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ABSTRACT

Context. The Baade-Wesselink (BW) method, which combines linear and angular diameter variations, is the most common method
to determine the distances to pulsating stars. However, the projection factor, p-factor, used to convert radial velocities into pulsation
velocities, is still poorly calibrated. This parameter is critical on the use of this technique, and often leads to 5-10% uncertainties on
the derived distances.

Aims. We focus on empirically measuring the p-factor of a homogeneous sample of 29 LMC and 10 SMC Cepheids for which an
accurate average distances were estimated from eclipsing binary systems.

Methods. We used the SPIPS algorithm, which is an implementation of the BW technique. Unlike other conventional methods,
SPIPS combines all observables, i.e. radial velocities, multi-band photometry and interferometry into a consistent physical modelling
to estimate the parameters of the stars. The large number and their redundancy insure its robustness and improves the statistical
precision.

Results. We successfully estimated the p-factor of several Magellanic Cloud Cepheids. Combined with our previous Galactic results,
we find the following P—p relation: —0.08.04(log P — 1.18) + 1.24.40,. We find no evidence of a metallicity dependent p-factor. We
also derive a new calibration of the period-radius relation, log R = 0.684.¢0p7(log P —0.517) + 1.489. 902, With an intrinsic dispersion
of 0.020. We detect an infrared excess for all stars at 3.6 um and 4.5 um, which might be the signature of circumstellar dust. We
measure a mean offset of Ams ¢ = 0.057 + 0.006 mag and Amy s = 0.065 + 0.008 mag.

Conclusions. We provide a new P—p relation based on a multi-wavelength fit that can be used for the distance scale calibration from
the BW method. The dispersion is due to the LMC and SMC width we took into account because individual Cepheids distances are
unknown. The new P—R relation has a small intrinsic dispersion: 4.5% in radius. This precision will allow us to accurately apply the
BW method to nearby galaxies. Finally, the infrared excesses we detect again raise the issue of using mid-IR wavelengths to derive
period-luminosity relation and to calibrate the Hubble constant. These IR excesses might be the signature of circumstellar dust, and
are never taken into account when applying the BW method at those wavelengths. Our measured offsets may give an average bias of

~2.8% on the distances derived through mid-IR P—L relations.

Key words. techniques: photometric — techniques: radial velocities — stars: variables: Cepheids — stars: fundamental parameters

1. Introduction

Classical Cepheids are of fundamental importance for the ex-
tragalactic distance scale as they are the first rung of the cos-
mological distance ladder. The empirical relation between their
pulsation period and intrinsic luminosity, called the period-
luminosity relation (P-L, or also Leavitt law, Leavitt 1908;
Leavitt & Pickering 1912), makes Cepheids very useful standard
candles. A careful and accurate calibration of this relation is nec-
essary as they are used to estimate distances to farther galaxies
and derived cosmological parameters such as the Hubble con-
stant, Hy (see e.g. Riess et al. 2011).

Article published by EDP Sciences

To calibrate the zero point of this relation, we need indepen-
dent distance measurements of some Cepheids. The most com-
mon way for that is the Baade-Wesselink (BW) method, also
called the parallax-of-pulsation method, which compares the an-
gular diameter variations of the star (from surface brightness-
colour relations or optical interferometry) with the linear di-
ameter variations (from the integration of the radial velocity).
The distance of the Cepheid is then obtained by fitting the lin-
ear and angular diameter amplitudes (see e.g. Gallenne et al.
2012). However, the distance is degenerate with the parameter
called the projection factor, p-factor. The measured radial veloc-
ity, which needs to be integrated to obtain the linear diameter,
is not the pulsation velocity, but its projection weighted by the
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intensity at each point of the stellar disk. Therefore, to convert
the radial velocity into the pulsation velocity, we conventionally
choose a multiplicative constant p-factor. This factor depends
on the limb darkening and the dynamical behaviour of the line-
forming regions, which is rather difficult to quantify without a
detailed model of the stellar atmosphere. This parameter is cur-
rently the main source of uncertainty in the application of the
BW method, leading to a global uncertainty of about 5-10% on
the distance.

There is no agreement in the literature about the opti-
mum value of the p-factor. Different authors use either a
constant value (ranging from 1.2 to 1.5) or a linear depen-
dence of the p-factor with the pulsation period (P—p rela-
tion). However, that dependence differs between authors (see
e.g. Gieren et al. 2005; Nardetto et al. 2007a, 2014; Storm et al.
2011a; Neilson et al. 2012), with a slope ranging from —0.05
to —0.19 and a zero point from 1.31 to 1.58, from theoret-
ical or empirical relations (for a small sample of Galactic
Cepheids). An observational calibration is possible if the dis-
tance to the Cepheid is known, as demonstrated in our previ-
ous works for a few Cepheids (Mérand et al. 2005; Pilecki et al.
2013; Breitfelder et al. 2015; Gieren et al. 2015). Our more re-
cent analyses with the Spectro-Photo-Interferometry of Pulsat-
ing Stars algorithm (SPIPS, Mérand et al. 2015) seem to show
a mildly variable p-factor with respect to the pulsation period
(Breitfelder et al. 2016; Kervella et al. 2017); the latest value is
p =129 +0.04.

In this paper, we focus on the observational calibration
of the p-factor for Cepheids in the Magellanic Clouds, using
the accurate mean distance dpyec = 49.97 = 1.13kpe from
Pietrzynski et al. (2013), and dsme = 62.1 = 1.9kpc from
Graczyk et al. (2014). The sample is larger than our previous
Galactic work; here we use 29 LMC and 10 SMC Cepheids,
which enables us to better constrain a possible P—p relation. In
Sect. 2 we present the photometric and radial velocity data we re-
trieved from the literature; we perform a global fit in Sect. 3. We
then discuss the results and make concluding remarks in Sects. 4
and 5.

2. Data sample

We selected Cepheids for which we have at least V, J, H, K light
curves and radial velocity measurements. For the LMC, we used
the sample of Storm et al. (2011b) for which precise velocities
have been obtained with a good phase coverage. Their sample
contains 22 LMC Cepheids; we added 7 LMC Cepheids having
velocities reported by Imbert et al. (1985, 1989). The Cepheid
HV900 is in common between the two datasets. For the SMC, we
used 5 Cepheids from Storm et al. (2004), together with 5 addi-
tional stars from Imbert et al. (1989). We note that the SMC data
have lower accuracy that the LMC data.

V-band photometry was retrieved from the OGLE III
database (Soszynski et al. 2008). OGLE I-band measurements
were not used because of an inconsistency between the models
when using other photometric bands. From a multi-wavelength
fit (see Sect. 3), for almost every star we found both a non-
constant offset between the model and the measurements, and
an incompatibility of the amplitude with respect to the pulsation
phase. An example is shown in Fig. 1, for which we performed
a “classical” BW fit, i.e. using only V, K photometry with RVs,
while the other photometric data are ignored (but plotted). While
the J and H bands match the model, this is not the case for the
OGLE I band. This might point to a problem with the character-
ization of this filter, such as an inaccurate zero point calibration
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or an incorrect effective wavelength. We note that we used the
Landolt system, to which the OGLE photometry has been trans-
formed. As pointed out by Udalski et al. (2002), one of the main
sources of systematic errors could be the difference in transmis-
sion profile between the OGLE filters and the standard system,
which can cause some non-linearities in transformations. There-
fore, to avoid possible sources of bias, we decided not to use the
I-band data. The use of the I band would add a better leverage
to the reddening determination, but incorrect photometric values
would seriously bias its estimate, and would even induce infrared
excess to longer wavelengths, mimicking the presence of a cir-
cumstellar envelope. We do not notice any systematic offset of
the OGLE V band with respect to the standard system.

We gathered additional B,V measurements from Madore
(1975), Eggen (1977), Moftett et al. (1998), Martin & Warren
(1979), van Genderen (1983) and Storm et al. (2004) when
available'. J,H and K near-infrared photometric light curves
from Persson et al. (2004), Laney & Stobie (1986), Welch et al.
(1984) and Storm et al. (2004) were also collected. Finally, to
complete the photometric sample, we also retrieved 3.5 and
4.5 um light curves from Spitzer observations (Scowcroft et al.
2011). It is worth mentioning that long-period Cepheids usually
have better measurements as they are brighter, and therefore have
higher signal-to-noise ratios.

It is particularly effective to use B,V observations to con-
strain the interstellar reddening, while infrared wavelengths give
a stronger leverage for detecting circumstellar envelopes (see i.e
Gallenne et al. 2014, 2013, 2011; Kervella et al. 2013, for Galac-
tic Cepheids).

3. SPIPS analysis
3.1. Algorithm

We used the SPIPS modelling tool to perform a global fit of the
radial velocities and multi-band photometry. A full description
of the code can be found in Mérand et al. (2015)°. Briefly, this
tool is based on the parallax-of-pulsation method (also called the
Baade-Wesselink method), i.e. it compares the linear and angu-
lar variations of the Cepheid diameters to retrieve physical pa-
rameters of the stars, such as the ratio p-factor/distance, effec-
tive temperature, infrared excess, colour excess, etc. The SPIPS
code can take several types of data and observables, e.g. optical
and IR magnitudes and colours, radial velocities, and interfer-
ometric angular diameters. The resulting redundancy in the ob-
servables ensures a high level of robustness. We already proved
the efficiency of SPIPS for types I and II Galactic Cepheids
(Kervella et al. 2017; Breitfelder et al. 2016, 2015).

Synthetic photometry is created using the ATLAS9 models
(Castelli & Kurucz 2003), interpolated with Fourier series or pe-
riodic splines functions, and integrated using the bandpass and
zero point of each observing filter®. For LMC Cepheids, we in-

terpolated the models for a metallicity of —0.34 dex (Luck et al.
1998).

' Using the McMaster Cepheid Photometry and Radial Velocity
Data Archive: http://crocus.physics.mcmaster.ca/Cepheid/
HomePage.html

2 The code is publicly available at https://github.com/amerand/
SPIPS

3 Using the SVO and Asiago databases: http://svo2.cab.
inta-csic.es/ and http://ulisse.pd.astro.it/Astro/ADPS/
Paper/index.html
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Fig. 1. Baade-Wesselink fit of the Cepheid HV2282 using only V, K photometry with RVs to highlight the inconsistency of the OGLE / photometry.
The number i in the spline comb denotes the ith node. Angular diameter in the bottom left panel is in pas. Y-axis for the photometry (right panels)
is listed in magnitude. The points on the right side of the photometric plots give the error bar scale. Crosses mean that the points are ignored.
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Fig. 2. Galactic (Fitzpatrick 1999) and large and small Magellanic
Cloud (Gordon et al. 2003) extinction curves.

0.4

3.2. Colour excess and circumstellar envelope

The reddening law and coefficient implemented in SPIPS are
Galactic, taken from Fitzpatrick (1999) with R, = 3.1. There is
evidence in the literature that the LMC and SMC reddening (law
and coefficient) are different, more specifically for wavelengths

shorter than the B band. However, as shown in Fig. 2, the nor-
malized extinction curves are qualitatively similar to our Milky
Way (MW) for wavelengths longer that 0.4 um. This is discussed
in Gordon et al. (2003), who used a comparison of extinction
curves to derive R, = 3.41 for the LMC and R, = 2.74 for the
SMC. We therefore used these coefficients (not fitted) together
with the reddening law from Fitzpatrick (1999).

We know that some Galactic Cepheids have some IR
emission which can bias the photometric estimates (see e.g.
Gallenne et al. 2013, 2011, 2010; Barmby et al. 2011). The
SPIPS code allows fitting the IR excess, either using a simple
offset for each wavelength or an analytical formula. However,
due to our limited dataset which is not extremely accurate and
the correlation with the colour excess, we assumed no IR ex-
cess in our SPIPS modelling. The fit of the stellar atmospheric
models is performed from B to K band, but do not include the
Spitzer measurements. Therefore, the presence of mid-IR excess
will appear as an offset between the model and the data. This is
discussed in Sect. 4.

3.3. Distance to the LMC and SMC

The main issue in the parallax-of-pulsation method is the
degeneracy between the distance d and the p-factor p.
Pietrzynski et al. (2013) and Graczyk et al. (2014) accurately de-
rived the average distance of the Magellanic Clouds from eclips-
ing binary systems. We can therefore adopt this distance as a
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fixed parameter to derive the p-factor. However, the Cepheids
can be located in front of or behind this average value. Individual
distances are not possible to estimate. From three-dimensional
maps using red-clump stars and Cepheids, the average depth of
the LMC ranges from 3.4 to 4 kpc, and from 4.2 to 4.9 kpc for
the SMC (Subramanian & Subramaniam 2009; Haschke et al.
2012). We adopted the value of 4 and 4.9 kpc as a systematic
error to the p-factor (added quadratically) respectively for the
LMC and SMC.

3.4. Binary Cepheids

The LMC Cepheids HV914 and HV883 have been identified as
spectroscopic binary because of variations in their systemic ve-
locity. The SMC stars HV837 and HV 11157 have also been iden-
tified as spectroscopic binary (Szabados & Nehéz 2012; Imbert
1994). The presence of a companion may bias the photometry of
the Cepheid and offset the radial velocities. Therefore, stars with
companions were not included in the final analysis.

3.5. p-factor determination

For each Cepheid, we fitted the radial velocity and photometric
curves using spline functions. Although this method is numeri-
cally less stable than Fourier series, it leads to smoother models
and avoids the introduction of unphysical oscillations when the
data do not have a good phase coverage. We made tests by fitting
Fourier series to the radial velocities, and no variations larger
than 0.5% were found to the final derived parameters.

We performed two distinct analyses. We first left E(B—V) as
a free parameter, together with the reference epoch of the max-
imum light T, the pulsation period P, and the rate of period
change P. We then kept the colour excess fixed to a mean value
of 0.08 and 0.06 (Caldwell & Coulson 1985; Caldwell & Laney
1991) respectively for the LMC and SMC. The results are listed
in Table 1, together with our fitted p-factor. We see that there is
a slight improvement in the y? when fitting the colour excess.
As this is more consistent than allowing a different extinction
for each star, we chose for the rest of the paper the results for
which we allowed a fitted value. First guess values of Ty and P
have been taken from Samus et al. (2009). The final SPIPS ad-
justments for two LMC and two SMC Cepheids are shown in
Appendix A.

4. Discussion
4.1. Linear fit and uncertainties

We compare different P—p relations, a constant and a linear fit to
our data, and we compare our results with others. For this reason,
we place particular care in the uncertainty of the parameters we
derive for our linear fit. The linear fit is parametrized as:

p =a(logP —logPy) + b,

where a and b are the slope and zero point respectively. One
might argue that the choice of log Py is arbitrary, but in the con-
text of least-squares minimization, there are two advantages for
choosing log Py such that 6?y?/8adb is zero (v being the dis-
tance between the model and the data). In this case, and only in
this case, we have the two following properties. First, the extrap-
olated uncertainty of the linear model p, at any log P, is simply
expressed as

0'12, = (log P — log Py)*02 + 0'12,.

ey
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The general form of this equation includes an additional
2(log P — log Py)po 0 on the right hand side, where p is the
correlation between a and b. Since p o d%y?/0adb, this term is
nullified by definition of log Py. Second, the uncertainty o, on b
is minimized (whereas the uncertainty o, on a is independent on
the choice of log Py). This is an important property to consider
if one aims to compare different linear fits because not choosing
the optimum log Py will overestimate the uncertainty on the zero
point.

Considering our sample of (p; +e;,log P;) foriin 1, ..., N, the
L, distance we need to minimize is

2 b
=1 ¢

i=N 2
[a(log P; —log Py) + b — p;]
-5

and the condition 6?x?/0adb = 0 becomes
T log Pi/e]
SRR

which is a weighted average of the sample of log P;.

The choice of log Py ultimately depends on the dataset and
is important in order to compare different linear fit in terms of
prediction uncertainties. Every dataset has a different coverage
in log P and the accuracy on the predicted p depends on this
coverage, as is captured in Eq. (1), which is only valid for log Py
determined according to Eq. (2). The failure to publish log Py
alongside the values of a + o, b + 0}, prevents comparison of
linear laws derived from datasets with different log P coverage.
Alternatively, the correlation factor p between a and b can be
published so the complete form of Eq. (1) can be used:

log Py = @)

o-f, = log onﬁ + o-i +2p0,0plogP.

For most (if not all) published works, this value of p is missing.
We can easily derive, for any dataset (p; + e;,log P;) and any
choice of log Py, the analytical expression for p:

log P;—log Py
Xi— g

o= —0%x?/8adb _ : 3)
V(02 /0a?)(D2x? | 3b?) \/Zi UogP PO 5 1
We can estimate an order of magnitude, using simple assump-

tions: all error bars on the values of p; (the e;’s) are equal, and
log Py = 0. Then, in that particular case, Eq. (3) simplifies to

2ilogP;

YN S (g PP

4.2. P—p relation

Uncertainties in the p-factor is the main reason of the exclusion
of BW-based distance of Galactic Cepheids from the Hubble
constant determination (Riess et al. 2009). Benedict et al. (2007)
obtained a set of ten parallax measurements to Galactic Cepheids
using the Hubble Space Telescope (HST) Fine Guidance Sensor,
however, the average precision is ~8%. These measurements
were used in our previous SPIPS analysis (Kervella et al. 2017;
Breitfelder et al. 2016) to determine their p-factor. The accuracy
of the first data release of Gaia-TGAS (Lindegren et al. 2016) is
too low to provide an accurate calibration.

Our sample of 29 LMC and 10 SMC Cepheids is the largest
so far allowing the empirical trend of the p-factor to be probed
with respect to the pulsation period of the Cepheids. We start by
analysing Cepheids separately, and then finally combine them.
We note that all Cepheids presented here are classical Cepheids,
and provide a uniform sample.



Table 1. p-factor and reduced y? derived using fitted or fixed colour excess for the BW analysis.
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Star log P Fitted E(B - V) Fixed E(B-V)
P’ E(B-V) X7 p X7
LMC
HV6093 0.680 1.40+0.17 0.022+0.017 2.17 | 1.45+0.17 2.26
HV2405 0.840 1.39+0.17 0.051 £0.012 1.11 | 1.38£0.17 1.15
HV12452 0941 131+0.11 0.128+0.012 0.74 | 1.30+0.11 0.83
HV12717 0947 1.34+0.12 0.090 £ 0.013 1.10 | 1.37 +£0.12 1.11
HV2527 1.112 1.15+006 0.110+0.013 093 | 1.15+0.06 1.15
HV2538 1.142 137 +0.08 0.120+0.012 0.79 | 1.38+£0.09 0.87
HV899 1492 1.18+0.05 0.037+0.012 288 | 1.16 £0.05 3.00
HV1006 1.153 127 +0.06 0.115+0.013 1.52 | 1.27+£0.07 184
HV5655 1.153 1.14+£0.05 0.092 +0.010 1.17 | 1.15+£0.05 1.18
HV12505 1.158 1.16+0.08 0.159 +£0.014 1.81 | 1.21 £0.08 2.09
HV2282 1.167 131 +0.05 0.118+0.009 0.51 | 1.32+0.05 0.55
HV2549 1.210 1.34+£0.07 0.055+0.010 1.01 | 1.33£0.07 1.04
HV1005 1.272 125+0.05 0.091+0.013 1.29 | 1.25+0.05 1.30
Ul 1.353 1.08 £0.04 0.173 £0.014 128 | 1.11 £0.05 1.82
HV876 1356 1.22+0.05 0.080 = 0.038 1.62 | 1.21 £0.05 1.60
HV878 1.367 1.19+0.05 0.053 +0.013 1.74 | 1.18 £0.05 1.78
HV1023 1424 121005 0.119+0.013 253 | 1.21 £0.05 2.68
HV873 1.537 1.14+£0.03 0.153+0.010 0.66 | 1.15+0.04 0.86
HV881 1.553 1.20+0.06 0.043 £0.013 1.85 | 1.19£0.06 193
HV879 1.566 1.15+0.05 0.083+0.016 10.23 | 1.15+0.05 10.21
HV909 1.575 1.30+0.05 0.032 +0.009 1.70 | 1.30+£0.05 1.88
HV2257 1.596 1.14+0.05 0.070+0.012 3.57 | 1.14 £0.05 3.57
HV2338 1.625 1.19+0.05 0.027+0.010 254 | 1.17+0.05 2.80
HV877 1.655 1.22+0.07 0.089+0.013 274 | 1.22+0.06 2.74
HV900 1.676 1.30+0.05 0.031 £0.011 272 | 1.29+0.05 2.89
HV2369 1.685 1.17+0.05 0.102+0.013 271 | 1.19+0.05 2.73
HV2827 1.897 124 +0.08 0.105+0.012 2.00 | 1.26 £0.09 2.03
SMC

HV824  1.130 1.29+0.07 0.041 £0.018 1.30 | 1.31+£0.07 1.30
HVI1335 1.158 1.14+0.08 0.012+0.015 3.07 | 1.12+0.08 3.31
HV822 1200 1.20+0.09 0.008+0.012 697 | 1.14+0.09 743
HV1328 1.212 1.11+£0.12 0.036+0.016 5.17 | 1.11 £0.12 5.18
HVI1333 1.224 1.13+£0.05 0.048 £0.012 1.83 | 1.13£0.05 1.83
HV1345 1.816 147 +0.17 -0.008+0.018 2.84 | 1.46+0.18 2.90
HV821 1932 120+0.06 0.032+0.018 2.11 | 1.19+0.06 2.13
HV829  2.105 1.24+0.08 0.092 +0.018 1.57 | 1.27 £0.08 1.59

Notes. @ The quoted errors are only statistical, a 8% error has to be added to take into account the average width of the LMC and SMC.

— LMC only: in Fig. 3, we plotted the distribution of our
estimated p-factor, whose error bars contain the ~8% error
from the average width. We also added two other p-factor val-
ues derived from two LMC Cepheids in an eclipsing binary
system (OGLE LMC562.05.9009 and OGLE LMC-CEP-0227,
Gieren et al. 2015; Pilecki et al. 2013).

We performed two fits: a linear law, as explained in Sect. 4.1,
and a constant p-factor. The result of the linear model gives
—0.0810.05(Iog P—1.19) + 1.22..02 (o0 = 0.08) with a y? = 0.51.
The fit of a constant value gives p = 1.22 + 0.02 with y? = 0.59

\JZi0?/N). A constant law does

not seem to substantially change the fit quality, although the er-
ror bars are overestimated. To check whether a constant p is sta-
tistically significant, we can perform an F-test and verify if the
associated probability value is larger or smaller than 0.05. We
found 0.03, meaning that the linear model is more statistically
significant. The constant and linear models are plotted in Fig. 3.

We also plotted three other P—p relations from the lit-
erature. From the measured atmospheric velocity gradient,
Nardetto et al. (2007b, 2009) derived a Galactic relation,

(we took the standard error
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—0.08.0,05 log P + 1.31.0 06, which is nicely consistent with our
LMC relation. This also seems to be consistent with the con-
clusion of Nardetto et al. (2011) from hydrodynamical mod-
els, i.e. the P—p relation of LMC Cepheids does not differ
from the Galactic relation. The Galactic relation of Storm et al.
(2011a), —0.186.+0,06 log P + 1.55.0.04, is in marginal agreement
with Nardetto’s relation and ours, the slope being consistent
within the combined uncertainties. Although they used strong
constraints to determine this relation (i.e. the LMC distance is
independent of the Cepheid pulsation period, and the HST dis-
tances should be equal to those from the BW technique), it is
based on the IRSB method using only two photometric bands.
Mérand et al. (2015) discussed an example using the SPIPS al-
gorithm with several bands and a subset of photometric bands.
They showed an agreement in the distance of 7 Aql with Storm’s
value when using the same subset of data, but pointed out the un-
derestimated statistical uncertainties when a subset is used. An-
other possible clue about this disagreement is the pulsation phase
selection of Storm et al. (2011a), i.e. they disregarded pulsation
phases between 0.8 and 1 because of deviations between pho-
tometric and spectroscopic angular diameters. But these phases
correspond to the minimum of the diameter, so ignoring them
probably provides a biased estimate of the projection factor.
Breitfelder et al. (2016) apply the SPIPS method (with B, V, J, H,
and K photometric bands) to the same sample of nine Cepheids
and instead found a constant Galactic p-factor, later confirmed
by Kervellaetal. (2017) who found p = 1.29 + 0.04. How-
ever, their sample is smaller (only 11 stars). The relation of
Groenewegen (2013) is also in disagreement, and is steeper by
~30. The discrepancy might also be explained by the use of
only two photometric bands and an unfitted reddening. For in-
stance, their assumed E(B — V) values for 6 Cep and ¢ Car are
about two times higher than the fitted values of Mérand et al.
(2015, 0.032 + 0.016 for 6 Cep) and Breitfelder et al. (2016,
0.084 + 0.017 for ¢ Car).

— SMC only: we performed the same analysis using the eight
SMC Cepheids. The linear model gives 0.07 .0 12(log P —1.52) +
1.18.00¢ (o = 0.11) with a)(f = 0.46, while a constant fit pro-
vides p = 1.20 + 0.05 with y?> = 0.44. The models are plotted
in Fig. 4. We can see that the constant model is more consistent,
in agreement with our estimated probability value of 0.43. How-
ever, with only a few stars it is difficult to statistically confirm
this trend.

— LMC+SMC+MW: we now combine the Magellanic Cloud
Cepheids with the Galactic ones. Galactic p-factors were
taken from Kervella et al. (2017, 1 Cepheid), Breitfelder et al.
(2016, 8 Cepheids, we rejected the known binary FF Aqgl) and
Meérand et al. (2015, 1 Cepheid). They were all derived from a
SPIPS analysis. The plot is presented in Fig. 5. The result of the
linear model gives

p= —0.08i0,04(10gp - 118) + 1.24&)_02, o= 009,

with a y? = 0.61. The fit of a constant value gives p = 1.24 +
0.02 with y?> = 0.69 (we again took the standard error). The
F-test gives a probability of 0.02, and therefore strengthens the
linear model, although our derived constant value is at 1o~ with
Kervella’s p-factor. Our LMC+SMC+MW relation is parallel to
our LMC relation and Nardetto’s, but still within 1o-.

A larger sample would certainly improve this analysis, and
would also allow us to study possible metallicity effects on the
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Fig. 3. Distribution of the LMC p-factor with respect to the pulsation
period. The shaded blue and red areas denote the 10~ confidence interval,
computed according to Eq. (1) in the case of the linear fit.

1.8 — Constant - Storm+ 2011~ ——- Groenewegen+ 2013
| == Linear  ----- Nardetto+ 2009 Y SMC

0.1p

o
-0.1p

log P

Fig. 4. Distribution of the SMC p-factor with respect to the pulsation
period. The shaded blue and red areas denote the 10~ confidence interval,
computed according to Eq. (1) in the case of the linear fit.

p-factor. For now, the Galactic and SMC samples are too small to
be able to investigate it properly. A first quick analysis, however,
shows no strong evidence of a metallicity-dependent p-factor.
The LMC mean p-factor is only at 1o to the SMC and Kervella
values, while the whole sample MW+LMC+SMC is at 1o. We
therefore agree with the conclusion of Groenewegen (2013) that
there is no significant metallicity dependence. The next Gaia
parallaxes will provide accurate parallaxes for hundreds of MW
Cepheids, and will allow us to accurately calibrate the P—p rela-
tion.

4.3. Period-radius relation

SPIPS also provides additional stellar parameters such as the
mean effective temperature, luminosity, and linear radius. They
are listed in Table 2. Linear radii were derived from the esti-
mated angular diameters and the average distance of the Magel-
lanic Clouds (again, a ~ 8% error has to be added to take into
account the average widths).
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————— Groenewegen+ 2013
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Fig. 5. Same as Fig. 3, but including the all Cepheids, i.e. from the
Milky Way (green), the LMC (black), and the SMC (orange).

From our multi-band surface brightness (SB) method, we de-
rived a new period-radius (P—R) relation for Cepheids, which
is particularly interesting in order to constrain Cepheid mod-
els. We added two others radii values derived from two LMC
Cepheids in an eclipsing binary system (Gieren et al. 2015;
Pilecki et al. 2013). We also extended the sample with radii
of Galactic Cepheids determined with the same SPIPS method
(Breitfelder et al. 2016). All Cepheids are classical Cepheids,
and therefore provide a uniform sample.

The relation is plotted in Fig. 6. We performed a linear fit
following our formalism of Sect. 4.1, and derived a new P—R
relation:

log R = 0.684.9007(log P — 0.517) + 1.489.0,002, o = 0.020.

As shown in Fig. 6, we have a very good agreement with the
empirical relation 0.680.0.017 IOgP + 1.146.9025 (0 = 0.045)
of Gieren et al. (1999), which was derived from a sample of
28 Galactic, 10 LMC, and 6 SMC Cepheids, and used a (V—R)
SB relation to derive angular diameters. Although they made
used of a P—p relation to estimate their linear radii, the level
of consistency is very good, Aa = +0.20, and Ab = —0.40,
with their error bars. The agreement with the theoretical rela-
tion 0.653.9.006 log P + 1.183.9.009 of Bono et al. (1998) is quite
close, and looks almost parallel in our period range. The zero
point of Groenewegen (2013, 0.651 .92 log P+1.136.9014, 0 =
0.055), who revisited the BW method using (V — K) SB re-
lation for 120 Galactic, 42 LMC and 6 SMC Cepheids, is in
perfect agreement with our value, but the slope is at 2.60-.
We note that the relation of Groenewegen (2013) is more dis-
persed than Gieren’s relation, with o0 = 0.055. The empirical
relation of Kervella et al. (2004a) does not really match and is
steeper. They applied the interferometric BW method, i.e. by
combining direct measurements of angular diameters from in-
terferometry with radial velocities. However, they assumed a
constant p = 1.36 for their sample of nine Cepheids, which
mostly explains the disagreement. By rescaling their relation
with ours, we found a better agreement. The MW data used
by Breitfelder et al. (2016) include interferometric angular di-
ameters (Lane et al. 2002; Kervella et al. 2004b; Gallenne et al.
2012; Davis et al. 2009) in addition to radial velocities, photom-
etry, and trigonometric parallaxes measured with the HST Fine
Guidance Sensor (Benedict et al. 2007), and therefore lead to
more robust and consistent estimates of the linear radii.

| == This work

----- Kervella+ 2004 (rescaled)
24F - Gieren+ 1999

————— Bono+ 1998

| —--- Groenewegen 2013

¢ LMC

A MW

SMC

0.1
o I e e S N WD (N S e e NPy X1 2 [ A e
500 .~..9.':.:.T-f--T-ir-rTi—-ﬁ---‘H?“"f

o1k | | . | 1 1 1

|
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
log P (day)

Fig. 6. Period-radius relation derived from our SPIPS analysis. The
shaded blue and red areas denote the 10~ confidence interval.

4.4. Mid-infrared excess

A significant fraction of Galactic classical Cepheids exhibits
an IR excess that is probably caused by a circumstellar enve-
lope (CSE). The discovery of the first CSE around the Cepheid
¢ Car made use of near- and mid-IR interferometric observa-
tions (Kervella et al. 2006). Similar detections were then re-
ported for other Galactic Cepheids in the IR (Mérand et al.
2007; Barmby et al. 2011; Gallenne et al. 2011, 2013) and vis-
ible (Nardetto et al. 2017), leading to the hypothesis that maybe
all Cepheids are surrounded by a CSE. The origin of these en-
velopes is still unknown. They might be related to past or on-
going stellar mass loss, and might be used to trace the Cepheid
evolution history.

The main issue regarding the presence of these CSEs is that
they might induce a bias to distance determinations made with
the Baade-Wesselink method, and bias the calibration of the IR
period—luminosity relation. Our previous works (Mérand et al.
20006; Gallenne et al. 2011, 2013) showed that these CSEs have
an angular size of a few stellar radii and a flux contribution to
the photosphere ranging from 2% to 30%. While in the near-
IR the CSE emission might be negligible compared with the
stellar continuum, this is not the case in the mid- and far-IR,
where the CSE emission dominates. Mérand et al. (2007) and
Gallenne et al. (2011, 2013) pointed out a possible correlation
between the pulsation period and the CSE brightness in the near-
and mid-IR. It seems that long-period Cepheids have brighter
CSE than shorter period Cepheids. This could indicate a mass-
loss mechanism linked to the stellar pulsation, and therefore that
heavier stars experience higher mass-loss rate. This also seems
to be consistent with the theoretical work of Neilson & Lester
(2008) who found a correlation between the mass-loss rate and
the pulsation period.

As discussed in Sect. 3, our SPIPS fits from B to K band pro-
vide estimates of IR excess at 3.6 um and 4.5 um for Cepheids
having Spitzer light curves (Scowcroft et al. 2011). The derived
excess magnitudes are listed in Table 2. Examples of our final
fit are shown in Figs. A.1, A.2, and A.4. We clearly see an off-
set above the photospheric level (in grey), and the stars appear
brighter due to the presence of IR excess. In Fig. 7 we plotted
those IR excess with respect to the pulsation period, and we
note that all stars exhibit an excess. However, the trend seems
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Fig. 7. Infrared excess with respect to pulsation period at 3.6 um and
4.5 pym.

constant with the period at these wavelengths, which differs from
our previous studies at 2.2 and 8.6 um for Galactic Cepheids.

We performed a linear and constant fit for both wavelengths
combining all Magellanic Cloud Cepheids. From an F-test, we
found that a constant model is more statistically significant. We
estimated an average excess of Ams¢ = 0.057 = 0.010 mag and
Amys = 0.065 + 0.010 mag (again, we took the standard devi-
ation). These excesses are particularly significant and might be
the signature of circumstellar dust.

These results are relevant for the mid-IR calibration of the
Cepheid distance scale (see e.g. Freedman et al. 2012). Some
authors find that there are several advantages to using a mid-
infrared P—L relation. The effect of the dust extinction is re-
duced, the intrinsic dispersion is smaller than in the V band, and
the metallicity effect is supposed to be minimal. However, go-
ing to longer wavelengths brings new systematics that impact
the distance scale, and which are usually not taken into account.
Our measured IR excesses convert to a systematic error of 2.6%
and 3% on the distance at 3.6 and 4.5 um, respectively. Unfor-
tunately, recent papers (Scowcroft et al. 2016; Freedman et al.
2012; Monson et al. 2012) do not take into account this addi-
tional uncertainty. On the other hand, their relation is calibrated
for a Cepheid plus a CSE, which is still valid if we assume that
all Cepheids have an IR excess emission. The presence of IR ex-
cess probably also contributes to the dispersion of this relation.

5. Conclusion

We performed SPIPS modelling of Magellanic Cloud Cepheids
using its average distances estimated in Pietrzynski et al. (2013)
and Graczyk etal. (2014) to empirically derive the projec-
tion factor of each star. Combining with MW results from
Kervella et al. (2017), Breitfelder et al. (2016) and Mérand et al.
(2015), we confirm a linear relation of the p-factor with the pul-
sation period, consistent with the last results of Nardetto et al.
(2009). This relation shows a decreasing p-factor with the pe-
riod. We note, however, that the SMC sample contains only eight
Cepheids with low quality data; new accurate data will probably
improve the calibration. The MW sample will also be increased
thanks to the upcoming Gaia parallaxes; thanks to this new data
we will be able to apply our SPIPS analysis to a very large sam-
ple of MW Cepheids.

A new calibration of the period-radius relation for Galactic
and Magellanic Cloud Cepheids has been derived, based on AT-
LAS9 models. This relation is consistent with previous works,
but with a smaller intrinsic dispersion of +0.02, i.e. 4.5% in ra-
dius. Our work also suggest that there is one universal P—R re-
lation for the MW and Magellanic Cloud Cepheids.

Infrared excesses at 3.6 and 4.5 um have been detected,
which might be the signature of the presence of circumstellar
dust. There is no linear trend, which differs from our previous
work at 2.2 and 8.6 um. A systematic offset of ~0.06 mag is
estimated. This has a potential impact on the Hubble constant
calibrated at those wavelengths, where circumstellar envelopes
of Cepheids are not taken into account. The James Webb Space
Telescope (JWST) will operate in the mid-IR and is supposed to
measure Hy to 1% from Cepheids observation, but the presence
of CSE is likely to bias the distance scale, making the mid-IR
P—L relations not the ideal tool to accurately measure the Hub-
ble constant and other derived cosmological parameters.

Gaia will soon provide accurate parallaxes for hundreds of
Cepheids and will greatly improve the calibration of the zero
point of the P—L relations, but the compensation of the inter-
stellar reddening is likely to significantly limit the accuracy of
this calibration. Reddening-independent interferometric angular
diameters combined with multi-band photometry in our SPIPS
modelling will better constrain the reddening. Interferometric
measurements are therefore a particularly valuable observable
for the determination of the Cepheid luminosities. In the near
future, Gaia will enable us to calibrate accurately the P—p re-
lation, therefore improving the usability of the Baade-Wesselink
technique to determine the distances of distant Cepheids.
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Appendix A: SPIPS model for 2 LMC and 2 SMC represented using a grey curve. The number i in the spline comb
Cepheids denotes the ith node. The Y-axis for the photometry (right pan-

o ) els) is listed in magnitude. The point on the right side of the
The figures in this appendix show the result of the SPIPS mod-  photometric plots gives the error bar scale.

elling of four stars from our sample. In all plots, the model is

HV12452 (P~ 8.739d) p=1.313 d= 50.0kpc E(B-V)=0.128

260 T T T T T T T

T
Vrad x*=1.11

T T T T T T T
model, ptp=38.37km/s <o V,=234.25 km/s OGLE x?=0.47 13.6} -+ Persson+ 2004 X*=0.66 1
®  Spline Nodes I Storm+ 2011 ta ’
| spline comb . 15.2
v
250 - » K
— # x
0 F #
= T
£ 134
= 20l » \ 148
= o
= -
o] 5 . 7 o R 2 3....4.\.5 &
R P ,
g 230 - £ \ A
14.4 / A 132
A | @ ’ ©
-
& I I I I I I L I I I I I
= T T T T T T T T T T T
220 7@1 - - AY - < 132] Persson+ 2004 X?=0.29 Persson+ 2004 y?=0.43
1 1 1 1 1 1 . 131}
6.6 T T T T N T T \
6.41 model, ptp=1061K | Spline comb
— - . e Spline Nodes ® .
X 62| f o ] 131
) s s \ ) 13.0 -
@ 6.0} » .
: ° .
& S8h Por
'a_) 5.6 . o 13.0 129
s © —
I I I I I I N4
T T T T T T b
nsr 129 (P ‘ 12
L L L L L L L L L L L L
T T T T T T T T T T T T
116 13.1 Scowcroft+ 2011 ignored 2 _ ¢ o 13.1} Scowcroft+ 2011 ignored 2 _ ¢ g0 |
m
© 114}
=]
=
g 12}
© 12.9
T 110 12.9 ) :
()
c
<C 108
10.6
. ® ' 127(®D
104 @ | | | model ptp= 1'3?”35 | | 12.7 L L L L L L L L L L L L
- 0.0 02 0 o6 0.8 10 00 02 04 06 08 10 0.0 02 04 06 08 10

pulsation phase

Fig. A.1. SPIPS model for LMC Cepheid HV12452.
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Fig. A.2. SPIPS model for LMC Cepheid HV900.
HV821 (P~127.341d) p=1.201 d= 62.1kpc E(B-V)=0.032
model, ptp=32.06km/s V,=103.03 km/s Vrad y>=9.08 + Moffett+ 1998 210 - Eggen+ 1977
1251 o Spline Nodes } Imbert+ 1989 , 13.64 : -+ Freedman+ 1985
Spline comb 0.‘ N -~ 12.4 Madore+ 1975 M
120 ¥ ' F ‘ Martin+ 1979
( b 7 Moffett+ 1998 \ |
715 ; .
2 A 1321 J \
IS
X 110 s 7 5
- - 12.0 A
> y Wit
= 105
o n b I R k b, 54 k s j \
o f f i f f f f f 128 )
[] { (A Fy L
2 100 P W . R Ly
o e e & MBI ON v
»
™ o ! N 1241 T T T T T T T T T T T
%0 @’q gt e e - Laney+ 1986 =175 | 1024 - Laney+1986
' ¢ Welch+ 1987 + Welch+ 1987
5.4 T T T T T T
model, ptp= 684K Spline comb 10.54
= Spline Nod -
% 5.2 - - pline Nodes . " . | 10.0 |
m .
9 s0 o . | y i
= - 10.3 1 )
5 48 9.8 .
= - \ \ *

62.0 10-1‘®' ~ " 96

T T T T T T T T T T T T

600 1014 . Laney+ 1986 2 - Eggen+ 1977
\?=2.25
Welch+ 1987 1.4 Madore+ 1975
T 58.0 . +  Martin+ 1979
© .
= .
7 56.0 9.9 - | . .
€ . 1.2 : |
© . | .
5 540 . \ J . -
2 520 %777 P B 1.0 / %
< . . ’ A
50.0 . / \
9.5 N “
0.8
48.0 @ model ptp=14.31uas ® @
T T T T T T T T T T T T T T T T T T
0.0 02 0.4 0.6 0.8 10 00 02 04 06 08 10 00 02 04 06 08 10

pulsation phase

Fig. A.3. SPIPS model for SMC Cepheid HV821.
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Fig. A.4. SPIPS model for SMC Cepheid HV1333.

Al8, page 13 of 13


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731589&pdf_id=11

	Introduction
	Data sample
	SPIPS analysis
	Algorithm
	Colour excess and circumstellar envelope
	Distance to the LMC and SMC
	Binary Cepheids
	p-factor determination

	Discussion
	Linear fit and uncertainties
	P–p relation
	Period-radius relation
	Mid-infrared excess

	Conclusion
	References
	SPIPS model for 2 LMC and 2 SMC Cepheids

