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THE DISTANCE SCALE



PARALLAX OF PULSATION

Contraction

Expansion

Max radius

Min radius

Radial velocity

1.50

1.55

1.60

1.65

1.70

1.75

0 0.2 0.4 0.6 0.8 1Phase

DU (mas)

θ max

θ min

Angular diameter



1.50

1.55

1.60

1.65

1.70

1.75

0 0.2 0.4 0.6 0.8 1Phase

DU (mas)

Interferometry / Surface brightness

Angular diameter (milliarcseconds)

-6

-4

-2

0

2

4

6

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

V
a

ri
a

ti
o

n
 d

e
 R

a
y
o

n
 (

R
s
o

le
il)


Phase

Spectroscopy

Radius variation (Rsun)

Phase

The distance d is given by the relation:

d =
2�R(T )
�✓(T )

=
�2 k p

R T
0 vrad(t) dt

✓UD(T )� ✓UD(0)
p = projection factor
k = limb darkening correction



THE P-FACTOR

• Pure geometry = 1.5
• Limb darkening component < 1
• Atmosphere dynamics = ?

Pulsational
velocity

Radial
velocity

Disk-integrated 
radial

velocity

Main limitation for PoP Cepheid distances
Nardetto et al. (2009, A&A, 502, 951)



A&A 584, A80 (2015)

Fig. 3. � Cep data fit. Various panels show pulsation and radial velocities with spline model and residuals (panel a)); angular diameters and
residuals, with the baseline color-coded for the data and CSE-biased model – as a dash line, based on the model shown in Fig. 2 – (panel b));
e↵ective temperatures (panel c)); photometric measurements and models (panels d) to k)) for di↵erent photometric bands or colors. Typical error
bars are shown on the right side of the plot, below the reduced �2 values.

For example, the slow (compared to the pulsation time) evolu-
tion of the star’s interior leads to a first-order period change. The
amount of linear change is an indicator of the evolutionary stage
of the Cepheids and can be computed theoretically (see, for ex-
ample, Fadeyev 2014). We allowed the period to change linearly
in our model.

3. Prototypical stars

Note that the observational data, and best fit model are available
as FITS tables at the CDS.

3.1. � Cep

� Cep is the prototypical Cepheid and has been observed ex-
tensively, in particular by optical interferometer. We took the
photometry from Mo↵ett & Barnes (1984), Barnes et al. (1997),
Kiss (1998), Berdnikov (2008) and Engle et al. (2014). We also

added photometric observations from Tycho and Hipparcos
from van Leeuwen et al. (1997) and ESA (1997). We took the
cross-correlation radial velocities from Bersier et al. (1994) and
Storm et al. (2004). The angular diameters are the ones published
in Mérand et al. (2005) and Mérand et al. (2006). In addition,
to properly interpolate the photospheric models, we adopted a
metallically of [Fe/H] = 0.06, based on Andrievsky et al. (2002).
We note that the metallicity has a very weak e↵ect on surface
brightness values and is undetectable with our data set.

For the �2 averaging, we used four groups of observables:
radial velocities (91 measurements) angular diameters (67 mea-
surements), photometric magnitudes (483 measurements), and
colors (421 measurements). Error bars for each of these groups
were multiplied by ⇠0.59, ⇠0.50, ⇠1.26, and ⇠1.35, respectively.
We show the fit in Fig. 3, and the most important parameters are
listed in Table 3.

It is interesting to compare the result we obtain here with
that of our previous study, which did not include photometry
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Radial velocity
(spectroscopy)

Angular size
(interferometry)

Photometryp=1.29 ± 0.02 ± 0.05 

Teff



RS Puppis
• Long-period Cepheid           

P = 41.5 days 

• π = 0.524 ± 0.022 mas 
(4.2%) from its light echoes

Kervella et al. (2014, A&A, 572, A7)



Kervella et al. 2017, A&A, 600, A127

p=1.25 ± 0.06 

Radial velocity

Angular size
(interferometry)
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S. Borgniet et al.: Deriving pulsation velocities of Cepheids from high-resolution spectra.

Fig. 4. Example of a � Dor CCF (blue dots). On all plots the re-
spective continuum is displayed as an horizontal black line and
the RV at the CCF minimum as a vertical blue line. Top: bisec-
tor (red), BIS (RV span between red dots), CCF peak integration
(green area) and corresponding EW (green rectangle) and cen-
troid RV (green diamond). Middle: CCF Gaussian fit (purple)
with corresponding RV (diamond), depth (vertical arrow) and
FWHM (red horizontal arrow). Bottom: the same for the CCF
biGaussian fit. The left (resp. right) FWHM are the blue (resp.
red) horizontal arrows.

CCF (Sects. 3.2.2 and 3.2.3).

As RVbar and EW are observables built from the integra-
tion of the CCF profile, they have the benefit of being
independent from CCF rotational and/or thermal broaden-
ing (Nardetto et al. 2006; Anderson 2017) [CHECK ON
SYNTH CCF FOR BROADENING !!].

2. Then, we make a Gaussian fit of the CCF, adjusting four pa-
rameters: i) the Gaussian RV (RVG); ii) the continuum Coo

G ;
iii) the depth of the CCF fit (DG) and iv) the Full Width at
Half Maximum (FWHM) of the CCF fit. Fitting the CCF by
a Gaussian profile is the most classical and the most widely
used method to estimate RV of Cepheids:

Gaus(rv) = Coo
G ⇥ (1 �DG exp (�4 ln 2

(rv � RVG)2

FWHM2 )) (2)

3. Finally, we fit the CCF by a biGaussian profile. In contrast
to the Gaussian fit, a biGaussian model has the advantage of
taking into account the asymmetry of the CCF profile; this is
done by distinguishing the width of the profile based on its
left and right wings:

biGaus(rv) = Coo
bG ⇥ (1 �DbG exp (�4 ln 2

(rv � RVbG)2

FWHM2
i

)) (3)

with FWHMi = FWHM` if rv < RVbG and FWHMi =
FWHMr if rv > RVbG. As for the Gaussian fit, the other pa-
rameters adjusted are the biGaussian RV (RVbG), the depth
of the biGaussian profile (DbG) and the continuum Coo

bG. By
analogy with the asymmetry definition given by Nardetto
et al. (2006), we can derive the CCF asymmetry parameter
(AbG) from the “left” and “right” FWHM of the biGaussian
profile:

AbG =
FWHMr/FWHM` � 1
FWHMr/FWHM` + 1

(4)

We derive all these parameters for each of the computed CCF, ei-
ther based on observed or synthetic spectra; in the case of obser-
vations we thus obtain time series of these di↵erent parameters
for each target, each spectrograph and each binary mask.

3.2. Building synthetic CCF of Cepheids

3.2.1. Modeling the synthetic spectra

TBD
-> PHOENIX Cepheid models
-> flux for each cell of the stellar visible hemisphere f(Âţ)
-> Limb-darkening
In a first step, the flux is integrated over the stellar visible
hemisphere, taking into account the limb-darkening and the
input spectral resolution, to produce a default Cepheid synthetic
spectrum. In a second step, the input vpuls and Te↵ are applied
on the default spectrum to model the induced Doppler shifts,
broadenings and asymmetries on the di↵erent spectral lines.

The main input parameters are thus the spectral resolution R,
the pulsational velocity vpuls and the e↵ective temperature Te↵ .

3.2.2. A vpuls, Te↵) grid of synthetic CCF

For each spectral resolution R and each wavelength range
�� (i.e. each spectrograph), and each binary mask (i.e. each

5

Borgniet et al. 2018, A&A, in prep.

HR-SPIPS

• Measurement of p-factor through comparison 
of observed cross-correlation functions to 
synthetic CCF profiles

• Post-doc of Simon Borgniet (LESIA)
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Interferometric observations of Cepheids
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• More than 1000 individual epochs
• 42% VLTI, 39% CHARA, 19% others



Galactic Cepheids with Gaia

~500 stars
225 stars

Full sample Selected sample

• ~35 stars with optical interferometry (full SPIPS) > PhD thesis of Boris Trahin 
(supervisors Pierre Kervella & Antoine Mérand) 

• ~200 stars with radial velocities (SBC) 
• ~500 stars with Gaia (+other) photometry + limited RV



A. Gallenne et al.: Multiplicity of Galactic Cepheids from long-baseline interferometry

Fig. 6. Left: fitted (solid line) and measured (blue dots) orbital velocity. Middle: fitted (solid line) and measured (blue dots) pulsation
velocity. Right: orbit of V1334 Cyg Ab. The data points are the MIRC results from Table 4.

(2009). The final elements derived from our combined fit are
listed in Table 5. The fitted parameters are in good agreement
with those from Evans (2000). The quoted uncertainties for the
elements derived from spectroscopy (Porb,Tp, e,K, v�,!,) were
estimated using the bootstrapping technique (with replacement
and 500 bootstrap samples). For the remaining elements derived
from interferometry (a, i and ⌦), we refitted the orbits 500
times, each time adding Gaussian noise to each astrometric
point according to their uncertainties. The standard deviation
from these trials is then used as the uncertainty. Fig. 6 (left and
middle) shows the orbital and pulsation velocities disentangled
from the radial velocity measurements. The solid black lines
denote our fitted curves. The final best fit orbit of V1334 Cyg
Ab is also plotted in Fig. 6 (right) with our MIRC measurements
marked by the blue dot symbols.

5.2. Apparent magnitude, spectral type and mass of the
companion

Combining the H-band magnitude mH = 4.66 ± 0.04 given by
the 2MASS catalog (Cutri et al. 2003) with our averaged mea-
sured flux ratio f = 3.10 ± 0.08 %, we derived for the com-
panion a magnitude mH(comp) = 8.47 ± 0.15, and mH(cep) =
4.70 ± 0.15 mag. As no H-band light curve is available to es-
timate the Cepheid magnitude at our pulsation phase, an addi-
tional uncertainty of 3 % was quadratically added to take into
account the phase mismatch. The choice of these 3 % is based
on the amplitude variation of the light curve in V (Klagyivik &
Szabados 2009, that is surely to be lower in H).

The absolute magnitude, MH, can be estimated knowing the
distance to the system. However, there is no accurate determina-
tion of the distance for this Cepheid. The Hipparcos data give a
distance d = 662 ± 162 pc (van Leeuwen 2007). The use of a K-
band P–L relation for first overtone (FO) pulsators (Bono et al.
2002, non-canonical model) gives d = 683 ± 17 pc, while con-
verting the overtone period to the fundamental one with the pe-
riod ratio data from Alcock et al. (1995) and using a K-band P–L
relation for fundamental (F) mode pulsator (Storm et al. 2011)
gives d = 639 ± 17 pc. As there is no optimum value, we plotted
in Fig. 7 (top panel) the spectral type vs. the distance. The pre-
vious cited distance ranges set a spectral type for the companion
between a B8.0V and B4.0V star. The extinction was assumed
negligible at our observing wavelength (AH = 0.023 mag, es-

Table 5. Fitted orbital and pulsation parameters of V1334 Cyg
Ab.

Spectroscopy only This work
(Evans 2000)

Orbit
Porb (days) 1937.5 ± 2.1 1938.6 ± 1.2
Tp (HJD) 2 443 607 ± 14 2 443 616.1 ± 7.3

e 0.197 ± 0.009 0.190 ± 0.013
K1 (km s�1) 14.1 ± 0.1 13.86 ± 0.17
v� (km s�1) �1.8 ± 0.1 �1.9 ± 0.1
! (�) 226.3 ± 2.9 228.7 ± 1.6
⌦ (�) – 206.3 ± 9.4

a (mas) – 8.54 ± 0.51
i (�) – 124.7 ± 1.8
mH – 8.47 ± 0.15

Pulsation
Ppuls (days) 3.33251 ± 0.00001 3.33250 ± 0.00002
T0

a (HJD) 2 440 124.5330 2 440 124.5330
A1 – 4.35 ± 0.15
A2 – 1.81 ± 0.11
B1 – 0.08 ± 0.06
B2 – 2.72 ± 1.30

Notes. Porb: orbital period. Tp: time passage through periastron. e: ec-
centricity. K: radial velocity semi-amplitude of the primary. v�: sys-
temic velocity. !: argument of periastron. ⌦: position angle of the as-
cending node. a: semi-major axis. i: orbital inclination. mH: apparent
magnitude in H. Ppuls: pulsation period. T0: reference epoch of maxi-
mum light. Ai, Bi: Fourier parameters.
(a) From Samus et al. (2009), and held fixed when fitting

timated using the total-to-selective absorption ratios RV = 3.1,
RH = AH/E(B � V) = RV/6.82 from Fouqué et al. 2003, and
the average color excess E(B � V) = 0.05 from Evans 1995 and
Kovtyukh et al. 2008)

We can also estimate the mass ratio, q, for a range of dis-
tances by combining the Kepler’s third law with the spectro-
scopic mass function,

MT = M1 + M2 =
a

3
d

3

P
2
orb

, (1)

(M2 sin i)3

(M1 + M2)2 = 3.784 ⇥ 10�5
K

3
1 Porb(1 � e

2)3/2, (2)

7

Binarity: V1334 Cyg

Orbital velocity (ground) Pulsation velocity (ground) MIRC visual orbit

Gallenne et al. (2013, A&A, 552, A21)
Pulsation period = 3.3 days 
Orbital period = 5.3 years

2013



Circumstellar envelopes
A. Gallenne et al.: Extended envelopes around Galactic Cepheids. IV.

Fig. 3. Calibrated visibility and spectrum of T Mon (blue dots with error
bars). The solid black line in the upper panel represents the photosphere
of the Cepheid modeled with Kurucz’s spectra. Other color curves are
the fitted models.

adopted parameters are listed in Table 4. It is worth mentioning
that for these models all parameters have the same order of mag-
nitude. The error on the stellar angular diameter was estimated
from the luminosity and distance uncertainties.

The CSE of X Sgr is optically thin (⌧0.55 µm = 0.0079 ±
0.0021) and has an internal shell diameter of ✓in = 15.6 ±
2.9 mas. The condensation temperature we found is in the range
of what is expected for this dust composition (1200�1900 K).
The stellar angular diameter (and in turn the luminosity) is also
consistent with the value estimated from the surface-brightness
method at that pulsation phase (Storm et al. 2011, 1.34 ±
0.03 mas) and agrees with the average diameter measured by
Kervella et al. (2004, 1.47 ± 0.03 µm). The relative CSE ex-
cess in the VISIR PAH1 filter of 13.3 ± 0.5% also agrees with
the one estimated by Gallenne et al. (2011, 11.7 ± 4.7%). Our
derived color excess E(B � V) is within 1� of the average value
0.227 ± 0.013 estimated from photometric, spectroscopic, and
space reddenings (Fouqué et al. 2007; Benedict et al. 2007;
Kovtyukh et al. 2008).

Table 4. Final adopted parameters.

X Sgr T Mon

L? (L�) 2155 ± 58 11 446 ± 1486
Te↵ (K) 5900 5200
✓LD (mas) 1.24 ± 0.14 0.94 ± 0.11
E(B � V) 0.200 ± 0.032 0.135 ± 0.066
Tin (K) 1684 ± 225 1438 ± 166
✓in (mas) 15.6 ± 2.9 15.9 ± 1.7
⌧0.55 µm (⇥10�3) 7.9 ± 2.1 151 ± 42
Ṁ (⇥10�8

M� yr�1) 5.6 ± 0.6 48.7 ± 5.9
↵ (%) 13.3 ± 0.7 87.8 ± 9.9⇤

Notes. Averaged parameters from the fitted models. See Sect. 3 for more
details. (⇤) This value is likely to be biased by the sky background (see
Sect. 5).

3.4.2. T Mon

The CSE around this Cepheid has a stronger contribution than
X Sgr. The large excess around 8 µm enables us to exclude a
CSE composed of 100% Al2O3, because of its low e�ciency
in this wavelength range. We first considered dust composed of
iron. However, other species probably contribute to the opacity
enhancement. As showed in Fig. 3, a 100% Fe dust composi-
tion is not consistent with our observations. We therefore used
a mixture of W-S, Al2O3 and Fe to take into account the optical
e�ciency at all wavelengths. The best model that agrees with
the visibility profile and the SED is model #5, including 90%
Fe + 5% Al2O3 + 5% W-S. The fitted parameters are listed in
Table 3 and are plotted in Fig. 3. However, because no specific
dust features are present to constrain the models, other dust com-
positions are also consistent with the observations. Therefore
we have chosen the average values and standard deviations (in-
cluding their own statistical errors added quadratically) between
models #2, #4 and #5 as final parameters and uncertainties. The
final adopted parameters are listed in Table 4.

The choice of a stellar temperature at � = 0.33 or 0.12 in
the fitting procedure (instead of an average pulsation phase as
cited in Sect. 3.1) changes the derived parameters by at most
10% (the variation of the temperature is lower in the mid-IR).
To be conservative, we added quadratically this relative error to
all parameters of Table 4.

The CSE of T Mon appears to be thicker than that of X Sgr,
with (⌧0.55 µm = 0.151 ± 0.042), and an internal shell diame-
ter of ✓in = 15.9 ± 1.7 mas. The derived stellar diameter agrees
well with the 1.01 ± 0.03 mas estimated by Storm et al. (2011,
at � = 0.22). The deduced color excess E(B � V) agrees within
1� with the average value 0.181 ± 0.010 estimated from photo-
metric, spectroscopic and space reddenings (Fouqué et al. 2007;
Benedict et al. 2007; Kovtyukh et al. 2008). We derived a partic-
ularly high IR excess in the VISIR PAH1 filter of 87.8 ± 9.9%,
which might make this Cepheid a special case. It is worth men-
tioning that we were at the sensitivity limit of MIDI for this
Cepheid, and the flux might be biased by a poor subtraction of
the thermal sky background. However, the clear decreasing trend
in the visibility profile as a function of wavelength cannot be at-
tributed to a background emission, and we argue that this is the
signature of a CSE. In Sect. 5 we make a comparative study to
remove the thermal sky background and qualitatively estimate
the unbiased IR excess.

A140, page 5 of 9

T Mon

Gallenne et al. (2013, A&A, 558, A140)

Included in SPIPS modeling

• PhD student Vincent Hocdé (Nice) 
supervised by Nicolas Nardetto

• Detection of CSEs in the visible with VEGA
A&A 593, A45 (2016)
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Fig. 3. Panel a), the VEGA squared visibilities plotted as a function of x =
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�[nm] in order to allow a comparison between data of di↵erent
phases (i.e. di↵erent ✓UD) and e↵ective wavelengths. Five models are overplotted: (1) the UD pulsating disk without CSE from the SPIPS algorithm
(blue solid line); (2) the SPIPS UD pulsating disk + the CSE from Eq. (1) (red dotted line); (3) the SPIPS UD pulsating disk + the CSE from
Eq. (1) but two times brighter (dashed line); (4) the SPIPS UD pulsating disk + the CSE or Eq. (1) but two times fainter (dash-dotted line); (5) the
SPIPS UD pulsating disk + a background contribution filling the field of view of the interferometer (magenta dotted line). The residual between
the observations and models 1 to 4 are shown in panels b), c), d), and e), respectively. In panels d) and e) we show only the data corresponding to
phases intervals � = 0.0�0.8 and � = 0.8�1.0, respectively.
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ẟ Cep

Nardetto et al. 2016, A&A, 593, A45


