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Abstract.
Even �16000 cycles after its discovery by John Goodricke in 1783, δ Cep, the proto-

type of classical Cepheids, is still studied intensively in order to better understand its

atmospheric dynamical structure and its environment. Using HARPS-N spectroscopic

measurements, we have measured the atmospheric velocity gradient of δ Cep for the first

time and we confirm the decomposition of the projection factor, a subtle physical quantity

limiting the Baade-Wesselink (BW) method of distance determination. This decomposi-

tion clarifies the physics behind the projection factor and will be useful to interpret the

hundreds of p-factors that will come out from the next Gaia release. Besides, VEGA/

CHARA interferometric observations of the star revealed a bright visible circumstellar

environment contributing to about 7% to the total flux. Better understanding the physics

of the pulsation and the environment of Cepheids is necessary to improve the BW method

of distance determination, a robust tool to reach Cepheids in the Milky Way, and beyond,

in the Local Group.
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1 Introduction

Classical Cepheids are yellow giants and supergiants pulsating stars used as stellar candles in the

universe up to 30 Mpc. The relation between their mean absolute magnitude and the logarithm of

their pulsation period, first discovered by [1], is currently used to calibrate the Type 1a supernovae

luminosity relation and the expansion rate of the universe (Hubble constant, H0; [2]). A 3.4σ tension

in H0 is found between the distance scale calibration (Cepheids + SN Ia) and the value derived from

the Cosmic Microwave Background (CMB) observed by Planck ([3]). There are two possibilities:

uncorrected biases affect one or both approaches, or new physics has to be considered in order to take

into account this tension ([2]). With the next Gaia release (DR2, expected in April 2018), the distance

of about 300 Galactic Cepheids will be derived with a precision of better than 3%. These distances

will be used first to constrain the Cepheid period-luminosity relation, but they will also bring strong

constrains on the physics of Cepheids, through the so-called inverse Baade-Wesselink (BW) method.

The BW method is used to determine the distance of Cepheids in the Milky Way and beyond, in

the Magellanic Clouds, and consists in combining the angular size variations of the star with its

linear size variation. The angular size variation can be determined using infrared surface-brightness

relations ([4, 5]), interferometry ([6]) or even a full set of photometric and interferometric data (SPIPS

approach; [7]). The linear size variation is deduced from spectroscopy. The radial velocity curve is

first derived from a spectral line profile or a set of spectral line profiles (cross-correlation). The radial

velocity curve is then multiplied by a projection factor, which is used to derive the true pulsation

velocity curve of the star. Finally this pulsation velocity curve is time-integrated in order to derive the

radius variation of the star. In this approach, the projection factor and the distance of the star are fully

degenerate. Thus, if the distance is known, the p-factor can be derived. This has been done for several

Cepheids already ([8, 9]), but with Gaia parallaxes, it should be possible to derive the projection factor

of about 300 Cepheids with a 3% precision. In this context, the p-factor decomposition into three sub-

concepts proposed by [10] will be useful in order to interpret the Gaia p-factors (Sect. 2). This is

even more promising since the decomposition of the p-factor has been confirmed observationally in

the case of δ Cep thanks to a set of HARPS-N data of exceptional quality (Sect. 3). Besides, a second

limiting aspect of the BW method, and even of the period-luminosity calibration, is the circumstellar

environment of Cepheids (CSE). These CSEs were already discovered in the infrared, in particular

in the case of δ Cep with a K-band flux contribution of 1.5% ([11]). Recently, we discovered a little

secret of δ Cep using VEGA/CHARA interferometric observations: the star appears surrounded by

a bright visible circumstellar environment (CSE), which was never observed before for any Cepheid.

The implication of such visible CSE on the BW method is still under investigation (Sect. 4).

2 The physical concepts behind the p-factor

As already mentioned the projection factor is used to convert the radial velocity into the pulsation

velocity of the star. For a Cepheid described simply by a uniform disk pulsating, its value is 1.5

(whatever the pulsation phase). But actually, the radial velocity of each surface element of the star is

projected along the light of sight and weighted by the intensity distribution of the Cepheid. The limb-

darkening of δCep reduces the p-factor significantly, and the so-called geometric projection factor (p0,

step 1 in Figure 1) is between 1.36 to 1.39, depending on the wavelength in the visible range. The

time variation of the p-factor, due mainly to limb-darkening variation, is neglected as it has no impact

on the distance ([12]). However, a Cepheid is not simply a limb-darkened pulsating photosphere,

it has also an extended atmosphere with various spectral lines (in absorption) forming at different

levels from which we derive the radial velocity curve used in the BW method. Moreover, there is

a velocity gradient in the atmosphere of the Cepheid, which can be measured from spectroscopic
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Figure 1. The p-factor decomposition is illustrated based on the hydrodynamical model of δ Cep (see [10]). The

different steps are explained in Sect. 2.

observations (step 2 in Fig. 1). Then, depending on the line considered, the amplitude of the radial

velocity curve will not be the same and the resulting projection factor will be different. In Figure 1

( fgrad, step 3), we show the impact of the atmospheric velocity gradient on the p-factor for a line

forming rather close to the photosphere (line depth of about 0.1). The higher is the line forming

region in the atmosphere, the lower is the projection factor (up to 3% compared to p0 in the case of

δ Cep). The last correction on the projection factor ( fo−g, step 4) is more subtle. In spectroscopy,

the radial velocity is actually a velocity associated with the moving gas in the line forming region,

while in photometry or interferometry, we probe an optical layer corresponding to the black body

continuum (i.e. the layer from which the photons escape). A correction on the projection factor

of several percents (independent of the wavelength or the line considered) has to be considered. A

relation between the period of Cepheids and the p-factor has been established using this approach for

a specific line ([10]) or using the cross-correlation method ([13]).

3 The case of δ Cep revisited with HARPS-N data

Using HARPS-N data, [14] derived for the first time the atmospheric velocity gradient of δ Cep, i.e.

the amplitude of the radial velocity as a function of the line depth (step 1 in Fig. 1). In order to re-

produce all observables we had to rescale consistently our hydrodynamical model of δ Cep (already

published by [15]), by applying a 7.8% increase on the amplitude of the velocity and radius vari-

ation curves, which, by definition, let the projection factor unchanged. The observed and modeled

atmospheric velocity gradient are plotted in Figure 2 (left). Two lines in our sample (on the lower

part of the figure) do not follow the relation for unknown reasons. Beside the hydrodynamical model

reproduces almost perfectly the amplitude and shape of the angular diameter curve of δ Cep obtained

from FLUOR/CHARA measurements by [16] (Fig. 2, right). The distance of δ Cep is known to few

percents ([17]). By considering FLUOR/CHARA interferometric measurements and this distance, it

is possible to inverse the BW approach and derive the projection factor for all lines in our sample (see
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Figure 3. The observed

p-factors (derived from

HARPS-N, FLUOR/
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interferometric

measurements (right).

Table 3 in [14]). The comparison between observed and theoretical projection factors (derived from

the hydrodynamical code) are plotted in Figure 3 (left). The agreement of the hydrodynamical model

with the atmospheric velocity gradient, the angular diameter curve and the individual projection fac-

tors associated to specific lines, supports the decomposition of the projection factor as described in

Section 2.

4 The bright visible environment of δ Cep revealed by VEGA/CHARA
observations

It is well known now that Cepheids, and in particular δ Cep, have infrared circumstellar environments

contributing to few percents of the total flux ([11]). Characterizing the CSEs of Cepheids, and in par-

ticular their radial brightness profile in several spectral bands, is of high importance in order to unbias

the period-luminosity relation. Recently, we observe δCep with the VEGA/CHARA instrument ([18])

and we discovered an unexpected visible CSE contributing to 7 ± 1 % to the total flux, with a size of

8.9 ± 3.0 mas (but a visible background filling the field of view of the interferometer is not excluded;

see [19]). Figure 3 (right) shows the visibility measurements associated to the shortest baseline of

the CHARA interferometer (S1S2). In order to reproduce the squared visibility measurements, one

needs to consider the CSE around the pulsating limb-darkened disk of the star, otherwise the model is

several σ above the measurements (whatever the observed pulsation phase considered). Furthermore,

[20] found the signature of a companion in recent spectroscopic data of δ Cep. Its expected flux con-

tribution is supposed to be lower than 1% in the visible, clearly not detectable by VEGA/CHARA.

Interestingly, δ Cep is also found to be a soft X-ray source ([21]).
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An improved BW method or SPIPS approach (with in particular well calibrated p-factors and

CSEs) will provide a robust tool to derive the distance of individual Cepheids up to few Mpc in the

Local Group. The problem of the metallicity dependence of distance indicators in the Local Group

will be then revisited in the framework of the Araucaria Project ([22]). After a long history, the

BW projection factor remains a key quantity in the calibration of the cosmic distance scale, and one

century after the discovery of the period-luminosity relation, Cepheid pulsation and environment is

still a distinct challenge.
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