 K for long periods. This remains of the order of magnitude of the uncertainties on the spectroscopic temperatures (∼50−200 K).
In our fitting process, the free parameters are the mean angular diameter θUD, the colour excess E(B − V), the epoch at maximum light MJD0, the pulsation period Ppuls, and the period change (if necessary via a polynomial fit, see e.g., Kervella et al. 2017). The distance and the p-factor are fully degenerate, so we have to fix one to obtain the other, although this has no impact on our IR excess study. We kept p fixed to a given value depending on the pulsation period, following the period-p-factor relation given by Gallenne et al. (2017b). Time-dependent radial velocities and temperatures are described with cubic spline functions with n optimised node positions, Vn and Tn. The number n depends on the shape of the pulsation curve. Node positions are defined using a comb for the phase axis, and parametrised with an exponent α and a given phase ϕ0, meaning that α represents the over-density of nodes at ϕ0 (α = 1 is a uniform phase coverage, and larger values lead to higher densities). Non-uniform phase coverage is well handled by SPIPS thanks to the spline functions.
Another aspect of the algorithm is the possibility to fit an IR excess using analytical formulae. We adopted a two-parameter power-law model defined as follows:
[image: thumbnail](1)
where a1 and a2 are additional fitted parameters. Here, we assume that the IR excess is produced by a circumstellar environment and that there is no excess below 1.2 μm. With the current amount and precision of the IR photometric data, more complicated models would not provide better constraints, this is why we used a simple model.
To check the statistical significance of a possible IR excess, we performed the SPIPS analysis with and without infrared excess (i.e. including or not including the analytical formulae). We quantified the significance in a number of sigma using the following formula for the probability:
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where [image: equation] and [image: equation] are the minimum chi-square for the model without and with a CSE, and CDF denotes the χ2 cumulative probability distribution function with ν degrees of freedom. We then convert the probability into the number of sigmas, nσ (e.g., 99.73% = 3σ, 99.99% = 4σ, etc.), which are listed in Table D.2. This demonstrates how the model with CSE is significant compared to the model without it. For the following, we chose the following criteria: detection of a CSE if nσ ≥ 3, and no detection if nσ < 3.
Our fitting procedure was done step by step to ensure a fast convergence. We first fit the node position of the splines functions fixing the stellar parameters to approximate expected values and without including any IR excess. Once the fit converged with a satisfying reduced χ2, the stellar parameters were included. For the second analysis, we kept the previous fitted parameters, but this time we included the IR excess in the fitting process, starting with a1 = 0.1 and a2 = 0.2.
We found that 13 Cepheids have a significant detection of a CSE. Most of our previously detected CSE are below this threshold, but this is likely due to the low precision in photometric measurements that prevents us from strongly constraining small IR excesses (≲0.05 mag). We also noticed that most of the Cepheid fits with measured angular diameters have an improved χ2 when a CSE is included (no significant improvement for FF Aql). This demonstrates the usefulness of this observable to constrain the presence of a CSE. However, as we only have a few interferometric data points compared to the photometry, it does not strongly contribute to improving the detection level. The reduced χ2 for the two models are listed in Table D.2, together with our derived stellar parameters for our best final model with or without IR excess. In Figs. A.1–A.3, we show the SPIPS model for three Cepheids.
We listed the derived CSE parameters for the Cepheids for which we have a detection > 3σ in Table D.3, together with interpolated excess at 2.2, 3.5, 5, 8, 10, 15, 18, and 25 μm, corresponding to wavelengths available at the James Webb Space Telescope (JWST) instruments. From this sample, we also estimated the average excess in these bands, using the standard deviation at a given wavelength as uncertainty. The IR excess models for these Cepheids are displayed in Figs. A.4–A.6. We also represent the values of Table D.3 in Fig. 2, and we fitted the same power-law model defined in Eq. (1). In order to interpolate or extrapolate at any wavelength, we can use the following fitted relation for λ > 1.2 μm:
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	[image: thumbnail]	Fig. 2. Relative IR excess with respect to the observing wavelength using the values listed in Table D.3.



The Cepheid CE Cas was rejected from our SPIPS analysis — as this is a particular case of two orbiting Cepheids — as well as V367 Sct which is a double-mode Cepheid. We also excluded Y Oph from the following analysis because we noticed strange behaviour among the data, meaning that while all interferometric measurements are in agreement with each other (from various instruments), they are not very consistent with the photometry. The cause is still under investigation and is possibly related to a physical phenomenon we do not understand yet. We note that Abt (1954) already highlighted anomalies for this Cepheid, with its light, colour, and RVs being different to those of other Cepheids with the same period.
4. Discussion
Our SPIPS analysis shows that at least 29% (13/45) of our Cepheids have a moderate to large IR excess. The average values are ΔmK ∼ 0.08 mag, Δm5 μm ∼ 0.11 mag, Δm10 μm ∼ 0.13 mag and Δm20 μm ∼ 0.16 mag. Although the physical nature is still not well understood, the main explanation of these IR excesses is the presence of circumstellar envelopes. This supports our previous works suggesting that some Cepheids might harbour a circumstellar environment. Observations already confirmed their existence around a few Cepheids (see e.g., Kervella et al. 2006, 2009; Marengo et al. 2009; Gallenne et al. 2012a; Nardetto et al. 2016; Hocdé et al. 2020b). Kervella et al. (2006) suggested that CSEs may be created via a mass-loss process enhanced by the pulsation and convection mechanism. This scenario is supported by theoretical models including pulsation and shocks in the atmosphere of the Cepheids. Neilson & Lester (2008) provided a consistent match between an analytical model of mass loss and the observations of IR excess. Although the knowledge on how these CSEs form is important for our understanding of the Cepheid evolution, we only focused here on the impact of the IR excess on the Cepheid photometry. Our SPIPS analysis using broad-band photometry does not allow us to constrain the formation of these CSEs or the dust composition. For the Cepheids that are below our chosen CSE detection level (i.e. 3σ), upper limit magnitudes at 10 μm were estimated for the presence of CSEs from the standard deviation of the residuals, and they are listed in Table D.4. We cannot exclude IR excess at longer wavelengths as no precise photometry is available.
4.1. Comparison with previous works
Some of the Cepheids for which a CSE or IR excess was previously reported are below our chosen detection level threshold. As explained previously and according to our statistical criteria defined in Sect. 3, the IR photometric precision is not high enough to strongly constrain faint CSEs. Therefore, although a CSE model might be more adequate for a given Cepheid, low precision photometry prevents a high detection level compared to a model without an envelope. An example is displayed in Fig. 3 for ℓ Car (CSE model significant at 1.8σ only), where we compare the residuals with or without fitting the IR excess.
	[image: thumbnail]	Fig. 3. SPIPS model of ℓ Car without (top) and with (bottom) modelling of the IR excess. The rms. of the residuals is 0.043 mag and 0.035 mag, respectively, for the model without and with IR excess modelling.



Although we rejected the CSE model in some cases, we can still compare them with previous works to check if they are really inconsistent. Interestingly, we found that the CSE flux contributions given by our models provides similar results. The IR excess models for the Cepheids which do not comply with our detection threshold (i.e. < 3σ) are listed in Table D.5. For comparison, we interpolated our IR excess law to the given wavelength (integrating over a filter bandpass does not change the results at the precision level we have), and we took the average standard deviation of the residuals as uncertainties to be conservative. Gallenne et al. (2012a, 2013) reported a relative CSE contribution of f = 13.3 ± 0.5% at 8.6 μm for the Cepheid X Sgr, which would be in good agreement with our calculated value of 11.8 ± 4.7%. Mérand et al. (2006) measured f = 1.5 ± 0.4% for δ Cep from K-band interferometric measurements, which ia within 1σ of our estimate f = 1.1 ± 4.4%. Extended emission was also reported around this Cepheid by Marengo et al. (2010b) at 5.8, 8.0, 24, and 70 μm, possibly originating from the wind of the star and/or its companion, but no excess is stated by the authors. Kervella et al. (2006) reported f = 4.2 ± 0.2% for ℓ Car, also from K-band interferometry, and would be in agreement with our value of 3.0 ± 4.1%. The flux contributions of 14.9  ±  4.4%, 16.1  ±  4.2%, and 16.7  ±  2.9% estimated from the SED in the PAH1, PAH2, and SiC filters of VISIR by Kervella et al. (2009, hereafter Ke09) are, however, larger than our estimates of 5.1  ±  4.1%, 5.5  ±  4.2% and 5.6  ±  4.2%, respectively. The difference in the model used and a fixed E(B − V) = 0.147 in Ke09 could explain the deviation. Barmby et al. (2011, hereafter Ba11) discussed tentative evidence of extended emission around ℓ Car, which is consistent with the IR excess trend we find. However, we estimated an excess of ∼5% at 10 μm, which would mean that the CSE should be more compact. Hocdé et al. (2021) recently detected an extended emission in the L band for this Cepheid with the new interferometric instrument MATISSE (Lopez et al. 2014; Matter et al. 2016). They estimated a size of ∼1.8R⋆ and an IR flux contribution of 7.0  ±  1.4% from a Gaussian envelope model. This would be similar to our CSE model giving 3.8  ±  1.0%.
Ba11 examined extended IR emission from Spitzer IRAC and MIPS observations (for λ > 8 μm). They reported a possible detection around the Cepheid T Mon and X Cyg. We did not detect strong IR excess for these stars. The model without CSE provides upper limits of 0.027 mag and 0.021 mag (see Table D.4)), respectively, for T Mon and X Cyg, so we cannot exclude the presence of a faint CSE for these Cepheids. Ba11 also reported an unusual elongated extended object at 7″ north-east of the Cepheid SZ Tau that could contaminate their mid-IR photometry. This object is outside our VISIR field of view, and no significant excess is detected from our analysis. Ba11 also reported signs of some cirrus clouds from the 8 μm images for the Cepheids FF Aql, S Nor, T Mon, U Car, U Sgr, V Cen, VY Car, and X Cyg, possibly related to the Galactic latitude. We only report a CSE detection for U Car and V Cen; however, such cirrus would have rather cold material compared to compact CSEs, typically < 100 K. Therefore, the impact on our estimated IR excess should be negligible as our analysis is based on wavelengths < 20 μm. Ba11 found no evidence of extended IR emission (nor cirrus) for BB Sgr, U Aql, V350 Sgr, W Sgr, β Dor, η Aql, and ζ Gem, while we detected IR excess for two of them. This seems to support the hypothesis that most of the CSEs are compact.
Groenewegen (2020, hereafter Gr20) studied the average SED of a large sample of Cepheids (477) by modelling the IR excess with a dust radiative transfer code. He reported IR excess for only 21 Cepheids (4%). For some Cepheids in common, we also detected an IR excess, but the values reported are significantly different to ours and those of previous works. For instance, for δ Cep, Gr20 estimated a 1 mmag excess in the K band, while Mérand et al. (2006) measured ∼16 mmag, and our model gives ∼12 mmag. Gr20 did not succeed in fitting an IR excess for ℓ Car, while Kervella et al. (2006) measured ∼45 mmag excess in the K band. We do not report significant IR excess for this Cepheid, but the CSE model would be in agreement with the measurement of Kervella et al. (2006). Gr20 estimated IR excesses ΔN = 0.013, 0.013, and 0.029 mag respectively for η Aql, ζ Gem and V Cen, while we report a more significant excess of ΔN = 0.116  ±  0.029, 0.166  ±  0.036 and 0.135  ±  0.031 mag, respectively. The possible explanations for the disagreements between Gr20 and our results are the differences in the modelling, with a different set of parameters and observables. First, in our approach we fit the colour excess and the angular diameter, which is not the case in Gr20. Secondly, we have effective temperatures and angular diameters (for some stars) as additional observables, which add more constraints. In addition, Gr20 used pre-calculated averaged photometry and single-epoch NIR data, which may be biased by a phase mismatch, while we performed a time-dependent analysis. Furthermore, the fit quality of Gr20 seems poor with large reduced χ2 (best is [image: equation], ∼39 for ζ Gem and ∼31 for ℓ Car). We suspect the SED fit to only be constrained by a few data points with very small error bars (see SED plots in his paper), and it may lead to biased estimates of the IR excesses and would explain the large [image: equation].
For five Cepheids (RS Pup, ζ Gem, η Aql, V Cen, and SU Cyg), we also noted differences between the CSE analyses of Hocdé et al. (2020b, hereafter Ho20) and Gr20 who used the same mid-IR Spitzer spectra. Ho20 performed three different analyses: a SPIPS analysis similar to our work with an ad hoc CSE model without the Spitzer spectra, a SPIPS analysis including the radiative transfer code DUSTY (Ivezic et al. 1999) considering only Spitzer spectra for λ > 5 μm, and a third analysis with a CSE modelled as a thin shell of ionised gas. The five Cepheids they studied all present an IR excess, with an average value of ∼0.08 mag, as Gr20 but with smaller excess values. The main differences between the works are the CSE models used and a fitted constant offset for λ < 1.2 μm allowed by Ho20 for the thin ionised shell model (i.e. a deficit in the visible due to ionised shell absorption). Gr20 proposed a mixture of metallic iron, warm silicates, and compact aluminium oxide, while Ho20 suggested a thin shell of ionised gas. We also noticed that the magnitude of the excesses we estimated here is also larger than the values given by the ionised shell model of Ho20. At 10 μm for η Aql, Ho20 estimated an excess of 0.037 mag, while here we find 0.099  ±  0.029 mag. However, the ionised shell model allowed an offset for the visible of −0.132 mag, which shifted the average curve down. The same difference is observed for V Cen and ζ Gem; at 10 μm, we estimated an IR excess of 0.135  ±  0.031 mag and 0.166  ±  0.036 mag, respectively, while Ho20 evaluated 0.101 mag with −0.057ṁag offset and 0.034 mag with −0.059 mag offset, respectively. The simple SPIPS model used by Ho20 using the same analytical formulae to model CSEs gives, nevertheless, results similar to ours. Breitfelder et al. (2016, hereafter Br16) performed a SPIPS analysis of nine Cepheids to derive the p-factor with a fixed distance. Br16 also allowed some IR excess in H and K bands, however they are in general lower than our results here for some Cepheids. There are several explanations for this. First, Br16 only focused on the p-factor determination, and the H and K band excess were simply parametrised with an offset (with the excess in H being half the excess in K). Second, Br16 used photometry from B to K bands only, and the stellar effective temperature as observable was not implemented in SPIPS at that time. In the present work, we added the stellar temperature, which provides more constraints on the photosphere and IR photometry at longer wavelengths, which better constrains the excess.
In Fig. 4, we graphically summarised the comparison made with the literature for the Cepheids X Sgr, δ Cep, ℓ Car, η Aql, ζ Gem, and V Cen.
	[image: thumbnail]	Fig. 4. Comparison of our estimated IR excess with the literature. References are: Ga21: this work, Ga13: Gallenne et al. (2013), Me06: Mérand et al. (2006), Gr20: Groenewegen (2020), Ho20: Hocdé et al. (2020b), Ho21: Hocdé et al. (2021). All points from this work are for the model including IR excess. Estimates from Hocdé et al. (2020b) are corrected from their offset (see text). No error bars are listed for the values from Groenewegen (2020) as no error estimates are provided in the paper.



4.2. Impact of the CSE on the distance estimates from a multi-wavelength PoP analysis
The presence of IR excess impacts the measured apparent magnitudes, meaning a Cepheid will appear brighter than it actually is. Because such measurements are used to build and calibrate the P–L relations, studying and quantifying the IR excess seems necessary. From our sample with detected CSE (13 stars), we interpolated a mean IR excess at wavelengths 2.2, 3, 5, 8, 10, 15, 18, and 25.0 μm (wavelengths where the JWST will be operating; see Table D.3). The given error at each wavelength corresponds to the standard deviation for this sample. We found an average value from 0.08 mag in K band to 0.13 mag at 8 μm. It is even larger at longer wavelengths with 0.13 mag and 0.17 mag, respectively at 10 μm and 25 μm. IR wavelengths are usually preferred to build the P–L relations as the scatter decreases with increasing wavelengths (see e.g., Freedman & Madore 2010), mainly due to the reduced impact of the interstellar extinction and the decreasing effect caused by the temperature (the temperature variation during the pulsation cycle decreases with increasing wavelength). This means that, with the use of a period-luminosity-colour relations, the width in temperature of the instability strip can be neglected at these wavelengths. However, the presence of CSEs and their flux contribution might be a new source of bias. An excess of ∼0.08 mag in the K-band photometry would produce a bias of ∼4% on the distance, while we would have ∼7% at 10–20 μm according to our ad hoc analytical law, where the JWST will be operating. To check the effect of the presence and modelling of IR excess, in Fig. 5 we compare the angular diameters, colour excesses, effective temperatures, and distances estimated by SPIPS with and without modelling of the IR excess for the whole sample. We see that the angular diameter and reddening are the most impacted parameters if no CSE is included, while there seems to be no impact on the temperatures and distances on average. Without modelling the CSE, the IR excess is ‘compensated’ by increasing the size of the star and its reddening. The most interesting point here is that there is no bias on the distance estimate (mean offset of 16  ±  111 pc). We can therefore conclude that for a large sample of Cepheids in a given galaxy, the presence of CSEs would not bias the average distance, but it would likely contribute to the scatter.
	[image: thumbnail]	Fig. 5. Comparison of some parameters derived by SPIPS between the models with and without the IR excess law for all the sample. Δ denotes the difference between the model with CSE and the model without CSE (e.g., for the first panel Δ = θwith cse − θno cse). The Cepheids for which we detected a CSE (Table D.3) are marked with a dot, while others are marked with a cross sign.



As an additional test to check for possible biases on the distance estimates, we performed a third SPIPS analysis by fixing E(B − V) and not including a CSE, which we then compared to the CSE model (with fitted colour excess). We retrieved colour excess values mostly from Turner (2016), or otherwise from Fouqué et al. (2007, for V Car and XX Cen). In the literature, all the PoP analyses to determine Cepheid distances use only two photometric bands, fix the colour excess, and ignore possible IR excess (probably less important at λ < 3 μm). Here we can check the efficiency of SPIPS, which includes a lot more observables to constrain more parameters. In Fig. 6, we plot the same observables as in Fig. 5, but for a fixed colour excess. We clearly see the impact of fixing E(B − V) on the temperatures and distances. As expected, the closest Cepheids are less impacted as they are less affected by interstellar extinction, while the scatter on the distance increases with more distant Cepheids. It is worth mentioning that the fits for most of the Cepheids is poor, particularly for the temperatures and diameters, which cannot be properly constrained. Examples are displayed in Appendix B for three Cepheids. This impact is only problematic for MW Cepheids that are more affected by reddening variations according to the distance and position of the Cepheid. This will be the main limitation of an accurate P–L relation from the next Gaia parallaxes, and a multi-wavelength analysis seems to be necessary to estimate accurate luminosities.
	[image: thumbnail]	Fig. 6. Same as Fig. 5, except that the colour excess is taken from the literature.



Taking the Magellanic Clouds (MC) as examples of extragalactic cases, Wielgórski et al. (2017) already demonstrated that their distances estimated from multi-band photometry (V, J, H and Ks) do not depend on the reddening (assuming the reddening law is correct), although SMC Cepheids are on average 0.045 mag less reddened than LMC Cepheids. Inno et al. (2016) showed, however, that the use of optical wavelengths leads to more systematics than near-IR wavelengths due to the uncertainty of the adopted reddening law. This is why a multi-wavelength approach including the fit of the colour excess as implemented in SPIPS offers a promising route for a precise distance estimate. Gallenne et al. (2017a) also showed that MC Cepheids have a mean magnitude offset of ∼0.06 mag at ∼4 μm, which could bias the distance estimate by ∼3%. However, as previously demonstrated for the Galactic case, the impact on the distance will likely be mitigated by using a multi-band fitting of a large sample of Cepheids, or by restricting the study to wavelengths < 3 μm to avoid non-negligible contamination from IR excess. On the other hand, if we assume that all Cepheids have an IR excess emission, the distances estimated from the P–L relations would still be valid as they would be calibrated for a Cepheid plus a CSE, and the presence of IR excess would probably contribute to the dispersion of the relations.
4.3. Correlation with IR excess
In our previous works on MW Cepheids (Mérand et al. 2007; Gallenne et al. 2012a, 2013), we noticed a possible correlation between the pulsation period and the relative IR flux (Fcse/FCepheid) at wavelengths 2.2 μm and 8.6 μm. However, our sample was limited to only eight stars. In Gallenne et al. (2017a), we applied a SPIPS analysis for a sample of 29 Magellanic Cloud Cepheids and found a constant offset at 3.6 μm and 4.5 μm. In Fig. 7, we display the estimated relative CSE flux at 2.2 μm, 10 μm and 20 μm with respect to the pulsation period for the Cepheids with IR excess detected at more than 3σ (blue dots). We do not see any specific correlation with the period as we previously suspected for MW Cepheids, but we do see average offsets of 7.7  ±  4.3%, 13.3  ±  6.8%, and 16.3  ±  8.3%, respectively, at 2.2 μm, 10 μm, and 20 μm (standard deviation taken as uncertainties), as found for MC Cepheids (Gallenne et al. 2017a). This constant trend was also reported in the K band by Trahin (2019) from a SPIPS analysis of 72 MW Cepheids (K band was the longest wavelength used for his study). Even when assuming all Cepheids with an IR excess model, there is no correlation (shaded dots in Fig. 7). We previously formulated the hypothesis that longer period Cepheids (heavier star) may experience higher mass-loss rates, but it does not seem to be the case. Longer period Cepheids with a larger amplitude of radius variation and lower gravity would have an enhanced mass loss, and therefore more IR excess. This is not what we observe here, although our sample of long periods is limited. This is in disagreement with the theoretical work of Neilson & Lester (2008) predicting that the mass-loss rate should increase with period, either using only radiation as the main driving mechanism or a combination of radiative driving and pulsation. The same trend is predicted when including shock effects near the stellar surface in the models to generate the wind, but with a larger scatter than the models without including shocks. However, their models are based on an IR excess produced by cold dusty winds. Other mechanisms such as hot ionised winds might be the origin, as tested by Ho20. On the other hand, short-period Cepheids have a longer lifetime inside the instability strip (IS) than long periods, therefore, in the case of a pulsation-driven mass-loss mechanism, short-period Cepheids may accumulate more IR excess compared to long-period ones. However, according to the current prescription from evolutionary models, the mass-loss rate also impacts the lifetime inside the IS by reducing the extent in effective temperature of the blue loop (Matthews et al. 2012; Bono et al. 2000). A high mass-loss rate would significantly shorten the Cepheid’s lifetime.
	[image: thumbnail]	Fig. 7. Estimated relative IR flux at 2.2 μm, 10 μm, and 20 μm with respect to the pulsation period of the Cepheids. The blue dots are the Cepheids for which the IR excess is detected at more than 3σ, and shaded points are detections < 3σ.



We also checked for possible correlations between the IR excess and the stellar temperature, IR colours, and metallicity, and there is also no clear correlation. The diagram Teff – IR excess, colour – IR excess and [Fe/H] – IR excess are displayed in Appendix C.1.
Finally, we also investigated a possible correlation between these CSEs and the presence of carbon monoxide (CO) reported in previous studies (Marengo et al. 2010a; Scowcroft et al. 2011; Monson et al. 2012). There are cyclic variations in the [3.6]−[4.5] colour induced by the CO absorption. This is because the 4.5 μm band is affected by CO molecular absorption which mostly impacts long-period (cooler) Cepheids. This behaviour is pulsation-cycle dependent as the Cepheid becomes hotter during the contraction phase, where the CO dissociates, and cooler during its expansion, where the CO recombines and therefore induces more absorption. This feature is clearly seen in Fig. 8 for the short-period Cepheid FF Aql (4.4 d) and the long-period Cepheid ℓ Car (35.6 d). We see that the short period Cepheid is not affected by the CO absorption, while the impact is clearly seen for the long period, and correlated with the photospheric temperature. In Fig. 9, we display the average standard deviation during the pulsation cycle of the colour [3.6]−[4.5] versus the stellar effective temperature for all our sample. As expected, there is a correlation; cooler Cepheids (longer pulsation periods) have the largest scatter. This was also reported by Monson et al. (2012) with respect to the pulsation period. However, we do not see any correlation with the presence of CSE. This lead us to the conclusion that the CO molecules are likely to be mostly from the photosphere.
	[image: thumbnail]	Fig. 8. Spitzer colour and stellar effective temperature versus the pulsation phase for the Cepheid FF Aql and ℓ Car.



	[image: thumbnail]	Fig. 9. Colour dispersion-temperature diagram showing that long-period Cepheids (cooler) are more affected by CO absorption than short periods (hotter). Error bars estimated as the standard deviation of the residuals between the observed colour and a Fourier fits.



4.4. Rate of period change, instability strip crossing, and correlation with IR excess
Our SPIPS analysis also provides an estimate of the rate of period change Ṗ. The algorithm allows us to fit the period as a constant, or including a period change with a polynomial variation with respect to time (as a function of t − T0). This is necessary, especially for long-period Cepheids which often display subtle yet complex period changes over time. Stellar evolution models of Cepheids predict that the period should change: a linear change in time is expected, to the first order, due to the Cepheid slowly changing radius. Interestingly, the rate is different enough for a Cepheid crossing the IS for the first, second, or third time, that the evolution status of an individual star can be determined from the change of period. In order to compare the predicted linear change of period to the observed one, SPIPS performs a linear fit to the fitted polynomial period change in order to estimate an overall linear trend for the observed time range. The rates of period change are listed in Table D.6, together with the IS crossing number derived from the model prediction of Fadeyev (2014). We note that the models were calculated for MZAMS > 6 M⊙, hence we extrapolated for smaller masses so that we could compare with literature values. To be conservative, we estimated Ṗ for each Cepheid as the mean value between the model with and without IR excess, and used the standard deviation as uncertainty. In most cases, the rate of period change is similar between models for a given Cepheid, except a few cases. This shows that the presence (or lack thereof) of a CSE has no significant impact on the period change in the SPIPS framework. In Fig. 10, we display the HR diagram for our sample, distinguishing the Cepheids with a detected IR excess. We do not see any correlation between the IR excess and the IS crossing number or the position of the Cepheid in the IS. All Cepheids in our sample seem to be in the second or third crossing, except RY Vel, which would be in the first crossing. This is not surprising as the shell hydrogen burning phase (first crossing) has a shorter lifetime than the core helium burning phase (second and third crossing). We also have three first overtone (FO) Cepheids in our sample (FF Aql, FN Aql, and SZ Tau, open circles in Fig. 10), and no specific correlation is detected for them either.
	[image: thumbnail]	Fig. 10. HR diagram for our sample of Cepheids. The arrow represents the direction the Cepheid evolves through the IS. Fundamental mode Cepheids (FU) are marked with filled circles, while first overtone Cepheids (FO) are marked with open circles.



Previous estimates of the rate of period change are also listed in Table D.6 for comparison. They are mostly in agreement, particularly for the increasing or decreasing trend. The ones in disagreement might be due to the data used, spanning a different time baseline. Most of the literature data are based on observations roughly from 1900−2000, while we only used data from 1980 due to the lack of precision prior to this date. A switch from period decrease (increase) to period increase (decrease) is also possible, as previously reported for the Cepheid (WZ Car), for example (Turner et al. 2003). The case of RT Aur is also intriguing as we found the same decreasing rate of −0.14 s yr−1 as Turner (1998), while Turner et al. (2007) reported an increasing rate of 0.082 s yr−1. Another interesting case is U Sgr where literature values differ from each other and our estimate. Turner (1998) reported Ṗ = 0.33 s yr−1 corresponding to the star evolving in the third crossing of the IS, while we report a decreasing trend and the Cepheid as being in its second crossing. Majaess et al. (2013) found this Cepheid to be in the third crossing, but with a different period evolution of 0.073 s yr−1. However, we see from their O-C diagram (see their Fig. 3), spanning ∼140 yr of observations, that the residuals with the polynomial fit still exhibits sinusoidal-like variations. This may indicate that the period evolution may occur on a shorter time scale.
5. Conclusions
We presented a multi-wavelength and time-dependent modelling of 45 Galactic Cepheids using the SPIPS algorithm in order to investigate the IR excess coming from the circumstellar envelops. We used radial velocities, stellar effective temperatures, angular diameters, and photometry from 0.5 μm to 70 μm retrieved from the literature. We also reported new mid-IR photometry with VLT/VISIR in the PAH1 (8.6 μm) and PAH2 (11.3 μm) filters.
We detected IR excess at > 3σ for 13 Cepheids, which we attribute to the presence of a CSE, while the detections for other Cepheids are marginal with the current photometric precision level. We estimated an average IR excess in various photometric bands of ∼0.08 mag, ∼0.11 mag, ∼0.13 mag and ∼0.17 mag, respectively, at 2.2 μm, 5 μm, 10 μm, and 25 μm. We also showed that Cepheid distance estimates from the SPIPS modelling are not biased by the presence of IR excess. The most affected parameters are the angular diameters and the colour excesses, which ‘compensate’ the presence of IR excess. However, we demonstrated that not fitting the colour excess can lead to biased distance estimates. The impact of these CSEs on the extragalactic P–L relations still need to be quantified; however it is likely mitigated as long-period Cepheids do not seem to exhibit more IR excess than short-period ones. We therefore expect short period Cepheids to be more biased due to their lower brightness. The presence of CSE does not seem to be linked to the evolution stage of the Cepheid either (i.e. first, second, or third crossing).
The SPIPS analysis also allowed us to deduce average stellar parameters, such as the pulsation period stellar luminosity, effective temperature, and linear and angular radii (see Table D.2).
With this larger sample of Cepheids compared to our previous works, we did not detect any correlation between the CSE relative flux and the pulsation period as previously suspected for MW Cepheids. The IR excess tends to be approximatively constant at a given wavelength. There is also no correlation between the existence of the CSE and the CO molecular feature seen at 4.5 μm, which is therefore mostly related to the stellar photosphere.
We emphasise the need for more precise light curves at near-IR bands and more precise photometry at longer wavelengths to better constrain the properties of these CSEs. The JWST will provide light curves of Cepheids from 1 μm to 30 μm and allow additional extragalactic studies of the CSEs. For MW Cepheids, JWST light curves in several bands combined with Gaia parallaxes in a SPIPS analysis will provide unbiased and precise luminosity for a precise calibration of the MW P–L relations.


1 https://www.eso.org/sci/software/pipelines/visir/visir- pipe- recipes.html


2 Filter transmission profiles available at http://www.eso.org/sci/facilities/paranal/instruments/visir/inst.html


3 That is, if the keyword cat = 0 and qi_fact < 0.5, as defined here: https://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec2_1.html.


4 http://github.com/amerand/SPIPS


5 Using the SVO databases: http://svo2.cab.inta-csic.es/theory/fps/
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Appendix A:  SPIPS model for three Cepheids, fitting a CSE with an analytical model
	[image: thumbnail]	Fig. A.1. SPIPS model of η Aql with a CSE.



	[image: thumbnail]	Fig. A.2. SPIPS model of U Car with a CSE.



	[image: thumbnail]	Fig. A.3. SPIPS model of β Dor without a CSE.



	[image: thumbnail]	Fig. A.4. SPIPS IR-excess model for the Cepheids η Aql,, RT Aur, U Car, CF Cas, V Cen, and δ Cep, for which we detected a CSE at more than 3σ.



	[image: thumbnail]	Fig. A.5. SPIPS IR-excess model for the Cepheids CD Cyg, ζ Gem, S Nor, V340 Nor, ST Tau, and T Vel, for which we detected a CSE at more than 3σ.



	[image: thumbnail]	Fig. A.6. SPIPS IR-excess model for the Cepheid T Vul, for which we detected a CSE at more than 3σ.




Appendix B:  Bad SPIPS model for three Cepheids, without fitting a CSE and fixing the colour excess
	[image: thumbnail]	Fig. B.1. Bad SPIPS model of FF Aql without a CSE and with a fixed reddening.



	[image: thumbnail]	Fig. B.2. Bad PIPS model of SV Vul without a CSE and with a fixed reddening.



	[image: thumbnail]	Fig. B.3. Bad SPIPS model of η Aql without a CSE and with a fixed reddening.




Appendix C:  Diagram temperature – IR excess and colour – IR
	[image: thumbnail]	Fig. C.1. Diagram Teff - IR excess, (V − K) – IR excess, and (V − I1) – IR excess. The blue dots are the Cepheids for which the IR excess is detected at more than 3σ, and shaded points are detections < 3σ.




Appendix D:  Additional tables
Table D.1. 
References for the photometric, spectroscopic, effective temperature and angular diameter measurements used in this study.

Table D.2. 
Best-fit output parameters given by the SPIPS algorithm.

Table D.3. 
Best-fit output parameters for the power-law IR excess model a1(λ − 1.20)a2 for Cepheids with a CSE detected at > 3σ.

Table D.4. 
Upper-limit magnitudes for the presence of a CSE at 10 μm.

Table D.5. 
Same as Table D.3, but for CSE detection < 3σ threshold.

Table D.6. 
Derived rate of period change and IS crossing number.
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	[image: thumbnail]	Fig. 1. Sample of the final VISIR images for three Cepheids (top) and their calibrator (bottom). The scale is logarithmic for all images.
In the text



	[image: thumbnail]	Fig. 2. Relative IR excess with respect to the observing wavelength using the values listed in Table D.3.
In the text



	[image: thumbnail]	Fig. 3. SPIPS model of ℓ Car without (top) and with (bottom) modelling of the IR excess. The rms. of the residuals is 0.043 mag and 0.035 mag, respectively, for the model without and with IR excess modelling.
In the text



	[image: thumbnail]	Fig. 4. Comparison of our estimated IR excess with the literature. References are: Ga21: this work, Ga13: Gallenne et al. (2013), Me06: Mérand et al. (2006), Gr20: Groenewegen (2020), Ho20: Hocdé et al. (2020b), Ho21: Hocdé et al. (2021). All points from this work are for the model including IR excess. Estimates from Hocdé et al. (2020b) are corrected from their offset (see text). No error bars are listed for the values from Groenewegen (2020) as no error estimates are provided in the paper.
In the text



	[image: thumbnail]	Fig. 5. Comparison of some parameters derived by SPIPS between the models with and without the IR excess law for all the sample. Δ denotes the difference between the model with CSE and the model without CSE (e.g., for the first panel Δ = θwith cse − θno cse). The Cepheids for which we detected a CSE (Table D.3) are marked with a dot, while others are marked with a cross sign.
In the text



	[image: thumbnail]	Fig. 6. Same as Fig. 5, except that the colour excess is taken from the literature.
In the text



	[image: thumbnail]	Fig. 7. Estimated relative IR flux at 2.2 μm, 10 μm, and 20 μm with respect to the pulsation period of the Cepheids. The blue dots are the Cepheids for which the IR excess is detected at more than 3σ, and shaded points are detections < 3σ.
In the text



	[image: thumbnail]	Fig. 8. Spitzer colour and stellar effective temperature versus the pulsation phase for the Cepheid FF Aql and ℓ Car.
In the text



	[image: thumbnail]	Fig. 9. Colour dispersion-temperature diagram showing that long-period Cepheids (cooler) are more affected by CO absorption than short periods (hotter). Error bars estimated as the standard deviation of the residuals between the observed colour and a Fourier fits.
In the text



	[image: thumbnail]	Fig. 10. HR diagram for our sample of Cepheids. The arrow represents the direction the Cepheid evolves through the IS. Fundamental mode Cepheids (FU) are marked with filled circles, while first overtone Cepheids (FO) are marked with open circles.
In the text



	[image: thumbnail]	Fig. A.1. SPIPS model of η Aql with a CSE.
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	[image: thumbnail]	Fig. A.2. SPIPS model of U Car with a CSE.
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	[image: thumbnail]	Fig. A.3. SPIPS model of β Dor without a CSE.
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	[image: thumbnail]	Fig. A.4. SPIPS IR-excess model for the Cepheids η Aql,, RT Aur, U Car, CF Cas, V Cen, and δ Cep, for which we detected a CSE at more than 3σ.
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	[image: thumbnail]	Fig. A.5. SPIPS IR-excess model for the Cepheids CD Cyg, ζ Gem, S Nor, V340 Nor, ST Tau, and T Vel, for which we detected a CSE at more than 3σ.
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	[image: thumbnail]	Fig. A.6. SPIPS IR-excess model for the Cepheid T Vul, for which we detected a CSE at more than 3σ.
In the text



	[image: thumbnail]	Fig. B.1. Bad SPIPS model of FF Aql without a CSE and with a fixed reddening.
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	[image: thumbnail]	Fig. B.2. Bad PIPS model of SV Vul without a CSE and with a fixed reddening.
In the text



	[image: thumbnail]	Fig. B.3. Bad SPIPS model of η Aql without a CSE and with a fixed reddening.
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	[image: thumbnail]	Fig. C.1. Diagram Teff - IR excess, (V − K) – IR excess, and (V − I1) – IR excess. The blue dots are the Cepheids for which the IR excess is detected at more than 3σ, and shaded points are detections < 3σ.
In the text
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      Table D.5. 

      Same as Table D.3, but for CSE detection < 3σ threshold.

      
        


	Name
	a1
	a2
	2.2 μm
	3.5 μm
	5.0 μm
	8.0 μm
	10 μm
	15 μm
	18 μm
	25 μm



	
	(mag)
	
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)
	(mag)





	FF Aql
	0.033(8)
	0.4(1)
	0.033(8)
	0.05(1)
	0.06(1)
	0.07(2)
	0.08(2)
	0.09(2)
	0.10(2)
	0.12(3)



	FM Aql
	0.03(2)
	0.19(8)
	0.03(2)
	0.04(2)
	0.04(2)
	0.05(2)
	0.05(3)
	0.06(3)
	0.06(3)
	0.06(3)



	FN Aql
	0.03(1)
	0.2(1)
	0.03(1)
	0.04(2)
	0.04(2)
	0.05(2)
	0.05(2)
	0.06(3)
	0.06(3)
	0.07(3)



	SZ Aql
	0.01(2)
	0.1(2)
	0.01(2)
	0.01(2)
	0.01(2)
	0.01(2)
	0.01(2)
	0.01(2)
	0.01(2)
	0.01(2)



	TT Aql
	0.01(2)
	0.2(3)
	0.01(2)
	0.01(3)
	0.01(3)
	0.02(3)
	0.02(4)
	0.02(4)
	0.02(4)
	0.02(4)



	U Aql
	0.02(1)
	0.1(1)
	0.02(1)
	0.02(1)
	0.02(1)
	0.02(2)
	0.02(2)
	0.02(2)
	0.02(2)
	0.02(2)



	ℓ Car
	0.03(1)
	0.3(1)
	0.03(1)
	0.04(1)
	0.05(1)
	0.05(1)
	0.06(1)
	0.06(1)
	0.07(1)
	0.07(1)



	V Car
	0.005(7)
	0.7(5)
	0.01(1)
	0.01(1)
	0.01(2)
	0.02(2)
	0.02(3)
	0.03(4)
	0.03(4)
	0.04(6)



	DL Cas
	0.05(1)
	0.2(1)
	0.05(1)
	0.06(1)
	0.07(1)
	0.07(1)
	0.08(2)
	0.09(2)
	0.09(2)
	0.10(2)



	XX Cen
	0.05(1)
	0.21(5)
	0.05(1)
	0.06(1)
	0.06(1)
	0.07(2)
	0.08(2)
	0.08(2)
	0.09(2)
	0.09(2)



	X Cyg
	0.03(1)
	0.32(8)
	0.03(1)
	0.04(1)
	0.05(1)
	0.06(2)
	0.06(2)
	0.07(2)
	0.08(2)
	0.09(2)



	β Dor
	0.06(2)
	0.05(2)
	0.06(2)
	0.06(2)
	0.07(2)
	0.07(2)
	0.07(2)
	0.07(2)
	0.07(2)
	0.07(2)



	CV Mon
	0.17(3)
	0.11(2)
	0.17(3)
	0.19(4)
	0.20(4)
	0.21(4)
	0.21(4)
	0.23(4)
	0.23(4)
	0.24(5)



	T Mon
	0.05(1)
	0.18(3)
	0.05(1)
	0.06(1)
	0.07(1)
	0.08(1)
	0.08(1)
	0.09(1)
	0.09(1)
	0.10(1)



	RY Sco
	0.05(2)
	0.01(5)
	0.05(2)
	0.05(2)
	0.05(2)
	0.05(2)
	0.05(2)
	0.05(2)
	0.05(2)
	0.05(2)



	S Sge
	0.03(1)
	0.5(2)
	0.03(1)
	0.05(1)
	0.06(2)
	0.08(2)
	0.09(3)
	0.12(3)
	0.13(4)
	0.16(4)



	BB Sgr
	0.06(2)
	0.11(3)
	0.06(2)
	0.07(2)
	0.07(2)
	0.08(3)
	0.08(3)
	0.08(3)
	0.09(3)
	0.09(3)



	U Sgr
	0.02(1)
	0.12(8)
	0.02(1)
	0.02(2)
	0.02(2)
	0.02(2)
	0.02(2)
	0.02(2)
	0.02(2)
	0.02(2)



	W Sgr
	0.22(1)
	0.08(1)
	0.22(1)
	0.23(1)
	0.24(1)
	0.25(1)
	0.26(1)
	0.27(1)
	0.27(1)
	0.28(1)



	X Sgr
	0.11(1)
	0.06(1)
	0.11(1)
	0.11(1)
	0.12(1)
	0.12(1)
	0.12(1)
	0.12(1)
	0.13(1)
	0.13(1)



	Y Sgr
	0.01(2)
	0.4(3)
	0.01(2)
	0.02(2)
	0.02(3)
	0.03(4)
	0.03(4)
	0.04(5)
	0.04(5)
	0.05(6)



	SZ Tau
	0.06(1)
	0.17(4)
	0.06(1)
	0.07(2)
	0.08(2)
	0.09(2)
	0.09(2)
	0.10(2)
	0.10(2)
	0.11(2)



	RY Vel
	0.13(2)
	0.16(4)
	0.13(2)
	0.15(2)
	0.16(3)
	0.18(3)
	0.18(3)
	0.20(3)
	0.20(3)
	0.21(4)



	RZ Vel
	0.08(2)
	0.17(3)
	0.08(2)
	0.09(2)
	0.10(2)
	0.11(2)
	0.12(2)
	0.13(3)
	0.13(3)
	0.14(3)





      

    

  
    
      Table D.6. 

      Derived rate of period change and IS crossing number.

      
        


	Name
	Ṗ
	Crossing
	Lit.



	
	s yr−1
	
	s yr−1





	η Aql
	0.234 ± 0.001
	2
	0.255 ± 0.092 (a), 0.24 (b)



	FF Aql
	0.124 ± 0.001
	3
	0.08 (b), 0.072 ± 0.011 (f)



	FM Aql
	−0.258 ± 0.010
	3
	0.01 (b)



	FN Aql
	−0.447 ± 0.083
	2
	−0.37 (b)



	SZ Aql
	3.904 ± 0.014
	3
	5.72 (b)



	TT Aql
	−0.752 ± 0.006
	2
	0.33 (b)



	U Aql
	0.101 ± 0.011
	3
	−0.19 (b)



	RT Aur
	−0.140 ± 0.020
	2
	−0.14 (b), 0.082 ± 0.012 (g)



	ℓ Car
	16.965 ± 0.001
	3
	118.6 (b)



	U Car
	78.478 ± 1.146
	3
	–



	V Car
	−0.687 ± 0.013
	2
	–



	VY Car
	−35.324 ± 0.000
	2
	−75.2 (c)



	CF Cas
	−0.033 ± 0.000
	2
	−0.072 (d)



	DL Cas
	0.569 ± 0.006
	3
	0.02 (b), 0.109 ± 0.037 (i)



	XX Cen
	−4.878 ± 0.004
	2
	−4.47 (b)



	V Cen
	0.152 ± 0.007
	3
	–



	δ Cep
	0.067 ± 0.006
	3
	−0.1006 ± 0.0002 (a), −0.08 (b)



	CD Cyg
	1.704 ± 0.065
	3
	5.223 ± 0.458 (e)



	X Cyg
	1.637 ± 0.010
	3
	1.460 ± 0.267 (e)



	β Dor
	0.331 ± 0.021
	3
	0.468 ± 0.016 (a), 0.91 (b)



	ζ Gem
	−1.311 ± 0.000
	2
	−3.10 ± 0.17 (a), −3.40 (b)



	CV Mon
	−0.006 ± 0.052
	3
	0.42 (b)



	T Mon
	4.273 ± 3.455
	3
	12.5 (b)



	S Nor
	0.784 ± 0.081
	3
	–



	TW Nor
	−2.377 ± 0.018
	2
	–



	V340 Nor
	0.966 ± 0.308
	3
	–



	RY Sco
	1.227 ± 0.219
	3
	12.73 (b)



	RU Sct
	5.179 ± 0.015
	3
	10.1 (b)



	GY Sge
	−93.681 ± 68.486
	3
	743.0 (b)



	S Sge
	−0.034 ± 0.001
	2
	0.35 (b)



	BB Sgr
	−0.299 ± 0.019
	2
	0.68 (b)



	U Sgr
	−0.330 ± 0.000
	2
	0.33 (b), 0.073 (d)



	W Sgr
	0.098 ± 0.014
	3
	–



	WZ Sgr
	4.961 ± 0.023
	3
	–



	X Sgr
	0.091 ± 0.003
	3
	1.49 (b)



	Y Sgr
	−0.074 ± 0.002
	2
	–



	ST Tau
	0.062 ± 0.030
	3
	0.06 (b)



	SZ Tau
	−0.305 ± 0.002
	3
	−0.353 ± 0.156 (a), −0.49 (b)



	RY Vel
	17.213 ± 0.200
	1
	–



	RZ Vel
	8.875 ± 0.011
	3
	–



	T Vel
	−0.013 ± 0.008
	2
	–



	S Vul
	−934.298 ± 5.731
	2
	561.1 (b)



	SV Vul
	−238.527 ± 0.086
	2
	−231.2 ± 7.9 (a), −214.3 ± 5.5 (j)



	T Vul
	−0.315 ± 0.000
	3
	−0.24 ± 0.05 (h)



	U Vul
	−0.151 ± 0.001
	2
	0.04 (b)





      

      
Notes. Other measured rates of period change from the literature are also listed in the last column.

(a) Engle (2015).


(b) Turner (1998).


(c) Berdnikov & Turner (2004).


(d) Majaess et al. (2013).


(e) Turner et al. (1999).


(f) Berdnikov et al. (2014).


(g) Turner et al. (2007).


(h) Meyer (2006).


(i) Pop et al. (2004).


(j) Turner & Berdnikov (2004).
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