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ABSTRACT

Context. As primary anchors of the distance scale, Cepheid stars play a crucial role in our understanding of the distance scale of
the Universe because of their period-luminosity relation. Determining precise and consistent parameters (radius, temperature, color
excess, and projection factor) of Cepheid pulsating stars is therefore very important.

Aims. With the high-precision parallaxes delivered by the early third Gaia data release (EDR3), we aim to derive various parameters
of Cepheid stars in order to calibrate the period-luminosity and period-radius relations and to investigate the relation of period to
p-factor.

Methods. We applied an implementation of the parallax-of-pulsation method through the algorithm called spectro-photo-
interferometry of pulsating stars (SPIPS), which combines all types of available data for a variable star (multiband and multicolor
photometry, radial velocity, effective temperature, and interferometry measurements) in a global modeling of its pulsation.

Results. We present the SPIPS modeling of a sample of 63 Galactic Cepheids. Adopting Gaia EDR3 parallaxes as an input associ-
ated with the best available dataset, we derive consistent values of parameters for these stars such as the radius, multiband apparent
magnitudes, effective temperatures, color excesses, period changes, Fourier parameters, and the projection factor.

Conclusions. Using the best set of data and the most precise distances for Milky Way Cepheids, we derive new calibrations
of the period-luminosity and period-radius relations: My, =-5.529.9015 — 3.141.90s50(log P — 0.9) and logR=1.763.9003 +
0.653.0012(log P — 0.9). After investigating the dependences of the projection factor on the parameters of the stars, we find a high
dispersion of its values and no evidence of its correlation with the period or with any other parameters such as radial velocity, tempera-
ture, or metallicity. Statistically, the p-factor has an average value of p = 1.26 +0.07, but with an unsatisfactory agreement (o~ = 0.15).
In absence of any clear correlation between the p-factor and other quantities, the best agreement is obtained under the assumption that
the p-factor can take any value in a band with a width of 0.15. This result highlights the need for a further examination of the physics

behind the p-factor.
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1. Introduction

Cepheids are the best-established standard candle. They link the
distance scale in the Local Group with type Ia supernova host
galaxies. A thorough understanding of the pulsation of these
stars is required to obtain the best accuracy on the Hubble con-
stant Hy (Breuval et al. 2020; Riess et al. 2021).

Obtaining accurate distances to Cepheid stars is still a
nontrivial issue. Cepheid distances may be derived through
main-sequence fitting for Cepheids in clusters or through the
measurement of their parallax. Recently, very precise geomet-
ric parallaxes for about 9500 Cepheids were measured by the
Gaia satellite (Gaia Collaboration 2020), which is the first com-

petitive alternative to Hubble Space Telescope (HST) parallaxes
(Benedict et al. 2007; Riess et al. 2018).

In addition, distances to classical Cepheids (CCs) can be
obtained from the parallax-of-pulsation method (PoP). In this
approach, the variation in the angular diameter of a Cepheid
is compared with the variation of its linear diameter, derived
from the integration of its pulsation velocity. The true pulsational
velocity of a star is derived by multiplying the disk-integrated
radial velocities (measured by spectroscopy) by a projection
factor (hereafter p-factor). In the absence of interferometric
measurements, angular diameters can be derived from surface-
brightness-color relations (SBCR): this particular implementa-
tion of the PoP technique is known as the Baade-Wesselink
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(BW) method (Baade 1926; Wesselink 1946). The PoP method
is the most geometrical way, except for measuring the direct par-
allax, to estimate the distance of Cepheids. This method is there-
fore valuable in calibrating the period-luminosity (P—L) relation,
also called the Leavitt law (Leavitt & Pickering 1912). However,
the assumptions behind the PoP method may introduce strong
sources of error on the derived distances. Especially the cur-
rent uncertainty on the p-factor value is still the main reason for
recent determinations of the Hubble constant based on Cepheid
distances to avoid relying on the PoP technique (Riess et al.
2009).

Meérand et al. (2015) developed the code called spectro-
photo-interferometry of pulsating stars (SPIPS). This is a vari-
ant implementation of the PoP method that uses atmospheric
models and combines all types of available data in order to
bypass the limitations of the traditional BW method that affect
the accuracy and precision of the derived parameters of a pul-
sating star. Unfortunately, previous studies using this method
(Mérand et al. 2015; Breitfelder et al. 2016; Kervella et al. 2017,
Gallenne et al. 2017; Trahin 2019) or alternatives (Ngeow et al.
2012; Storm et al. 2011; Pilecki et al. 2018) did not converge to a
consistent dependence of the p-factor because the few available
HST parallaxes were not very precise, because of the Gaia DR2
zeropoint uncertainty, or because the datasets were incomplete.

In this paper, we present the application of the SPIPS method
to a sample of CCs for which we used the best and most com-
plete data, in combination with the new Gaia EDR3 parallaxes,
and we derive various precise and consistent parameters and
investigate their dependences. This paper is similar to the study
by Gallenne et al. (2017), who performed a SPIPS analysis of
Large Magellanic Cloud (LMC) and Small Magellanic Cloud
(SMC) Cepheids for which they disposed of light curves in order
to derive the period-p-factor relation. The difference is that our
work is based on Milky Way Cepheids and uses a larger set
of data (effective temperatures, more complete photometry, and
radial velocities and diameters).

In Sect. 2 we introduce our sample of 63 Galactic Cepheids
with their data and present the SPIPS method. In Sect. 3 we
adopt Gaia EDR3 parallaxes as an input into the SPIPS algo-
rithm and apply this method to our sample of Cepheids. Our cal-
culations converge to a robust estimate of their parameters such
as radius, reddening, mean multiband magnitudes, effective tem-
perature, and p-factor. Finally, in Sect. 4 we test the accuracy of
the parameters derived from the SPIPS modeling by calibrating
the P-L and period-radius (P—R) relations, and we investigate
the dependences of the projection factor.

2. Cepheid data and fitting method
2.1. Cepheid sample and data

We built a database including most of the observations collected
in the past 50 years for more than 300 Cepheids (including our
own observations) in order to identify the stars with the best
dataset. The realization of the resulting database was made pos-
sible using the McMaster', Vizier (Ochsenbein et al. 2000), Sim-
bad (Wenger et al. 2000), AAVSO? | and ADS? databases. For
the application of the PoP technique, we only used a subset of
this database for which the data were ideal. We assumed that a
suitable dataset corresponds to a full phase-coverage, which is
associated with a good accuracy and a minimum dispersion of

! McMaster: https://physics.mcmaster.ca/Cepheid/
2 AAVSO: https://www.aavso.org
3 ADS: https://ui.adsabs.harvard.edu
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the data. Moreover, we required that all data had the correspond-
ing epoch of observation. The Modified Julian Date (MJD) of an
observation allowed us to determine the period and the period
changes of the star with the best precision, which is not possible
with the indication of the phase alone. This preliminary selec-
tion led to a sample of 63 Cepheids that covers a broad range of
periods from 3 to 68 days. This sample constitutes one of the
most complete, precise, and homogeneous samples of Galac-
tic Cepheids that are available for the application of the PoP
method. The references of all the data we used are provided in
Table A.1.

Photometry. Each Cepheid of our sample has at least pho-
tometric data in the optical B and V bands (which contain the
information about the temperature and reddening), and in the
near-infrared (NIR) J, H, K bands (which are less sensitive to
interstellar reddening and are more sensitive to the variation in
radius). We also used photometric data from spatial observato-
ries and surveys such as HIPPARCOS (H,, band) and Tycho (B
and V bands), Spitzer (I; and I, bands), 2MASS (J, H, and K
bands), and Gaia (G, BP, and RP bands). As recommended in
Breitfelder et al. (2016), we did not use R- and /-band photom-
etry because the effective bandpasses are poorly defined. In the
SPIPS algorithm, all photometric observations are modeled with
the dedicated filters available in the Spanish Virtual Observatory
database* (SVO, Rodri go & Solano 2020). Most of the data used
in this study are originally in the California Institute of Tech-
nology (CIT) system. However, only the South African Astro-
nomical Observatory (SAAO) filters are not available in the SVO
database. We converted the infrared photometry from the SAAO
system into the CIT system in order to include these data and to
obtain a better phase coverage of the NIR photometry. We used
the following equations from Carter (1990):

Jerr = Jsano — 0.134 (J = K)saao — 0.001 (o = 0.010),
Herr = Hsapo — 0.022 (J — K)sano + 0.004 (o= 0.013),
Kcir = Ksano — 0.027 (J — K)saao — 0.003 (o = 0.010).

In Sect. 4.1 we perform a second transformation of mean mag-
nitudes from the CIT to the 2MASS system in order to compare
our PL relations in infrared bands with other calibrations from
the literature. In the SPIPS adjustments, we decided to keep the
data (except for the SAAO data) in their original system as far
as possible in order to avoid introducing potential systematics
in the derived parameters. For safety, we introduced a conser-
vative systematic uncertainty of 0.01 mag in order to take the
different instrumental calibrations and photometric zeropoints
into account. This value is consistent with the average offset that
is generally observed when data from different instruments and
magnitude systems are combined (see, e.g., Barnes et al. 1997,
Breitfelder et al. 2016).

Radial velocities. The p-factor depends on the method that
is used to extract the radial velocity (such as cross-correlation
or broadening functions) because the velocity curves that are
obtained with different techniques can have a difference of up to
5% in amplitude (Nardetto et al. 2009). This must be taken into
account for studies that use the p-factor, in particular regard-
ing its dependence on other parameters such as the period. In
this work, we only used radial velocities determined from cross-
correlation techniques. As the p-factor directly depends on the
integrated radial velocity curve, we took care to use only precise
observations with full phase coverage and with a well-defined

4 SVO: http://svo2.cab.inta-csic.es/theory/fps3/index.
php?mode=browse
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amplitude. As observed in Kervella et al. (2019a), at least 80%
of the Cepheids belong to a multiple system. For most stars of
our sample, binary Cepheids are not excluded, but the effect on
the radial velocities and photometry is considered to be negligi-
ble. For some Cepheids, radial velocities are clearly affected by
a spectroscopic companion and were corrected for the Keplerian
motion using the orbital parameters from the Konkoly database’
in order to retain only the pulsation component. They are indi-
cated by a star in Table A.1.

A conservative uncertainty of 0.5kms™ was quadratically
included as a systematic error in order to take all the systematic
effects due to the combination of different datasets into account.

1

Effective temperatures. For some stars, we disposed of
effective temperature measurements, which are mostly pro-
vided by the series of papers by Luck & Andrievsky (2004),
Andrievsky et al. (2005), Kovtyukh et al. (2005), Luck et al.
(2008), Luck (2018), and Proxauf et al. (2018). In these papers,
the authors estimated the depth ratio of about 50 spectral lines
(described in Kovtyukh & Andrievsky 1999) in order to derive
the effective temperature of the star. These observations allowed
us to constrain the SPIPS models better and to evaluate the
consistency of the atmospheric models. We included an error
of 50K as a systematic error for the effective temperatures
(Breitfelder et al. 2016).

Angular diameters. In the past ten years, improvements in
interferometry enabled the direct determination of the angu-
lar diameter for some Cepheids. Several stars of this sample
were regularly observed with the CHARA and VLTI interfer-
ometers in order to obtain direct measurements of their angu-
lar diameter variations. These observations associated with the
SPIPS method already allowed us to obtain a better preci-
sion on the projection factor (Breitfelder et al. 2016). The new
raw data that we obtained with the PIONIER instrument of
the VLTI were reduced using the pndrs data reduction soft-
ware (Le Bouquin et al. 2011). We then adjusted the calibrated
squared visibilities with a uniform disk (UD) model to obtain the
UD angular diameters. A conservative uncertainty correspond-
ing to 2% of the angular diameter values was quadratically added
as a systematic (Kervella et al. 2004).

Distances. As input in the SPIPS code, we adopted the paral-
laxes from Gaia EDR3 (Gaia Collaboration 2020) and inverted
them to obtain the Cepheid distances. We note that using the
Bailer-Jones et al. (2021) approach to derive distances of 9000
Cepheids, the geometric distance (based on the parallax and
on the direction on the sky) and the photo-geometric distance
(which also includes the color and apparent magnitude of the
star) differ by 9 pc from the inverted Gaia EDR3 parallaxes on
average, with a largest difference of 230 pc. This comparison
confirms that the inversion of Gaia EDR3 parallaxes in order
to obtain Cepheid distances does not add biases to the com-
puted parameters. We corrected each parallax for their individual
zeropoint offset by using the dedicated Python code® described
by Lindegren et al. (2021a). Alternative procedures to determine
the zeropoint offsets were realized (Groenewegen 2021, e.g.,
suggested that the Gaia EDR3 parallaxes may be underestimated
by about 5%), but we limit this study to the Lindegren et al.
(2021a) corrections. The new Gaia EDR3 catalog also provides
the renormalized unit weight error (RUWE) indicator, which

> Konkoly orbital parameters: https://konkoly.hu/CEP/orbit.
html

6 EDR3 zeropoint code: https://www.cosmos.esa.int/web/
Gaia/edr3-code

represents the quality of a star’s parallax compared with other
stars of the same type. Lindegren et al. (2021a) recommended to
avoid the use of parallaxes with a RUWE indicator higher than
1.4. We find 16 stars in this case in our sample of 63 Cepheids:
we performed the SPIPS modeling successfully for these stars,
but we did not use them to calibrate the P—p, P-L, and P-R
relations, which depend on the distance. However, we made an
exception for § Cep, for which we had one of the best avail-
able datasets, with a full coverage of the interferometric angular
diameters and spectroscopic effective temperature curves. For
this star, Kervella et al. (2019b) found a close companion that
has a very precise Gaia EDR3 parallax with a RUWE of 1.415,
which is only slightly higher than the threshold for the other stars
of our sample. Only one other star (RS Pup) has a similar dataset,
which permits constraining the different parameters better.

The range of magnitudes G = [10.8 — 11.2] corresponds
to a transition of window classes (see Fig. 1 in Lindegren et al.
2021b) that might affect the accuracy of the zeropoint offset, but
none of our stars falls in this range. Finally, we followed the con-
servative recommendation by Riess et al. (2021) and increased
each parallax error by 10% to account for potential additional
excess uncertainty.

2.2. SPIPS fitting method

We used the SPIPS modeling tool” from Mérand et al. (2015) to
reproduce our observational dataset. This algorithm is inspired
by the classical BW technique. We here present the general idea
of the SPIPS method and refer the reader to Mérand et al. (2015)
for more details.

The motivation behind the SPIPS method is to bypass the lim-
itations of the traditional BW implementation, which affect the
accuracy and precision of the derived parameters. A main limita-
tion of the BW method results from the determination of angular
diameters through surface brightness-color relations using only
two photometric bands (generally V and K). In this case, the effec-
tive temperature and the angular diameter of the star are adjusted
from only two photometric measurements. Finally, a poor phase
coverage or a low-order interpolation of the different quantities
can prevent the precise determination of the parameters.

The approach of the SPIPS method is first to propose a
combination of all the data available in the literature for a
star. This includes spectroscopic radial velocities as well as
photometric measurements in any filter and optical interfero-
metric measurements. In the current code, we use radial veloc-
ities derived from cross-correlation. A future implementation is
in progress to directly reproduce the spectral lines from high-
resolution spectroscopy to derive RVs, effective temperatures,
and other parameters. The data are then adjusted simultane-
ously altogether, using a standard multiparameter y?> minimiza-
tion, in order to obtain more realistic estimates of the statistical
uncertainties, as opposed to a method that would fit consecu-
tive sets of parameters. The SPIPS code also determines the
period as well as the period changes of the pulsation by phas-
ing the data. The BW method generally makes the assumption
that empirical surface-brightness relations are linear in color
(e.g., V — K), which propagates a color bias on the distance. In
order to bypass these uncertainties, SPIPS computes the specific
surface brightness using a grid of ATLAS9 atmospheric models®

7 The SPIPS algorithm is available at: https://github.com/
amerand/SPIPS

8 ATLAS9 atmospheric models are available on: http://wwwuser.
oats.inaf.it/castelli/grids.html
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Fig. 1. Result of the SPIPS modeling for the Cepheid CD Cyg. The fitted observed data include radial velocities (fop left), effective temperatures
(middle left), and multiband photometry (right). Some main parameters derived from this modeling are listed above the plot. The distance is fixed
to the Gaia EDR3 parallax with the zeropoint correction by Lindegren et al. (2021b).

(Castelli & Kurucz 2004) to derive synthetic photometry from
the effective temperature. The photometric magnitudes are then
computed on this grid, using bandpasses and zeropoints from
the SVO database. If interferometric observations of the angular
diameter of a star are available, the effects of the limb darkening
have to be taken into account: in the SPIPS algorithm, the uni-
form disk angular diameters estimated from the observed visibil-
ities are converted into limb-darkening values using SATLAS’
spherical atmosphere models (Neilson & Lester 2013).

The interstellar reddening is parameterized in SPIPS using
the B — V color excess E(B — V) and the reddening law
from Fitzpatrick (1999), adopting Ry = 3.1. As explained in
Meérand et al. (2015), the reddening corrections in SPIPS are
computed on the basis of photometric observations of the star,
whereas in classical implementations of the BW method, they
are usually computed for a Vega-like star, which is much hotter
(10000 K) than Cepheids (~5000 K). Moreover, a circumstellar
envelope (CSE) is a frequent phenomenon around massive pul-
sating stars such as Cepheids (Hocdé et al. 2020; Gallenne et al.
2021). It introduces a bias on the interferometric angular diame-
ters and the NIR photometric measurements. The latter are char-
acterized by a magnitude excess and are taken into account in
SPIPS by adjusting a power law for the infrared excess, assum-
ing that there is no excess in optical wavelengths (1 < 1.2 um).
This law is defined as IR, = (1 — 1.2)%4, where « is the slope
of the relation and A is the wavelength of the photometric band
in um. Regarding interferometric measurements, the bias due to
a CSE depends on the baselines and on the angular diameter.
It is tabulated in SPIPS as a function of the infrared excess. The

® SATLAS:
A+A/554/A98

http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/
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visibilities of a limb-darkened disk surrounded by a CSE are syn-
thesized, and a uniform disk model is then adjusted to estimate
the bias.

For each CC, the phases of the data points were calculated
using their corresponding modified Julian date epoch of maxi-
mum light (MJDy). A strategic approach to fitting the data was
to start from a model whose general properties were close to the
observed data so that the model fitting would converge faster.
These starting model curves are third-order Fourier series whose
amplitudes and phases agree with the data. They were built from
a set of parameters found in the literature (e.g., the mean effec-
tive temperature, the period, and the MJDy) and by computing
mean values of the radial velocity and of the angular diameter
from the available data and distance of the star. Depending on
the properties of the different curves (e.g., bumps or steep vari-
ations), we then adapted the number of Fourier modes and thus
of free parameters to obtain a satisfactory representation of the
observed variations of the star. The Fourier series decomposition
is a robust method for studying the light curves of variable stars.
Fourier coefficients and parameters are commonly used today to
model a Cepheid light curve (Morgan et al. 2007; Deb & Singh
2009; Bhardwaj et al. 2015). The third-order coefficients in the
K band are listed for each star in Table E.1. These results can be
a used in future comparative studies aiming at constraining theo-
retical stellar pulsation models and determining pulsation modes
of Cepheids.

3. Results of the SPIPS modeling

The SPIPS model fitting was performed for each of the 63
Cepheids of our sample. The final SPIPS adjustment for the
Cepheid CD Cyg is presented in Fig. 1. The available data for


http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/554/A98
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/554/A98

B. Trahin et al.: Modeling the Cepheid pulsation with Gaia EDR3 parallaxes

Table 1. Best-fit mean parameters derived from the SPIPS modeling of our Cepheid sample.

Star Plx}p; RUWE* MID} Period p-factor (0] R E(B-YV) Tet vy IR [Fe/H]*
(mas) (days) (days) (mas) (Ro) (mag) (K) (km.s™") (mag) (dex)

V1162 Aql  0.823.0023 0.95 25802.8229 5.376.610-06 1.404.0072 0.325.0007 42.5:19 0.225.0021 5693.30 13.06.051  0.00.002  0.01.008
TTAql  0997.0003 1.08  48308.5708 13.755.5 00 1.218.003 0.760s001s 82.0s31 0.55l.00m 5470.50 3724051 00lsoer 0224006
U Aql 17655005 3.09 349220864 7.024, 1008 1219006 0.778s0016 474135 04175000 5735:0 1.53:051  0.0ls00r  0.172006
FMAql  1.014s000 126 351512026 6.11447 10 1.0641000 04650000 49320 0.669:0001 5788:50 —532s051 004000 0244006
SZAql  0.525.000 094 542283329 17.142,6,005 1.12410057 04640000 94.9.55 0.692.0001 546350 7.78:051  0.0liogy  0.184008
FN Aql 0.736+0.025 1.12 36803.2777 9.483.410-05 1.273.00s50 0.407.0008 594431 0.531.0021 5547.30 1297050 0.03:002 —0.06.006
7 Agl 37110005 2.56 480693905 7.177.1 10 1115:006 172820055 50.leso  0.162:0021 5790s50 —14.77205 0.07:000  0.08:008
SY Aur 0.462.0.020 1.08 36843.2737 10.144,610-05 1.101.00s8 02370005 55.1:36 0.510.0021 6005.30 —3.19.050 0.07:002 —0.07.0.15
RT Aur  1858.013 643 479569052 3.728,510m 1.525:0110 0703001 407a30 0.096.0001 60085 19.68:114 00li0g  0.132006
VY Car 0.565.0.017 0.92 48339.2975 18.902.410-0s 1.147.0037 0.517:0010 984446 0.347.0021 5370480  1.69.051 0.04:002 —0.06.05
¢ Car 19880111 239 477742368 35552, 1000 1.221s006s 291240058 1575:108 0223000 502lago 364050 0.04u000  0.10.0.5
DD Cas  0.346.005 1.05 42780.1785 98113100 1.39120062 0.19320000 59.9:34 05140001 5612:50 —69.542051 0.05:000  0.10.0.08
CF Cas 0.316:0012  1.04  37021.2586 4.875.610-06 137610062 0.122:0002 414125  0.623:0021 5690:80 —77.91:051 0.02:002  0.02:006
SWCas  046l.001 1.12  42989.0809 5441, 1005 132040075 0.196:0008 457020 0.536:0001 5846.g1 —41.55.058 0.07:000 —0.03:00
DL Cas 0.580-0.028 1.88 42779.7290  8.001.519-05 1.158.0062 0.306.0006 56.8:40 0.568.0021 5690.80 —31.90.050 0.02.000 —0.01.008
KNCen  025l.0is 1.03 543453702 34019, 00 13155000 0.423:000 181.5:105 0.87410003 5036155 —41.72.060 0.06:000 0.55:012
6 Cep 3.578.0.148 2.71 36075.0094  5.366.510-06 1.317.00s6 14540000 437227 0.092.0021 5907.50 —18.21.050 0.06.002  0.12:006
SCep™™  3483.0051 142 36075.0112 5366.2 100 13530005 1454s0009 449413 0.092:00m 5907.5 —1821s0s0 0.06s000  0.124006
V0459 Cyg 0.382.0014 1.09 36807.8044  7.252,5 1905 1.53410089 0.207.0004 58.3i32 0.801i0021 5640.8;1 —22.92.ps55 0.04:0020  0.09:006
SZ Cyg 0.445.0012 0.96 43306.9551 15.109.1 19-0+ 1.183.0041 0.348.0007 84.1.37 0.691.0021 5323.80 —9.95.050 0.07.002  0.09.008
V0538 Cyg 0.39%4.0017  0.99 427724485 6.119,3 105 14290105 0.176:0004 48.1u35  0.668.0021 5714430 —17.31.060 0.072000  0.05:006
V0402 Cyg 0.410.0011 0.92 41698.0525 4.365.710-06 1.403.0067 0.160.0003 42.0:18 04160021 5761.80 —13.45.052 0.03.000  0.02.008
CD Cyg 0.394.0016  1.01  48321.6400 17.075:61005 1.210200s4 0.355:0007 97.0:61  0.598.0021 5445.50 —8.89:052 0.05:002  0.15:006
X Cyg 0.910-+0.020 1.28 48319.5377 16.386.310-0s 1.258.0032 0.811:0016 959:36 0.297.0021 5315.80  7.66.050 0.03.:002  0.1040,08
MW Cyg  0.542.0010  1.21  42923.4094 5955, 1000 1.614so0s0 0.300s0006 596233 075420001 5793us0 —1249.051 0.04s000 009008
V0386 Cyg 0.894.0013 0.95 42776.4566 5.258.510-05 137110078 0.374:0008 45.1113  0.929.0020 5739.8p0 —6.73.054  0.09:002  0.11:008
VZCyg  0.545.0016 131 417051890 4.864,5 100 1248.000 0.199%000 39310 0.287.0001 579950 —19.93.050 0.04s000  0.05.008

B Dor 2.937.0140 454 502749458 9.843,, 005 138240070 1.763.0035 646445 0.063.0001 5581.s0  9.524051  0.07.000 —0.14400
¢ Gem 31120010 278 48707.9234 10.150.3 195 116540085 1.637:0033 56.6s57 0.040.0021 5520.50 5.79.050  0.06.002 —0.19.000
V Lac 0.496.0016  1.09  28900.5590 4.984,3 000 1.469.0072 0.214u0008 46443 04300001 6144,50 —24.044006 0.06.000  0.0640.06

BG Lac 0.581.0.019 1.43 35314.3374  5.332.610-06 1.147.00a5 02200004 40.8:20 0.324.0021 5759.80 —17.42.051 0.06.002  0.07.006
RRLac  0424.00is 110 427762031 6416, 105 130810060 0.225.0005 570532 038820001 35930ss0 —3821s051 0.02:000  0.04x006
Z Lac 0.510+0.021 1.05 48313.0699 10.886.310-0s 1.375:0065 0.342:0007 72.1544  0.460.0021 564730 —29.524050 0.03.0020  0.104006
Y Lac 043,005 1.05 417462637 43243100 11682000 0.154s0005 38.5:18 0206:0021 5905.50 —2348.001 0.08:000  0.03:006
CVMon  0.60l.005s 110 42772.6486 5379, 100 1242:000 0.237.0005 42417 0.826.000 571850 194905 003000  0.09:00
T Mon 0.745:0052 172 43783.9527 27.026.3 9 1.146:0082 0.944:0019 13641137 0.271s0021 5172480 22.03:050  0.03:002  —0.04:0.09
S Mus 1179000 450 403007624 9.660.3 1005 1.170.0101 0.684s001s 62.4u70 0.287:000 594lago —1.532051 0.07:000  0.13:000
S Nor 1.099.0.022 0.88 44018.5575 9.754.310-05  1.226.0037 0.657.0013 64320  0.290.0021 5723.80 5.40.051 0.04.:000  0.02:009
AWPer  1.093.000 1.16  42708.6556 6464, 1005 117510056 0.53420011 52.6:20 0.553.0001 5957as0 2.98:07¢  00liogr  0.04x006
RS Pup 0.581.9017 1.16 542157999 41.454,7 10-+ 1.228.0040 0.924.0019 171.0480 0.590.0021 5284.30 2528950 0.05.002 0.07:0.15
AQPup 0294005 118 S4587.1360 30.167.3100 1.253s0000 O0445.0000 1629.151 0.528.00 5075.81 60.82.05 —0.00.002 006005
VZPup 0220005 124 411211536 23174, 100 1290000 0221.0001 10824105 0.536s002 5595.51 62.88:05  0.04s000 —0.01s008
X Pup 0.397.0.020 1.04 54143.6693 25971,y 10-04+ 0.762.0053 0.381.0008 103.2.78 0.547.0022 5567.80 71.34.050 0.11i903  0.02.008
LS Pup 0.21440016  1.25 383756462 14.147.610-05 1.14440087 0.15610005 782483 0.606:0023 578ligs  81.0li0s1  0.12:000  —0.12:011
RY Sco 0.764+0.032 0.73 54670.5015 20.323.5 100+ 1.222.0061 0.778:0016 109.5.69 0.747.0021 5170.80 —18.714111 —0.00.002 0.01.006
V0636 Sco  1.180s005  1.15 514023165 6.797.010 1463:0131 0.590.0012 53.8s24 0.234s0001 55755 8.8ls0s1 004000  0.10.006
SS Sct 0.934.0.023 0.84 35315.0724  3.671.310-06 1.028.00s4 0.305:0006 35.1:14 0.398.0021 5973.81 —7.29.050 0.04:002  0.144006

Z Sct 0357.0015 090  36246.6385 12.901,5 000 119050071 026820005 809460 0.642:0001 5566.51 30.02:051 00lsoor 0122000
S Sge 1.70040.111 4.00 42678.3060 8.382.519-05 0.980.0067 0.778:0016 49.2147 0.148.0021 5744.30 —12.74:051 0.03:002  0.08:0.08
U Sgr 1.605:0023  0.85  30117.4812 6.745.6100 1.219:0028 0.757:0015 50.7:14 048610021 5746:80  2.62:050  0.00:002  0.08.008

BB Sgr 1.18840004  0.82  36053.0217 6.637.y 1905 1.252.0046 0.572:0012 51.8418  0.323.001 560181  6.61.050  0.03.000  0.084008
XX Sgr 0.724 10,027 1.10  52839.7171 6.424,, 1005  1.375:0080 0.316:0007 46.9.27 0.633:0022 5952.81 12.39.053  0.08:002 —0.01:006

W Sgr 2402.0177 395  48690.6794 7.595, 005 135640107 118040008 528456 0.149.0001 5798.50 —27.804050 0.05.000  0.024008
WZSgr  0.612.005 094  35506.5734 21.848,; 000 1.106400ss 0.612.0012 107.5.75 0.63l.0021 5285.50 —17.25.05 0.02.000  0.28.008
Y Sgr 20120058 176 47303.1276  5.773,7100 117840046 0.853s0017 456401 02710021 5797.50 —3.03.051  0.02.000  0.05.008
X Sgr 2.843.0141 122 487079150 7.013,; 1005 1.169.0062 1.345.0007 509437 0.277.0001 6047.5 —13.00.051 0.04.000 —0.21.030

V0350 Sgr 0.810.0060 243 353162602 5.154,7 1000 178340154 0.420.0008 558561 0.337.0021 5803450 17.724051  0.03.000  0.184008
ST Tau 091640034 1.35  41761.5441 4.034,5 006 1.228.0074 0.303.0006 35.6:20 04010001 5991.50 1.01.0s1  0.08.000 —0.1440.5
RZ Vel 0.661.0017 124  34845.9237 20.395,5,00s 1.087.0037 0.644u0013 104.7.45 0437.0001 5526450 25.66.054 0.06.000  0.05.0.15

U Vul 130840057  2.88  48311.1041 7.991, 005 133440067 0.777s0016 639441 0.666.0001 5839.50 —14.08.051 —0.004002 0.19.006
T Vul 17190055 120 417047260 4435, 100 1.389.00s1 0.605.0012 379420 0.07%0021 5978450 —1.10.050 0.06.000  0.01.008
S vul 0.237.0000 1.03 483319997 68.552.,00 1.178.0104 0.64040013 290.3.356 1.023.0001 5449.50 0.62.051 —0.004002  0.124006
SV Vul 0.402.0001 120  48307.7580 44.941,; 1000 1.297.0070 0.835.0017 22372173 0.56440001 5242.50 —1.1l.gs; —0.00.002  0.05.008
X Vul 0.864.0022  1.06  35308.5097 6.320,9 100 1.60740072 0.435.0000 54.1s22 0.806.0021 5801.s0 —14.29.051 0.04.000  0.07.008

Notes. Nonfitted parameters are indicated by a star (*). Systematic uncertainties are taken into account in the listed errors (see also Sect. 2).
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Fig. 2. Comparison of the color excesses derived by the SPIPS modeling
with the values of the literature from Kovtyukh et al. (2008), Stilism 3D
map (Lallement et al. 2018), and Fernie et al. (1995).

this Cepheid give a good example of the quality we reached for
most stars of the sample. Other examples of SPIPS models are
also provided in Figs. B.1-B.6 for different conditions of dataset.
They show the robustness of the models.

3.1. Main parameters derived by the SPIPS algorithm

The SPIPS algorithm returns various parameters from the mod-
eling of each of the 63 Cepheids, such as E(B — V) values,
dereddened apparent and absolute magnitudes, mean radius of
the star, infrared excess, and the projection factor. These param-
eters are provided in Table 1. The values agree well with those
of Gallenne et al. (2021), who derived parameters of 45 Galac-
tic Cepheids using the SPIPS algorithm, with a fixed p-factor
and a different dataset than the one adopted here, showing the
robustness of the method. In particular, they reported that the IR
excess of nearly 30% of the Cepheids is likely produced by a
CSE. We refer to this study for a detailed analysis of this effect.
For our sample of stars, the uncertainties on IR excess are rather
large and do not allow us to conclude about the presence of a cir-
cumstellar envelope at this stage. Adopting a precision threshold
of 30% of the IR excess value, which corresponds to the most
precise values of our sample, leads to approximately the same
fraction of Cepheids with detected CSEs as was observed by
Gallenne et al. (2021). In addition, given the large size of our
sample, we are able to exclude a correlation between the IR
excess and the period that was suggested by dusty-wind mod-
els. Hocdé et al. (2020) have proposed free-free emission as an
explanation for the formation of circumstellar envelopes.

The mean apparent magnitudes listed in Table C.1 corre-
spond to flux-averaged mean magnitudes. The B and V mag-
nitudes are in the Cousins and Johnson systems, respectively.
The NIR J, H, and Ky mean magnitudes, originally in the CIT
system, were converted into the 2MASS system using the fol-
lowing transformation relations from Monson & Pierce (2011),
with negligible transformation errors:

Komass = Kerr + 0.0010,005 (Jerr — Kerr) — 0.0190 004,

Jomass = Komass + 1.068¢ 009 (Jerr — Kerr) — 0.0200 .07,
Hovass = Komass + 1.0000.023 (Herr — Kerr) + 0.0340 g06.
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Fig. 3. Position of our Galactic Cepheids (with RUWE < 1.4) during
their pulsation phase in the Hertzsprung-Russell diagram. Blue and red
edges are from Anderson et al. (2016a) for fundamental (solid lines)
and first-overtone (dashed lines) pulsation modes and with or without
rotation.

The corresponding scatter in J, H, and K; bands is o =
0.018,0.014, and 0.014, respectively.

As mentioned in Sect. 2.2, the reddening E(B — V) can be
computed directly by the SPIPS algorithm instead of using val-
ues from the literature. Most values from literature are imprecise
or derived from inhomogeneous methods, which can have a sub-
stantial effect on the consistence of the derived values and on the
accuracy of the P—L relation calibration. We represent in Fig. 2
a comparison of the reddening values computed by the SPIPS
code with those from the Stilism 3D map (Lallement et al. 2018)
or derived by Kovtyukh et al. (2008) and Fernie et al. (1995).
The latter are used extensively in calibrations of the period-
luminosity relation (Groenewegen 2018; Breuval et al. 2021).

The dispersion between all these values is significant, but we
note that the SPIPS reddening values generally agree with the
others and are larger by 0.05 mag on average. The largest differ-
ences may be explained by the fact that as mentioned in Sect. 2.2,
the reddening derived by SPIPS is based on the photometry of
each star, whereas in the literature, it is obtained for a Vega-
like star, which is significantly hotter than Cepheids. Hocdé et al.
(2020) also pointed out that ionized-gas envelopes are likely to
obscure Cepheids in the optical bands from 0.05 to 0.15 mag,
approximately. This difference of color excess might be due to
a compensation in the SPIPS algorithm for the absence of a cir-
cumstellar envelope in the optical by an increase in E(B — V).
This would especially be the case for the models in which angu-
lar diameter, distance, and effective temperatures are constrained
by the observations.

3.2. Position in the Hertzprung—Russell diagram

The effective temperatures and luminosities derived from our
SPIPS analysis allowed us to precisely determine the variation in
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position of the studied Cepheids in the Hertzsprung-Russell dia-
gram during their pulsation phase (Fig. 3). Figure 3 shows the
very dynamic nature of these objects, which move significantly
outside of the instability strip during a pulsation. However, the
mean values of the effective temperature and the luminosity show
that these objects are mainly confined between the blue and red
edges defined by Anderson et al. (2016a). Moreover, the Cepheids
of our sample are closer to the blue edge on average. Although the
stars at the center of the strip seem to have higher amplitudes, no
strong correlation between the amplitude and the proximity of one
of the edges is visible, as was reported by Fernie (1990).

Our data cover almost 50 years of observations, which
also allowed us to derive new period change rates P (listed in
Table D.1). Negative period changes arise during the second
crossing of the instability strip, and positive period changes cor-
respond to a first or third crossing. These values are consistent
with the predictions by Fadeyev (2014). We can note in particu-
lar that most of our Cepheids are in their second or third crossing
of the instability strip. Figure 4 shows the linear dependence of
the logarithm of the period change on the period. The scatter
of this relation is mainly explained in Anderson et al. (2016a)
by the rotation dependence of P. Miller et al. (2020) showed
that rotation is insufficient to explain this distribution of period
change rates, and that other mechanisms such as mass loss are
required.

4. Discussion

4.1. Period-luminosity relation from SPIPS absolute
magnitudes

The Cepheid period-luminosity relation is of primary impor-
tance for measuring astronomical distances. In most recent stud-
ies, this relation is the foundation of the extragalactic distance
scale on which the determination of the local Hubble constant H
(Breuval et al. 2020; Javanmardi et al. 2021; Riess et al. 2021) is
based. Using the mean apparent magnitudes and color excesses
derived by the SPIPS models, we computed the absolute magni-
tudes and the astrometry-based luminosities (ABL, Arenou et al.
1999) from the Gaia EDR3 parallaxes with RUWE < 1.4.

Apparent magnitudes were corrected for the extinction using
the reddening law A, = R;E(B— V) with Ry = 3.10, R; = 0.815
and Rk, = 0.351 (Fitzpatrick 1999). A reddening-free Wesen-
heit magnitude W, g was also derived, defined by W,x = Ky —
0.756(J — Ky).

the crossing number as predicted by
Fadeyev (2014).

16 18 2.0

We then performed a weighted fit of the ABL function
and ensure the robustness of the fit by using a Monte Carlo
approach with 10 000 iterations. The absolute magnitudes were
parameterized around the pivot period log Py = 0.9 such as
M, = b, + a,(log P — 0.9) in order to reduce the correlation
between a, and b, and to minimize their respective uncertain-
ties. We accounted for the width of the instability strip by adding
in quadrature an additional term of 0.07 mag and 0.22 mag in Ky
and V, respectively, in the magnitude errors listed in Table C.1.

The derived PL relation in the Kg, V, and W;x bands are
represented in Fig. 5. The best-fit solution in the K band corre-
sponds to

MKS = —5.52910_015 - 3.1411.0_050(10gP - 09) (1)
In V and W,k bands, the best-fits are
My = —4.025.0.036 — 2.775+0.103(log P — 0.9) @

Wik = —5.803.0.009 — 3-199.0.034(log P — 0.9), respectively. (3)

The dispersion in the V, Kg, and W,g bands is 0.22, 0.18, and
0.18 mag, respectively. We note that our Kg -band calibration
agrees excellently with the result by Breuval et al. (2020) based
on Gaia DR2 parallaxes of companion stars and host open clus-
ters and by Breuval et al. (2021) based on Gaia EDR3 parallaxes
of Cepheids (without fitting a metallicity effect).

4.2. Period-radius relation from SPIPS radii

In recent years, the calibration of the period-luminosity rela-
tion has been given particular importance. However, the period-
radius relation of Cepheids also plays an important role in deter-
mining the masses and various parameters of these stars. As
stated by Gieren et al. (1998), this relation may also be used to
derive pulsational parallaxes of Cepheids in galaxies in which
radial velocity curves cannot be observed. For this purpose, we
computed the radius of each star from the angular diameter
curves modeled by the SPIPS algorithm using Gaia EDR3 par-
allaxes for Cepheids with a RUWE < 1.4. We derive the follow-
ing period-radius relation of Galactic Cepheids, represented in
Fig. 6:

IOgR = 1.763i0'003 + 0.653io.0]2(10gp - 09)

This relation has a relatively low dispersion (oo = 0.04) and
agrees well with the red and blue edges of the instability strip
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defined by Anderson et al. (2016c). We also note that it is com-
patible with the relation defined by Molinaro et al. (2011) at
short periods (log P < 1), and with the relation by Gallenne et al.
(2017) established for LMC Cepheids.

4.3. Period-p-factor relation

Many studies recently made use of the parallax-of-pulsation
method with the intention of calibrating the period-luminosity
relations (Fouqué et al. 2007; Storm et al. 2011; Groenewegen
2013; Breitfelder et al. 2016; Kervella et al. 2017; Gieren et al.
2018; Trahin 2019). As discussed in the introduction, the pro-
jection factor is still the main limitation of this method to derive
accurate distances that are competitive with geometrical par-
allaxes. Although the physics behind this parameter is better
understood nowadays through the various works by Nardetto
(2005), Nardetto et al. (2006, 2007, 2009, 2011, 2017), numer-
ous effects are still blurry. The limb-darkening is more impor-
tant for the most massive stars (i.e., stars with a longer period),
therefore most studies tend to conclude with a linear dependence
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Breuval et al. (2020) and Breuval et al.
(2021).

1.6 1.8 2.0

of the p-factor on the period with a negative slope. Dynamical
effects in the pulsating atmosphere might play a role as well.
However, Fig. 7 clearly shows the disparity of the P—p relations
found in the literature.

The unprecedented precision of the recent Gaia EDR3 par-
allaxes is a major tool in order to break the degeneracy of the
distance over p-factor ratio in the PoP method and to constrain
this parameter. Using the SPIPS implementation of the PoP tech-
nique described in Sect. 2.2, we computed the value of the pro-
jection factor for each star of our sample (with RUWE < 1.4).
These values are listed in the main Table 1 and are represented
as a function of the logarithm of the period in Fig. 8. We point
out that the radial velocities of six Cepheids with a RUWE < 1.4
are highly affected by a spectroscopic binary that can bias the
results, therefore we excluded them from the fit. These stars are
AW Per, VZ Cyg, V0636 Sco, X Sgr, MW Cyg, and Z Lac.
Two stars (6 Cep with the Gaia EDR3 parallax of its companion
and RS Pup) have a complete dataset with a full phase cover-
age of interferometric angular diameters, effective temperatures,
radial velocities, and multiband photometry. We note the high
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ments (blue points), we find the same dispersion of 0.14 around
154 the same fit. Finally, stars with only an effective temperature
(red points) show a scatter of 0.17 around the fit. The two
stars with both effective temperature and good interferometry
agree well with the slope of the fitted relation. There is no
indication that one type of data is responsible for the large
observed scatter. Additionally, it reinforces the robustness of the
g SPIPS method even for Cepheids with a limited dataset. Fit-
i ting a constant value through the points of Fig. 8 yields a pro-
Q

1.1 1 —.. This work (constant)
=== This work (linear)
—— Gieren+ 2005: p=1.58 - 0.15l0gP
= Nardetto+ 2009: p=1.31 - 0.08logP
Feast+ 2008: p=1.23
Storm+ 2011: p=1.55 - 0.186logP

—— Ngeow+ 2012: p=1.447 - 0.159l0gP ~
Neilson+ 2012: p=1.465 - 0.0546l0gP
Groenewegen+ 2013: p=1.5 - 0.24logP

—— Gallenne+ 2017: p=1.24 - 0.08(logP-1.18)

— Kervella+ 2017: p=1.25

—— Trahin+ 2019: p=1.339 - 0.163(logP-1)

1.01

1.0 1.2 14 1.6

logP (days)

0.4 0.6 0.8 1.8

Fig. 7. Comparison of several period-p-factor relations found in
the literature (Gieren et al. 2005; Nardetto et al. 2009; Feast et al.
2008; Stormetal. 2011; Ngeow etal. 2012; Neilsonetal. 2012;
Groenewegen 2013; Gallenne et al. 2017; Kervella et al. 2017; Trahin
2019). The gray region represents the dispersion of the values around
p = 1.26 derived in this study.

dispersion of the p-factor values and also some unexpected val-
ues with p > 1.5 (area delimited in gray in Fig. 8), which would
physically correspond to a limb brightening of the stellar disk
(instead of a limb darkening) or a reverse atmospheric veloc-
ity gradient (increase in velocity amplitudes toward the upper
part of the atmosphere), which are highly unlikely. The uncer-
tainties for these p-factors are rather large compared to best-
quality p-factors, which suggests that the data are not optimal.
On the other hand, we cannot firmly exclude any residual bias
in the parallaxes, for instance, or an effect related to the CSE of
Cepheids. Values lower than p = 1 (not found in this subsample)
would be physically possible if we were to consider that long-
period Cepheids (and therefore Cepheids with a large radius)
have stronger dynamics and an intense atmospheric velocity gra-
dient. Finally, no dependence on the period is clearly visible,
in agreement with the conclusion of the study by Pilecki et al.
(2018) using Cepheids in eclipsing binaries systems. Fitting a
linear relation through the points in Fig. 8 gives the following
relation between the period P and the p-factor:

p = 1.25149008 — 0.17240,024(log P — 0.9), 4

with a high dispersion of 0.15. Considering only stars with-
out effective temperatures and without interferometric measure-

jection factor of p = 1.26 + 0.07 with a dispersion of 0.15,
which is not significantly higher than the dispersion obtained for
Eq. 4).

Fixing this value to derive new distance estimates leads to a
more dispersed PL relation:

MKX = —5.488i().037 - 3.515i0412()(10gP - 09), (5)

with o = 0.22 mag, which is higher by ~21% than the previous
calibration (Eq. (1)). The quality criteria from Lindegren et al.
(2021a) were verified for these stars, and we assume that biases
due to a potential chromaticity effect (Breuval et al. 2020) are
negligible in the EDR3, therefore this suggests that Gaia EDR3
parallaxes are sufficiently precise to let an intrinsic dispersion of
the projection factor appear. Thus, the dispersion of the p-factors
and the presence of values outside of the expected range sug-
gest potential additional dependences of the P—p relation, or
physics of the projection factor that is still not well under-
stood. Pilecki et al. (2018) already suggested a dependence of
the p-factor on other parameters than the period, such as the
mass or radii. However, after some investigations, we did not find
any correlation between the projection factor and these parame-
ters or any other parameter, such as the mean effective temper-
ature (Fig. F.1), its amplitude (Fig. F.2), the parallax (Fig. F.3),
or the radial velocity amplitude (Fig. F.4). Regarding the depen-
dence on metallicity (Fig. F.5), the uncertainty of the individual
values is too high to conclude about the existence of two regimes.
From a theoretical point of view, Nardetto et al. (2011) predicted
no correlation between the metallicity and the p-factor. More-
over, when we consider stars with the same period but extremely
different p-factors in detail, no issue in the SPIPS modeling was
highlighted. No correlation of radius and mass is clearly visible,
in contrast to the suggestion by Pilecki et al. (2018).

A simplification made in the SPIPS algorithm is the param-
eterization of the infrared excess as a function of the wave-
length with the assumption that there is no excess or deficit in
optical bands. However, Hocdé et al. (2020) showed that this
effect, physically understood as being due to a circumstellar
envelope, can affect not only the infrared bands, but also optical
ones.

A102, page 9 of 23



A&A 656, A102 (2021)

2.0

1.84

1.61

Total error

p — factor
—eo—
———

—— Best fit: p = 1.251.40,008 - 0.17240.024(l0gP - 0.9) (x? = 5.79, 0=0.15)
Cepheid without Teff nor interferometry (0=0.14)
Cepheid with Teff (0=0.17)
Cepheid with Teff and good interferometry
Cepheid with good interferometry
Binary Cepheid

[
L]
°
b
Unexpected values
+ | Error due to the eGDR3 parallax
|

Q

o

—0.51

Fig. 8. Period-p-factor dependence of

0.6 0.8 1.0 1.2 1.4
logP (days)

5. Conclusions

We have presented the application of the SPIPS method to 63
Galactic Cepheids for which the most precise and complete
dataset is available for the application of the PoP technique.
This database covers almost 50 years of Cepheid observations,
including multiband photometry, spectroscopic radial velocities,
effective temperatures, and interferometric angular diameters.
This modeling allowed us to derive new precise and consistent
mean values of several parameters such as color excesses, period
changes, angular diameters, effective temperatures, multiband
mean apparent magnitudes, and the p-factor.

We established new calibrations of the period-luminosity and
period-radius relations. We finally investigated the value and
dependences of the projection factor: Gaia EDR3 parallaxes did
not allow us to highlight a significant correlation between the
p-factor and the period, but rather indicated that the p-factor is
consistent with a constant value of p = 1.27 + 0.06, with a sig-
nificant dispersion of 0.15. This dispersion and the presence of
unexpected p-factor values suggest that other important physi-
cal phenomena affect the PoP technique that have not yet been
identified. Additionally, this study suggests that the period-p-
factor relation may have an intrinsic width and/or may depend
on many individual properties. However, its physical origin is
still unknown and should be investigated in the future. We found
no correlations between the p-factor or other parameters such as
the mass, radius, effective temperature, or metallicity.

There are still several aspects to overcome before the p-
factor is understood, and the very first is probably to wait for
the final Gaia data release to obtain the best parallaxes possible
in terms of precision and accuracy. In particular, improved Gaia
distances in the next releases for Cepheids with many interfer-
ometric observations such as § Cep, RS Pup, 8 Dor, or { Gem
would permit us to obtain a better constraint on the p-factor.
Another aspect to improve is the measurement of atmospheric
velocity gradient using dedicated contribution functions of the
line-forming regions. One of the best hopes is also related to
the environment of Cepheids: recent studies appear to show that
the circumstellar environment of Cepheids might not be static
and may have some effects in the optical domain, and most
probably in a different way, depending on the position of the
Cepheids in the instability strip. This might explain the disper-
sion that we observe in the p-factors. This means that before
we model the Cepheids and the p-factor in greater detail, we
first need to understand the general scheme of the physics of the
close circumstellar environnements of Cepheid through ongo-
ing Cepheid observations in the NIR (MATISSE/VLTI) and opti-
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cal (CHARA/SPICA) domains. Moreover, parallel independent
applications of the PoP technique would allow us to understand
the physics of pulsating stars in more detail in order to con-
clude about the reliability of this method for the calibration of
the extragalactic distance scale.
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Appendix A: References of the complete dataset

Table A.1. References of the data available for the sample of MW Cepheids.

Star Photometry Radial Velocity Teq Ang. Diam.
V1162 Aql 1,2,3,4,5 6,7 8 -

TT Aql 1,2,3,4,5,9,10,11,12,13,14,15 7,16,17,18,19 8,20 21,22
U Aql** 1,2,3,5,11,12,13,14,15 17 8 21,23
FM Aql 1,2,3,4,5,9,10,11,13,15 7,17,19 8 -

SZ Aql 1,2,3,4,5,9,10,11,13,14,15,24 19 8,20 22
FN Aql 1,2,3,4,5,10,11,13 7,19 8 -

n Aql® 1,3,9,10,11,12,13,14,15 7,12,16,17,19 8,25,26 21,27,28,29
SY Aur 1,2,3,4,5,9,11,30 31 8 -

RT Aur® 1,2,3,4,5,9,10,11,12,14,32 7,12,17 8,33 22,23
VY Car 1,4,5,13,15,24,30,32,34 31 8 -

¢ Car*® 1,3,5,14,15,24,34 17,35 8 21,29
DD Cas 1,2,3,4,5,9,11 7,31,36 8 -

CF Cas 1,2,3,4,5,11,14,30 7,36,37,38 8 -

SW Cas 1,2,3,4,5,9,11,32 7 8 -

DL Cas** 1,2,3,4,5,9,11,14,30 7,17,36,37 8 -

KN Cen 1,3,4,5,15,24,30,34,39 31,38 - -

6 Cep** 1,3,5,9,10,11,14,40 7,16,17,19,36 8,33 27
V0459 Cyg  1,2,3,4,5,11 7,37,38 8 -

SZ Cyg 1,2,3,4,5,9,11,30 31 8 -
V0538 Cyg  1,2,3,4,59 7 8 -
V0402 Cyg  1,2,3,4,59,11 7,37 8 -

CD Cyg 1,2,3,4,5,9,11,13,14,30 7,17,31 8,20 -

X Cyg 1,3,4,5,9,10,11,12,13,14,30 7,12,16,17,19,36 8,20 22
MW Cyg* 1,2,3,4,5,9,11 7 8 -
V0386 Cyg  1,2,3,4,59,11 7,37 8 -

VZ Cyg* 1,2,3,4,5,9,10,11,13 16,17,19 8 -

B Dor* 1,3,5,14,15,24 17,18 8,26 21,29,41
¢ Gem® 1,3,5,9,11,12,14,42 7,12,16,17,36 8,25,26 28

V Lac 1,2,3,4,5,9,11 7 8 -

BG Lac* 1,2,3,4,5,10,11 19 8 -

RR Lac 1,2,3,4,5,9,11,30,32 7,36 8 -

Z Lac* 1,2,3,4,5,9,10,11,30,32 7,19 8,20 -

Y Lac 1,2,3,4,5,9,10,11 17,19 8,33 -

CV Mon 1,2,3,4,5,9,11,14,15,24 7,16,37 8 -

T Mon** 1,2,3,4,5,9,11,13,14,15,24,30,43  7,16,17,18,36 8,20 21,22
S Mus**® 1,3,4,5,13,24,32,39 17,18 8 21

S Nor 1,3,4,5,13,14,24,30,39 17,36 8 21
AW Per* 1,2,3,4,5,9,11,12 7,17,44 8 23
RS Pup 1,3,4,5,11,13,15,24,30,34,45 17,35 8,26 21
AQ Pup 1,3,4,5,11,24,30,32,34,46 16,31 - -

VZ Pup 1,3,4,5,15,24,30,32,34,43,46 16,17 8 -

X Pup 1,3,4,5,11,15,24,30,34 16,18,31 8,20 -

LS Pup 1,3,4,5,24,46 6,16 - -

RY Sco 1,4,5,11,13,15,24,30,34 31 8 -
V0636 Sco* 1,3,4,5,13,32,39 17,18 8 -

SS Sct 2,3,4,5,11,13,15 6,47 8 -

Z Sct 2,3,4,5,11,15,30,34 31 8 -

S Sge** 1,3,4,5,9,10,11,12,13,14,39 7,12,17,19 8,25 21,22
U Sgr 1,2,3,4,5,11,13,14,15,24,30,32 7,16,17,36 8,25 21
BB Sgr 1,3,4,5,11,13,15,24,32 7,16 8 -

XX Sgr 1,3,4,5,11,13 6,16 8,26 -

W Sgr** 1,3,4,5,11,13,14,32,39 17,18,36 8,25 -
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Table A.1. continued.
Star Photometry Radial Velocity Teg Ang. Diam.
WZ Sgr 1,2,3,4,5,11,13,14,24,30,34,39,43 7,31 8,20 -
Y Sgr* 1,3,4,5,11,13,14,15,32 6,16,17 8,26,33 21
X Sgr* 1,3,4,5,11,13,14,15,32,42 16,17 8 -
V0350 Sgr**  1,3,4,5,11,13 6,7,17,18 8 21
ST Tau 1,2,3,4,5,10,11,32 7,36 8 -
RZ Vel 1,3,4,5,15,24,32,34 17,48 8,26 21
U Vul** 1,2,3,4,5,9,10,11,12,14 7,17,19,36 8,25 21,22
T Vul 1,3,4,5,9,10,11,12,13,14,32 12,17,19,36 8,33 -
S Vul 1,2,5,13,14,24,30 7,17,31 8,20 21,22
SV Vul 1,2,3,4,5,9,10,11,12,13,14,24,30 7,16,17,19,36 8,20 21,22
X Vul 1,2,3,4,5,9,11 7,36 8,25 -

Notes. A star indicates Cepheids whose radial velocities are affected by a spectroscopic companion (see Sect. 2). A bullet point indicates stars
with RUWE >1.4.

References. (1)Berdnikov (2008); (2)Monson & Pierce (2011); (3)ESA (1997); (4)Gaia Collaboration (2018); (5)Cutri et al. (2003);
(6)Groenewegen (2013); (7)Gorynya et al. (1995)-Gorynya et al. (1998); (8)Luck (2018); (9)Szabados (1977)-Szabados (1991); (10)Barnes et al.
(1997); (11)Moffett & Barnes (1984); (12)Kiss & Szatmary (1998); (13)Welch et al. (1984); (14)Monson et al. (2012); (15)Pel (1976);
(16)Storm et al. (2011); (17)Borgniet et al. (2019); (18)Petterson et al. (2005); (19)Barnes et al. (2005); (20)Kovtyukh et al. (2005); (21)PIO-
NIER; (22)CLASSIC; (23)MIRC; (24)Laney & Stobie (1992); (25)Luck & Andrievsky (2004); (26)Proxauf et al. (2018); (27)FLUOR; (28)PTI;
(29)VINCI; (30)Harris (1980); (31)Anderson et al. (2016b); (32)AAVSO; (33)Andrievsky et al. (2005); (34)Madore (1975); (35)Anderson (2014);
(36)Bersier et al. (1994); (37)Metzger et al. (1991, 1992); (38)Pont et al. (1994)-Pont et al. (1996); (39)Walraven et al. (1964); (40)Engle et al.
(2014); (41)SUSI; (42)Feast et al. (2008); (43)Coulson & Caldwell (1985); (44)Evans (2000); (45)Kervella et al. (2017); (46)Schechter et al.
(1992); (47)Groenewegen (2008); (48)Szabados et al. (2015).

Appendix B: Examples of SPIPS fits

SS Sct (P~ 3.671d) p=1.028 d=1070.4pc E(B-V)=0.398; IR., = 0.037() - 1.200)°°° mag
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Fig. B.1. Result of the SPIPS modeling for the Cepheid SS Sct (P=3.67 days). This star is representative of a bad dataset in the adopted sample
that has only a few radial velocity data and dispersed photometry.
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AQ Pup (P~30.167d) p=1.253 d= 3.4kpc E(B-V)=0.528; IR, = -0.000( - 1.200)°4%° mag
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Fig. B.2. Result of the SPIPS modeling for the Cepheid AQ Pup (P=30.17 days). Only multiband photometry and radial velocities are available
for this star, but with a full phase coverage and a low dispersion.
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Fig. B.3. Result of the SPIPS modeling for the Cepheid LS Pup (P=14.15 days). Only multiband photometry and radial velocities are available for
this star, but with a full phase coverage and a low dispersion. Moreover, its light curves present a strong bump, which makes the adjustment more
complex.
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AW Per (P~ 6.464d) p=1.175 d=915.2pc E(B-V)=0.553; IR., = 0.012(} - 1.200)°“°° mag
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Fig. B.4. Result of the SPIPS modeling for the Cepheid AW Per (P=6.46 days). Spectroscopic effective temperatures and full phase coverage
multiband photometry and radial velocities are available. As for CD Cyg represented in the main body of the present paper, the dataset of this star
is representative of the quality we reached for most stars of the sample.
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Fig. B.5. Result of the SPIPS modeling for the Cepheid RS Pup (P=41.45 days). Through a complete

0.2 0.4

0.6

accurate EDR3 parallax, this star represents one of the best adjustments available in this sample.

and precise dataset associated with an
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Fig. B.6. Result of the SPIPS modeling for the Cepheid 6 Cep (P=5.36 days). This star has the most complete dataset available, with interferometric
angular diameters, spectroscopic effective temperatures, and full phase coverage multiband photometry and radial velocities from many studies.
The Gaia EDR3 parallax used in this adjustment is unreliable, with a RUWE parameter of 2.71. In order to take advantage of its data, we present

in Table 1 the results of the adjustment using the accurate Gaia EDR3 parallax of its companion derived by (Kervella et al. 2019b).

Appendix C: Mean apparent magnitudes derived from SPIPS modeling

Table C.1. Flux-averaged mean apparent magnitudes (not dereddened) derived from the SPIPS modeling in visible and infrared bands.

Star B GBP |4 G GRP J H KS 11 12
(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
V1162 Aql - 8.06 7.79 7.55 6.92 6.13 5.80 5.69 - -
TT Aql - - 7.13 6.69 5.85 4.66 4.19 4.01 3.88 3.89
U Aql - - 6.43 - - 4.38 3.99 3.85 3.73 3.73
FM Aql - 8.60 8.26 7.78 6.90 5.68 5.21 5.02 - -
SZ Aql - - 8.63 8.11 7.19 5.86 5.34 5.14 4.98 4.98
FN Aql - 8.69 8.37 7.92 7.10 5.95 5.49 5.31 - -
n Aql - - 3.87 - - 2.40 2.07 1.96 1.86 1.86
SY Aur - 9.36 9.05 8.69 7.94 6.92 6.53 6.36 - -
RT Aur 6.11 5.68 5.44 5.32 4.83 4.22 3.98 3.90 3.85 3.85
VY Car - - 7.46 7.13 6.39 5.37 4.93 4.77 - -
¢ Car - - 3.73 - - 1.68 1.21 1.05 0.95 1.00
DD Cas - 10.1 9.87 9.45 8.64 7.53 7.08 6.90 - -
CF Cas - 11.4 11.1 10.6 9.79 8.59 8.13 7.95 7.80 7.79
SW Cas - 10.0 9.69 9.29 8.50 7.41 6.99 6.81 - -
DL Cas - 9.28 8.96 8.51 7.68 6.54 6.11 5.93 5.79 5.78
KN Cen - - 9.85 9.11 8.05 6.41 5.72 5.45 - -
0 Cep - - 3.93 - - 2.67 2.39 2.29 2.22 2.21
V0459 Cyg - 10.9 10.5 9.96 9.00 7.61 7.07 6.85 - -
SZ Cyg - - 9.41 8.84 7.91 6.53 5.95 5.73 - -
V0538 Cyg - 10.7 10.4 9.94 9.05 7.81 7.31 7.10 - -
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Table C.1. Continued.

Star B GBP |4 G GRP J H KS 11 12
(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
V0402 Cyg - 10.1 9.85 9.50 8.78 7.80 7.41 7.26 - -
CD Cyg - - 8.95 8.48 7.61 6.36 5.85 5.65 5.49 5.49
X Cyg - - 6.39 6.09 5.36 4.38 3.94 3.79 3.69 3.72
MW Cyg - 9.81 9.47 8.93 8.01 6.69 6.20 5.99 - -
V0386 Cyg - 9.94 9.57 8.92 7.88 6.37 5.80 5.54 - -
VZ Cyg - 9.22 8.94 8.69 8.04 7.20 6.85 6.72 - -
B Dor - - 3.73 - - 2.36 2.03 1.93 1.85 1.86
{ Gem - - 3.88 - - 2.52 2.20 2.10 2.02 2.04
V Lac - 9.22 8.91 8.63 7.95 7.03 6.68 6.53 - -
BG Lac - 9.16 8.87 8.58 7.91 7.02 6.64 6.50 - -
RR Lac - 9.15 8.86 8.56 7.88 6.97 6.62 6.48 - -
Z Lac - 8.75 8.42 8.05 7.28 6.23 5.81 5.65 - -
Y Lac - 9.42 9.15 8.96 8.38 7.63 7.31 7.19 - -
CV Mon - 10.6 10.2 9.68 8.70 7.30 6.78 6.56 6.37 6.34
T Mon - - 6.13 5.83 5.09 4.09 3.64 3.48 3.38 3.42
S Mus 6.98 6.40 6.13 5.89 5.26 4.45 4.12 3.99 - -
S Nor - 6.71 6.43 6.15 5.50 4.64 4.28 4.15 4.05 4.05
AW Per - 7.78 7.46 7.08 6.29 5.22 4.84 4.67 - -
RS Pup - - 7.01 - 5.63 4.35 3.81 3.60 - -
AQ Pup - - 8.65 8.17 7.29 6.00 5.46 5.26 - -
VZ Pup 10.9 10.0 9.64 9.24 8.43 7.27 6.82 6.63 - -
X Pup - 8.89 8.50 8.11 7.28 6.09 5.60 5.40 - -
LS Pup - 10.7 10.4 10.0 9.18 7.99 7.51 7.31 - -
RY Sco 8.37 8.00 7.36 6.38 4.92 4.33 4.10 - -

V0636 Sco  7.58 6.92 6.64 6.38 5.73 4.89 452 439 - -
SS Sct - 8.48 8.20 7.9 7.21 6.29 5.94 5.80 - -

Z Sct - - 9.58 9.09 8.21 6.96 6.48 6.28 - -
S Sge - 5.88 5.61 543 4.86 4.14 3.84 3.73 3.66 3.66
U Sgr 7.80 7.00 6.69 6.31 5.54 4.49 4.09 3.94 3.82 3.81
BB Sgr 7.95 7.24 6.94 6.64 5.94 5.02 4.63 4.50 - -
XX Sgr - 9.18 8.84 - 7.58 6.42 5.97 5.77 - -
W Sgr 545 4.92 4.65 4.49 3.93 3.22 291 2.80 272 272
WZ Sgr - - 8.03 7.52 6.61 5.28 4.75 4.54 4.38 4.40
Y Sgr 6.63 6.01 5.73 - 4.85 4.03 3.69 3.57 3.48 3.48
X Sgr 5.35 4.80 4.54 4.32 3.72 2.94 2.64 2.52 242 2.40
V0350 Sgr - 7.76 747 7.18 6.51 5.62 5.26 5.12 - -
ST Tau 9.16 8.50 8.20 7.91 7.22 6.30 5.93 5.77 - -
RZ Vel - - 7.08 - 5.97 4.89 4.45 4.27 - -
U Vul 7.43 7.09 6.62 5.75 4.55 4.12 3.93 3.78 3.77

T Vul 6.39 5.98 5.74 5.62 5.13 4.53 4.27 4.18 4.11 4.11
S Vul - - 8.95 - - 543 4.83 4.57 4.35 4.33
SV Vul - - 7.21 6.72 5.84 4.58 4.07 3.87 3.73 3.76
X Vul - 9.17 8.81 8.25 7.29 5.93 543 5.21 - -

Notes. The statistical uncertainties are up to 0.008 mag, and we considered a 0.01 systematic uncertainty in order to take the photometric zeropoints
into account. For some Cepheids, B photometry was available, but was not taken into account in the modeling because the temperature of the star
is low (see Sect. 2.2))
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Table D.1. Period changes dP/dt (in s/yr) derived from the SPIPS models.

Star MIDO dP/dt Py P, P, Ps P, Ps Ps
V1162 Agl  25802.823  0.077 5.376.6100 21009 - - - - -
TT Agl 48308.571  -0.549  13.755.5500s -2.100%8 - - - - -
U Aql 34922.086  0.235 7.024.00005 71070 - - - - -
FM Aql 35151.203  -0.022 6.114 7190 -7.1070 - - - - -
SZ Aql 54228333 3.821 1714265005 110707 - - - - -
FN Agl 36803.278  -1.757  9.483.4590  -6.100% - - - - -
7 Aql 48069.390  -0.092 71077400 -3.1009 - - - - -
SY Aur 36843274 0989 10.144.51005  3.1079% ., - - - - -
RT Aur 47956.905  -0.196  3.728.5590  -6.100% - - - - -
VY Car 48339.297  -36.269 1890245005  -1.107% - - - - -
¢ Car 47774237 27.558  35.552.1500 L1075, -6.10712 . -41005% - - -
DD Cas 42780.178  1.240 98113100 410798 - - - - -
CF Cas 37021.259  -0.344  4.875.6500 110798, - - - - -
SW Cas 42989.081  -0316 54415005  -1107% - - - - -
DL Cas 42779729 -0.040 80015905 -1.107% - - - - -
KN Cen 54345370 -34352 3401900 11075 - - - - -
5 Cep 36075.009  -0.013  5.366.5500  -4.1070° - - - - -
V0459 Cyg  36807.804  -0.258  7.252.5 1005 8.107%° o - - - - -
SZ Cyg 43306.955  0.890 15109550  3.100% - - - - -
V0538 Cyg 42772448  -0.025  6.119,5 005 8102 - - - - -
V0402 Cyg  41698.052  -0.295 436570  -9.100% ., - - - - -
CD Cyg 48321.640  0.676  17.075.6500s  2.10708 - - - - -
X Cyg 48319538 1709 16386435005 51009 - - - - -
MW Cyg 42923.409  0.099 5.955.1100 31009 - - - - -
V0386 Cyg 42776457  -0.556 525850 21070 - - - - -
VZ Cyg 41705.189  -0.188  4.864,55006  -6.100% - - - - -
S Dor 50274.946  -0.060  9.843.5 5005  -2.1009 - - - - -
¢ Gem 48707.923 0929 10.150.35005  -3.100%% - - - - -
V Lac 28900.559  -0.510 49843500  -2.100% - - - - -
BG Lac 35314337 -0.255 5332500  -8.1009 - - - - -
RR Lac 42776203 -0.150 64161590 -5.10;% - - - - -
Z Lac 48313.070 0270 10.886.3590s  9.1009 - - - - -
Y Lac 41746264 -0.004 43243500  -1.1003 - - - - -
CV Mon 42772.649  0.055 53791100 21009 - - - - -
T Mon 43783.953 15945  27.026.350%  5.1009 - - - - -
S Mus 40300.762  0.224 9.660.31005  7.107% - - - - -
S Nor 44018.558  0.412 975431005 110798 - - - - -
AW Per 42708.656  0.158 646411005 5.1070% - - - - -
RS Pup 54215800  23.042 414545500 5109, 51079 . 1102 L107lS ., 31072 L -
AQ Pup 54587.136  133.297  30.167.3500+ 410708 o 31071 . - - - -
VZ Pup 41121154 2934 231744500 910798 - - - - -
X Pup 54143.669 7752 25971400 11070 o 20008 - - - -
LS Pup 38375.646  -0.009  14.147.6100s 31000 - - - - -
RY Sco 54670502 4.005 20323500 21077 7000 . - - - -
V0636 Sco  51402.316 0052 6.797.5190  -2.100% - - - - -
SS Sct 35315.072  0.026 3.671.000 81070 - - - - -
Z Sct 36246.638  0.800  12.901.s500s  3.1079% ., - - - - -
S Sge 42678306  -0.003  8.382,5 ¢-s 110710 - - - - -
U Sgr 30117.481  -0.039  6.745.5100  -1.1079 - - - - -
BB Sgr 36053.022  0.090 6.637.110  3.100% - - - - -
XX Sgr 52839.717  -0.069 64241005 21009 - - - - -
W Sgr 48690.679  0.145 7.595.10005  5.100% L, 210783 - - - -
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Star MJDO dP/dt P, P, P, Py Ps Ps
WZSgr 35506573 4385  21.848,,0m  1.10}7, - - - -
Y Sgr 47303.128 0022 577300 71000 - - - -
X Sgr 48707915 0.047 7013500 L1090 - - - -
V0350 Sgr 35316260 0215 5.054u,00 71009 - - - -
ST Tau 41761544 0077 4034500 21000 - - - -
RZ Vel 34845924 3.658  20.395.5,00 110}, - - - -
U vul 48311.104  -0.161 7915500 -5.100% - - - -
T Vul 41704726 0.077 44355500 210008 11072, 31077 - - -
S Vul 48332000 -840.466  68.552.6100 91070 L, 4100, 210012, 9000 . 81072, 410 .,
SV vl 48307.758 248143 44941, 00 30000, 410% ., 61075 ., -n1076 o 2102 L, 1102
X vul 35308510 -0.660 63200500  -2.100% - - - - -

Notes. The period P(x) in days is given by the polynomial expression P(x) = Py + P1x + Pyx? + P3x> + P4x* + Psx® + Pgx® with x = MID — MJID,

and Py in days, P; in s/year.

Appendix E: Fourier coefficients

Table E.1. First three order coefficients of the Fourier series in the K -band photometry (not dereddened). Fourier series are of the form f(x) =

Ay + Zfi, A; cos2mix + ¢;).

Star Ag Ay Ay Az é1 b2 ¢3

V1162 Aql 571 0.08 -0.02 -0.01 148 -041 0.1
TT Aql 4.04 0.16 -0.02 -0.01 1.18 -091 -043
U Aql 3.87 0.10 -0.03 -0.01 1.35 -0.60 041
FM Aql 504 008 -0.02 -001 158 -045 0.26
SZ Aql 517 0.17 0.03 -0.01 1.05 1.86 -0.55
FN Aql 534 0.11 0.01 0.00 1.92 -1.37 0.00
n Aql 198 0.10 -0.02 -0.01 140 -045 032
SY Aur 638 -0.08 -0.02 -0.00 -1.01 0.91 0.19
RT Aur 3.93 008 -0.02 -0.01 1.60 -0.61 0.05
VY Car 480 0.18 -0.03 -0.01 1.10 -1.32 -0.77
¢ Car 1.08 0.15 -0.03 -0.01 1.17 -1.15 -0.30
DD Cas 692 0.11 -0.01 -0.00 1.66 1.23  -5.06
CF Cas 797 008 -0.02 -001 148 -053 0.3
SW Cas 6.83 009 -0.03 -0.01 1.54 -050 047
DL Cas 595 0.08 -0.02 -0.01 144 -045 0.82
KN Cen 548 0.19 0.04 -0.02 1.01 -4.51 -0.67
0 Cep 232 009 -0.03 -0.01 1.51 -0.61 0.18
V0459 Cyg 6.88 0.09 -0.02 -0.01 1.37 -0.55 0.51
SZ Cyg 575 016 -0.02 -0.01 130 -0.97 -0.39
V0538 Cyg 7.13 0.08 -0.02 -0.00 150 -037 0.59
V0402 Cyg 7.29 0.08 -0.02 -0.01 1.68 -0.29 0.66
CD Cyg 568 0.18 0.03 -0.01 098 -446 -0.59
X Cyg 3.82 0.17 -0.03 -0.01 1.15 5.04 -0.75
MW Cyg 6.02 009 -0.03 -0.01 1.37 -0.60 0.14
V0386 Cyg 5.57 0.09 -0.02 -0.01 144 -0.76 0.00
VZ Cyg 6.75 009 -0.02 -0.01 144 -0.68 0.06
B Dor 1.95 0.10 -0.01 -0.00 1.81 1.29 1.03
{ Gem 2.12  0.09 0.01 0.00 191 -149 -094
V Lac 656 0.10 -0.03 -0.02 1.51 -0.71 -0.03
BG Lac 6.53 0.08 -0.02 -0.01 1.53 -047 044
RR Lac 6.51 0.09 -0.03 -0.01 1.63 -0.39 0.28
Z Lac 567 0.13 -0.02 -0.01 1.60 0.53 0.40
Y Lac 7.21 0.08 -0.03 -0.01 1.60 -048 0.29
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Star Ay A A Az ?1 2 ?3

CV Mon 6.58 0.09 -0.03 -0.01 1.41 -0.70  0.08
T Mon 351 018 -004 -0.02 1.18 -1.13 -0.44
S Mus 401 -0.08 -0.02 000 -0.81 -450 -4.03
S Nor 4.18 -0.09 -0.01 000 -1.09 -458 0.00
AW Per 470 0.09 -0.03 -002 147 -057 0.05
RS Pup 363 019 003 -001 1.00 -448 -0.59
AQ Pup 530 0.22 0.05 -0.02 096 -452 -0.75
VZ Pup 666 022 -005 -003 1.00 -1.22 -0.29
X Pup 543 0.18 -0.05 -0.02 094 477 -0.74
LS Pup 734 0.16 -0.02 -0.01 1.28 -0.31 -0.06
RY Sco 413 0.13 -0.02 -001 128 -0.63 0.31
V0636 Sco 442 0.08 -0.02 -0.00 153 -024 1.02
SS Sct 583 006 -0.02 -0.01 1.71 -048  0.57
Z Sct 631 0.14 -002 -001 141 -0.02 0.06
S Sge 376 009 -0.02 -001 131 -0.69 098
U Sgr 396 0.09 -0.02 -0.01 142 -0.53 0.28
BB Sgr 452 008 -0.02 -001 148 -0.28 0.69
XX Sgr 580 0.11 -0.03 -0.02 135 -0.80 -0.13
W Sgr 283 0.10 -0.03 -0.02 128 -0.79 042
WZ Sgr 457 018 -0.04 -002 1.11 -1.23 -0.64
Y Sgr 360 009 -0.02 -001 155 -049 0.23
X Sgr 255 008 -0.02 -0.01 1.83 0.05 0.83
V0350 Sgr 5.15 0.09 -0.03 -0.01 147 -059 0.22
ST Tau 580 009 -003 -001 156 -0.68 -0.07
RZ Vel 430 0.18 0.04 -0.02 092 -462 -0.81
U Vul 396 0.08 -0.02 -0.01 148 -0.74 0.65
T Vul 421 0.09 -0.02 -001 163 -041 040
S Vul 459 0.12 0.01 -0.00 096 -449 -049
SV vul 390 0.18 -0.03 -0.01 0.78 1090 -0.67
X Vul 523 0.10 -0.03 -0.01 139 -0.69 -0.22

Appendix F: Dependence of the projection factor on other parameters

1.8

1.6

L 1.4

2

|9}

8

| —_——

Q l d

T

1.2 1 I
1.0

Unexpected values
[  Error due to the eGDR3 parallax

I I Total error

s

-

1

5000

5200

5400

Teff (K)

5600

5800 6000

Fig. F.1. Projection factor as a function of the effective temperature (RUWE<1.4 only).
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