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Abstract. The recent VINCI/VLTI observations presented in Paper I have nearly doubled the total number of available
angular diameter measurements of Cepheids. Taking advantage of the significantly larger color range covered by these ob-
servations, we derive in the present paper high precision calibrations of the surface brightness-color relations using exclu-
sively Cepheid observations. These empirical laws make it possible to determine the distance to Cepheids through a Baade-
Wesselink type technique. The least dispersed relations are based on visible-infrared colors, for instance FV (V − K) =
−0.1336±0.0008 (V − K) + 3.9530±0.0006. The convergence of the Cepheid (this work) and dwarf star (Kervella et al. 2004c)
visible-infrared surface brightness-color relations is strikingly good. The astrophysical dispersion of these relations appears
to be very small, and below the present detection sensitivity.
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1. Introduction

The surface brightness (hereafter SB) relations link the emerg-
ing flux per solid angle unit of a light-emitting body to its color,
or effective temperature. These relations are of considerable as-
trophysical interest for Cepheids, as a well-defined relation be-
tween a particular color index and the surface brightness can
provide accurate predictions of their angular diameters. When
combined with the radius curve, integrated from spectroscopic
radial velocity measurements, they give access to the distance
of the Cepheid (Baade-Wesselink method). This method has
been applied recently to Cepheids in the LMC (Gieren et al.
2000) and in the SMC (Storm et al. 2004)

The accuracy that can be achieved in the distance esti-
mate is conditioned for a large part by our knowledge of
the SB relations. In our first paper (Kervella et al. 2004a,
hereafter Paper I), we presented new interferometric measure-
ments of seven nearby Cepheids. They complement a num-
ber of previously published measurements from several opti-
cal and infrared interferometers. We used these data in Paper II
(Kervella et al. 2004b) to calibrate the Cepheid Period–Radius
and Period–Luminosity relations. Nordgren et al. (2002) de-
rived a preliminary calibration of the Cepheid visible-infrared

� Table 3 is only available in electronic form at
http://www.edpsciences.org

SB relations, based on the three stars available at that time
(δ Cep, η Aql and ζ Gem). In the present Paper III, we take
advantage of the nine Cepheids now resolved by interferom-
etry to derive refined calibrations of the visible and infrared
SB relations of these stars.

2. Definition of the surface brightness relations

By definition, the bolometric surface flux f ∼ L/D2 is lin-
early proportional to T 4

eff, where L is the bolometric flux of the
star, D its bolometric diameter and Teff its effective tempera-
ture. In consequence, F = log f is a linear function of the stel-
lar color indices, expressed in magnitudes (logarithmic scale),
and SB relations can be fitted using for example the following
expressions:

FB = a0 (B − V)0 + b0 (1)

FV = a1 (V − K)0 + b1 (2)

FH = a2 (B − H)0 + b2 (3)

where Fλ is the surface brightness. When considering a per-
fect blackbody curve, any color can in principle be used to ob-
tain the SB, but in practice the linearity of the correspondence
between log Teff and color depends on the chosen wavelength
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bands. The index 0 designates the dereddened magnitudes, and
will be omitted in the rest of the paper. The ai and bi coeffi-
cients represent respectively the slopes and zero points of the
different versions of the SB relation. Historically, the first cal-
ibration of the SB relation based on the (B − V) index was
obtained by Wesselink (1969), and the expression FV (V − R)
is also known as the Barnes-Evans (B-E) relation (Barnes &
Evans 1976). The relatively large intrinsic dispersion of the
visible light B-E relations has led to preferring their infrared
counterparts, in particular those based on the K band magni-
tudes (λ = 2.0−2.4 µm), as the color-Teff relation is less af-
fected by microturbulence and gravity effects (Laney & Stobie
1995). The surface brightness Fλ is given by the following ex-
pression (Fouqué & Gieren 1997):

Fλ = 4.2207 − 0.1 mλ0 − 0.5 log θLD (4)

where θLD is the limb darkened angular diameter, i.e. the
angular size of the stellar photosphere.

3. Selected measurement sample

3.1. Interferometric observations

Following the direct measurement of the angular diame-
ter of δCep achieved by Mourard et al. (1997) using the
Grand Interféromètre à 2 Télescopes (GI2T), Nordgren et al.
(2000) obtained the angular diameters of three additional
Cepheids (ηAql, ζ Gem and αUMi) with the Navy Prototype
Optical Interferometer (NPOI). These last authors also con-
firmed the angular diameter of δCep. Kervella et al. (2001)
then determined the average angular size of ζ Gem, in the
K band, from measurements obtained with the Fiber Linked
Unit for Optical Recombination (FLUOR), installed at the
Infrared Optical Telescope Array (IOTA). Simultaneously,
the Palomar Testbed Interferometer (PTI) team resolved for
the first time the pulsational variation of the angular diame-
ter of ζ Gem (Lane et al. 2000) and ηAql (Lane et al. 2002). In
Paper I, we have more than doubled the total number of mea-
sured Cepheids with the addition of X Sgr, W Sgr, βDor, Y Oph
and 	Car, and new measurements of ηAql and ζ Gem. These
observations were obtained using the VLT INterferometer
Commissioning Instrument (VINCI), installed at ESO’s Very
Large Telescope Interferometer (VLTI).

Including the peculiar first overtone Cepheid αUMi
(Polaris), the number of Cepheids with measured angular diam-
eters is presently nine. The pulsation has been resolved for five
of these stars in the infrared: ζ Gem (Lane et al. 2002), W Sgr
(Paper I), ηAql (Lane et al. 2002, Paper I), βDor and 	Car
(Paper I). The total number of independent angular diameter
measurements taken into account in the present paper is 145, as
compared to 59 in the previous calibration by Nordgren et al.
(2002). More importantly, we now have a significantly wider
range of effective temperatures, an essential factor for deriving
precise values of the slopes of the SB-color relations.

To obtain a consistent sample of angular diameters, we
have retained only the uniform disk (UD) values from the lit-
erature. The conversion of these model-independent measure-
ments to limb darkened (LD) values was achieved using the

Table 1. Limb darkening corrections k = θLD/θUD derived from the
linear limb darkening coefficients determined by Claret (2000). The
kR coefficients were used for the GI2T measurements, kR/I for
the NPOI, kH for the PTI, and kK for VINCI/VLTI and FLUOR/IOTA

Star kR kR/I kH kK

αUMi 1.046
δCep 1.051 1.046
X Sgr 1.020
ηAql 1.048 1.024 1.021
W Sgr 1.021
βDor 1.023
ζ Gem 1.051 1.027 1.023
Y Oph 1.024
	Car 1.026

linear LD coefficients u from Claret (2000), and the conver-
sion formula from Hanbury Brown et al. (1974). These coef-
ficients are broadband approximations of the Kurucz (1992)
model atmospheres. They are tabulated for a grid of temper-
atures, metallicities and surface gravities and we have chosen
the models closest to the physical properties of the stars. We
have considered a uniform microturbulent velocity of 2 km s−1

for all stars. The conversion factors k = θLD/θUD are given for
each star in Table 1. Marengo et al. (2002, 2003) have shown
that the LD properties of Cepheids can be different from those
of stable stars, in particular at visible wavelengths. For the
measurements obtained using the GI2T (Mourard et al. 1997)
and NPOI (Nordgren et al. 2000), the LD correction is rela-
tively large (k = θLD/θUD � 1.05), and this could be the source
of a bias at a level of 1 to 2% (Marengo et al. 2004). However,
in the infrared the correction is much smaller (k � 1.02), and
the error on its absolute value is expected to be significantly
below 1%. Considering the relatively low average precision of
the currently available measurements at visible wavelengths,
the potential bias due to limb darkening on the SB-color rela-
tions fit is considered negligible.

3.2. Photometric data and reddening corrections

We compiled data in the BVRI and JHK filters from different
sources. Rather than try to use the largest amount of data from
many different sources, we decided to limit ourselves to data
sets with high internal precision, giving smooth light curves, as
we wanted to fit Fourier series to the photometric data. These
Fourier series were interpolated to obtain magnitudes at the
phases of our interferometric measurements. The R band mag-
nitudes were only available in sufficient number and quality
for three stars: αUMi, βDor and 	Car. Overall, the number
of stars and photometry points per band are the following: B
and V: 9 stars, 145 points; R: 3 stars, 35 points; I: 8 stars,
119 points; J: 6 stars, 127 points; H: 5 stars, 100 points; K:
8 stars, 128 points. We took the periods from Szabados (1989,
1991) to compute phases.

The BVRI band magnitudes are defined in the Cousins
system. There is no widely used standard system in the in-
frared (JHK). We used three sources of data: Wisniewski &
Johnson (1968) in the Johnson system, Laney & Stobie (1992)
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in the SAAO system, and Barnes et al. (1997) in the CIT sys-
tem. There is a large body of homogeneous and high quality
data for Cepheids (Laney & Stobie 1992) in the SAAO system
(Carter 1990). Furthermore, many stars in the list of Laney &
Stobie are going to be observed with the VLTI in the near fu-
ture. For convenience, we thus decided to transform all pho-
tometry into this system, using transformation relations in
Glass (1985) and Carter (1990).
αUMi: For this low amplitude variable (∆mV � 0.1), we

considered its average photometry, as we have only an aver-
age angular diameter measurement by Nordgren et al. (2000).
The B and V magnitudes were taken from the  cata-
logue (Perryman et al. 1997), the R and I bands are from Morel
& Magnenat (1978), and the K band is from Ducati (2002).
δCep: We used BVI data from Moffett & Barnes (1984)

Barnes et al. (1997) and Kiss (1998). The JHK data of Barnes
et al. (1997) have been transformed to the SAAO system.

X Sgr: Optical data come from Moffett & Barnes (1984),
Berdnikov & Turner (2001a), Berdnikov & Turner (1999),
Berdnikov & Turner (2000), and Berdnikov & Caldwell (2001).
ηAql: We used BVI data from Barnes et al. (1997), Kiss

(1998), Berdnikov & Turner (2000), Berdnikov & Turner
(2001a), Berdnikov & Caldwell (2001), and Caldwell et al.
(2001). The JHK data are from Barnes et al. (1997). They have
been transformed to the SAAO system using formulae given in
Carter (1990).

W Sgr: We used optical data from Moffett & Barnes
(1984), Berdnikov & Turner (1999), Berdnikov & Turner
(2000), Berdnikov & Turner (2001a), Berdnikov & Turner
(2001b), Berdnikov & Caldwell (2001), and Caldwell et al.
(2001).
βDor: We used BVRI data from Berdnikov & Turner

(2001a), Berdnikov & Turner (2000), Berdnikov & Turner
(2001b), and Berdnikov & Caldwell (2001). In the infrared we
used the data in Laney & Stobie (1992).
ζGem: We used BVI data from Moffett & Barnes (1984),

Shobbrook (1992), Kiss (1998), Berdnikov & Turner (2001a),
Berdnikov & Turner (2001b), and Berdnikov & Caldwell
(2001). In the JK bands we used data from Johnson, trans-
formed using formulae in Glass (1985).

Y Oph: In the optical we used data from Moffett & Barnes
(1984) and Coulson & Caldwell (1985). In the infrared we used
the data in Laney & Stobie (1992).
	Car: We used BVRI from Berdnikov & Turner (2001a),

and Berdnikov & Turner (2000). Infrared data are from Laney
& Stobie (1992).
The extinction Aλ (Table 2) was computed for each star and
each band using the relations:

Aλ = Rλ E(B − V) (5)

where we have (Fouqué et al. 2003; Hindsley & Bell 1989 for
the R band):

RB = RV + 1 (6)

RV = 3.07 + 0.28 (B− V) + 0.04 E(B− V) (7)

RR = RV − 0.97 (8)

Table 2. Pulsation parameters (T0 is the Julian date of the reference
epoch, P is the period in days) and color excesses (from Fernie 1990)
for the Cepheids discussed in this paper. (B − V)0 is the mean dered-
dened (B − V) color as reported in the online database by Fernie et al.
(1995).

Star T0 (JD) P (days) (B − V)0 E(B − V)
αUMi 2 439 253.230 3.972676 0.598 –0.007
δCep 2 436 075.445 5.366341 0.657 0.092
X Sgr 2 452 723.949 7.013059 0.739 0.197
ηAql 2 445 342.479 7.176769 0.789 0.149
W Sgr 2 452 519.248 7.594904 0.746 0.111
βDor 2 452 214.215 9.842425 0.807 0.044
ζ Gem 2 442 059.774 10.15097 0.798 0.018
Y Oph 2 452 715.481 17.12691 1.377 0.655
	Car 2 452 290.416 35.55134 1.299 0.170

RI = 1.82 + 0.205 (B− V) + 0.0225 E(B− V) (9)

RJ = RV/4.02 (10)

RH = RV/6.82 (11)

RK = RV/11. (12)

4. General surface brightness relations

The data that we used for the SB-color relation fits are pre-
sented in Table 3, that is available in electronic form at
http://www.edpsciences.org/. The limb darkened angu-
lar diameters θLD were computed from the uniform disk val-
ues available in the literature, using the conversion coefficients
k = θLD/θUD listed in Table 1. The BVRIJHK magnitudes
are interpolated values, corrected for interstellar extinction (see
Sect. 3.2).

The resulting SB relation coefficients are presented in
Table 4, and Fig. 1 shows the result for the FV (V − K) relation.
The other relations based on the V band surface brightness FV

are plotted in Fig. 2. The smallest residual dispersions are ob-
tained for the infrared-based colors, for instance:

FB = −0.1199±0.0006 (B − K) + 3.9460±0.0007 (13)

FV = −0.1336±0.0008 (V − K) + 3.9530±0.0006. (14)

The reduced χ2 of all the visible-infrared SB relations fits is
below 1.0, meaning that the true intrinsic dispersion is unde-
tectable at the current level of precision.

In the present paper, no error bars have been considered in
the reddening corrections. This is justified by the low sensi-
tivity of the visible-infrared SB relations to the reddening, but
may create biases in the purely visible SB relations (based on
the B − V index for instance). However, the maximum ampli-
tude of these biases is expected to be significantly below the
residuals of the fits σλ listed in Table 4.

In an attempt to refine the reddening coefficients, we ten-
tatively adjusted their values in order to minimize the disper-
sion of the fitted SB relations. We confirm the results of Fernie
(1990) for most stars, but we find higher color excesses for
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Table 4. Surface brightness relations using BVRIJHK based colors: Fλ(Cλ −C1) = aλ(Cλ −C1)+ bλ. The 1σ errors in each coefficient are given
in superscript, multiplied by 1000 to reduce the length of each line, i.e. −0.29442.4 stands for −0.2944 ± 0.0024. The standard deviation of the
residuals σ is listed for each SB relation, together with the reduced χ2 of the fit and the total number of measurements Nmeas taken into account
(photometric data were unavailable for some stars).

Cλ ↓ C1 → B V R I J H K
aB −0.29442.4 −0.19781.6 −0.18000.9 −0.14010.8 −0.12240.7 −0.11990.6

bB 3.88131.1 3.87190.9 3.92830.6 3.92970.8 3.94230.8 3.94600.7

σB/χ
2
red 0.017/1.20 0.008/0.46 0.015/1.41 0.015/0.65 0.014/0.63 0.015/0.75

Nmeas 145 34 119 127 100 128
aV 0.19561.8 −0.378910.0 −0.30772.4 −0.17591.4 −0.13791.0 −0.13360.8

bV 3.88280.9 3.85162.2 3.96170.7 3.94070.7 3.94900.7 3.95300.6

σV/χ
2
red 0.017/1.75 0.014/0.75 0.016/0.89 0.015/0.57 0.014/0.58 0.015/0.70

Nmeas 145 34 119 127 100 128
aR 0.09941.1 0.28688.0 −1.289426.4 −0.22403.2 −0.14581.6 −0.13861.5

bR 3.87460.6 3.85541.7 4.32482.9 3.95320.7 3.94260.6 3.94300.6

σR/χ
2
red 0.008/0.72 0.015/1.10 0.060/1.19 0.006/0.12 0.005/0.14 0.005/0.18

Nmeas 34 34 34 34 34 34
aI 0.08080.6 0.21051.9 1.806738.4 −0.28547.1 −0.17132.6 −0.16302.0

bI 3.93040.4 3.96420.5 4.61024.3 3.93231.7 3.94910.9 3.95480.8

σI/χ
2
red 0.015/2.23 0.016/1.37 0.089/1.35 0.013/0.34 0.010/0.40 0.013/0.50

Nmeas 119 119 34 101 74 102
aJ 0.03990.6 0.07531.1 0.12432.2 0.18775.3 −0.298810.2 −0.26146.8

bJ 3.92950.6 3.94030.6 3.95360.5 3.93351.2 3.96791.7 3.97221.3

σJ/χ
2
red 0.015/0.89 0.015/0.86 0.006/0.20 0.013/0.54 0.015/0.21 0.016/0.29

Nmeas 127 127 34 101 100 127
aH 0.02230.5 0.03750.8 0.04601.1 0.07001.8 0.20607.2 −2.3858309.8

bH 3.94220.6 3.94870.5 3.94280.4 3.94800.7 3.97101.2 4.06538.4

σH/χ
2
red 0.014/0.77 0.014/0.74 0.005/0.22 0.010/0.62 0.015/0.35 0.029/0.03

Nmeas 100 100 34 74 100 100
aK 0.01970.5 0.03310.7 0.03891.1 0.06181.4 0.17044.7 2.7121354.8

bK 3.94580.5 3.95240.5 3.94350.4 3.95390.5 3.97670.9 4.09709.6

σK/χ
2
red 0.015/0.94 0.015/0.92 0.005/0.28 0.012/0.80 0.016/0.51 0.034/0.03

Nmeas 128 128 34 102 127 100

Fig. 1. Linear fit of FV (V − K) (upper part) and the corresponding
residuals (lower part). The fitted coefficients are given in Table 4.

X Sgr (�0.38) and W Sgr (�0.29), and a slightly lower value
for Y Oph (�0.54). However, these numbers should be consid-
ered with caution, as our method relies on the assumption that
all Cepheids follow the same SB relations. Considering that we
cannot verify this hypothesis based on our data, we did not use
these coefficients for the fits presented in this section.

5. Specific surface brightness relations

For ζ Gem, ηAql and 	Car, the pulsation is resolved with a
high SNR (Paper I; Lane et al. 2002). Therefore we can derive
specific SB relations over their pulsation cycle, and compare
them to the global ones derived from our complete sample. In
particular, the slope may be different between these Cepheids
that cover a relatively broad range in terms of linear diameter
and pulsation period. We have limited our comparison to the
FV (V − K) relations, which give small dispersions. The best fit
SB relations are the following:

– ηAql (σ = 0.011):

FV = −0.1395±0.0013 (V − K) + 3.9634±0.0004. (15)

– ζ Gem (σ = 0.016):

FV = −0.1098±0.0011 (V − K) + 3.9134±0.0002. (16)
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Fig. 2. Surface brightness FV relations as a function of color. The error bars have been omitted for clarity, and the fitted models are represented
alternatively as solid and dashed lines. From left to right, using the colors: (V − B), (V − I), (V − J), (V − H) and (V − K). The zero-axis
intersection does not happen at the same point for all relations.

– 	Car (σ = 0.004):

FV = −0.1355±0.0010 (V − K) + 3.9571±0.0004. (17)

– All stars (σ = 0.015):

FV = −0.1336±0.0008 (V − K) + 3.9530±0.0006. (18)

As shown in Fig. 3, the agreement between the extreme period
ηAql (P = 7 days), 	Car (P = 35.5 days) and the average of
all stars is good. The difference observed for ζ Gem could come
from the relatively large dispersion of the measurements of this
star. The poor infrared photometry available for this star could
also explain part of this difference.

This result is an indication that SB-color relations for
Cepheids do not depend strongly on the pulsation period of
the star. Going into finer detail, it appears that the slope of the
FV (V − K) relation of ηAql is slightly steeper than the slope
of the same relation for 	Car. This could be associated with
the larger surface gravity of ηAql, but the difference remains
small.

6. Comparison with previous calibrations

Welch (1994) and Fouqué & Gieren (1997, FG97) proposed
a calibration of the SB relations of Cepheids based on an ex-
trapolation of the corresponding relations of giants. The latter
obtained the following expression for FV (V − K):

FV (FG97) = −0.131±0.002 (V − K) + 3.947±0.003 (19)

to be compared with the relation we obtained in the present
work:

FV (V − K) = −0.1336±0.0008 (V − K) + 3.9530±0.0006. (20)

The agreement between these two independent calibrations is
remarkable, with a less than 2σ difference on both the slope
and the zero point.

Nordgren et al. (2002, N02) achieved a similar calibration
using a larger sample of 57 stars observed with the NPOI, and

Fig. 3. Specific FV (V −K) relation fits for ηAql, ζ Gem and 	Car. The
error bars have been omitted for clarity.

find consistent results. In addition, they compared these re-
lations with the ones obtained from interferometric measure-
ments of three classical Cepheids (δCep, ηAql, ζ Gem). They
obtained:

FV (N02) = −0.134±0.005 (V − K) + 3.956±0.011. (21)

This calibration is statistically identical to our result within less
than 1σ, but part of the interferometric and photometric data
used for the fits is common with our sample.

Several other calibrations of the SB relations for giants have
been proposed in recent years, thanks to the availability of in-
terferometric measurements. Van Belle (1999a, VB99) used a
sample of 190 giants and 67 carbon stars and Miras measured
with the PTI (Van Belle et al. 1999b), IOTA (e.g. Dyck et al.
1998) and lunar occultation observations (e.g. Ridgway et al.
1982) to calibrate the FV (V − K) relation of giant and super-
giant stars. This author obtained an expression equivalent to:

FV (VB99) = −0.112±0.005 (V − K) + 3.886±0.026. (22)
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Though the slope and zero point are significantly different from
our values, the maximum difference in predicted surface bright-
ness FV over the whole color range of the Cepheids of our sam-
ple (1.0 ≤ V − K ≤ 2.4) is less than 0.05, only twice the formal
error on the zero point. The agreement is thus reasonably good.

7. Comparison with the surface brightness
relations of dwarf stars

From the interferometric measurement of the angular diam-
eters of a number of dwarfs and subgiants, Kervella et al.
(2004c) calibrated the SB-color relations of these luminosity
classes with high accuracy. The residual dispersion on the zero-
magnitude limb darkened angular diameter was found to be be-
low 1% for the best relations (based on visible and infrared
bands). This corresponds to a dispersion in the surface bright-
ness F of the order of 0.05% only. The metallicities [Fe/H]
of the nearby dwarfs and subgiants used for these fits cover
the range −0.5 to +0.5, but no significant trend of the SB with
metallicity was detected in the visible-infrared SB relations.

The question of the universality of the SB-color relations
can now be adressed by comparing the stable dwarf stars and
the Cepheids. The stars of these two luminosity classes repre-
sent extremes in terms of physical properties, with for instance
linear photospheric radii between 0.15 and 200 R� and effec-
tive gravities between log g = 1.5 and 5.2, a range of three
orders of magnitudes. Figure 4 shows the positions of dwarfs
and Cepheids in the FV (B − V) diagram. It appears from this
plot that stable dwarfs tend to have lower SB than Cepheids
above (B − V) � 0.8. The difference is particularly strong in
the case of 	Car, whose surface brightness FV is significantly
larger than that of a dwarf with the same B−V color. A qualita-
tive explanation for this difference is that for the same temper-
ature (spectral type), giants are redder than dwarfs. This can be
understood because there is more line blanketing in the super-
giant atmospheres, due to their lower surface gravity and lower
gas density (more ion species can exist).

Figure 5 shows the same plot for the FV (V −K) relation. In
this case, the SB relations appear very close to linear for both
dwarfs and Cepheids. It is almost impossible to distinguish the
two populations on a statistical basis. For instance, we have:

FV (Dwarf) = −0.1376±0.0005 (V − K) + 3.9618±0.0011 (23)

FV (Ceph.) = −0.1336±0.0008 (V − K) + 3.9530±0.0006. (24)

Over the full (V − K) color range of our Cepheid sample, the
difference in surface brightness predicted by these relations is
always:

FV (Dwarf) − FV (Ceph.) ≤ 0.005. (25)

From this remarkable convergence we conclude that the
V − K dereddened color index is an excellent tracer of the ef-
fective temperature. Kervella et al. (2004c) have shown that the
visible-L band color indices are even more efficient than those
based on the K band, and lead to extremely small intrinsic dis-
persions of the SB-color relations, down to ±0.002. High preci-
sion photometric measurements of Cepheids in the L band are

Fig. 4. Comparison of the positions of the Cepheids (solid dots) and
dwarfs (open squares) in the FV (B − V) diagram. The lower part of
the figure shows an enlargement of the Cepheid color range.The error
bars have been omitted for clarity.

unfortunately not available at present, and we therefore recom-
mend obtaining data in this band, to reach the smallest possible
SB relation dispersions.

8. Conclusion

Taking advantage of a large sample of interferometric ob-
servations, we were able to derive precise calibrations of
the SB-color relations of Cepheids. The astrophysical disper-
sion of the visible-infrared SB relations is undetectable at the
present level of accuracy of the measurements, and could be
minimal, based on the SB relations obtained for nearby dwarfs
by Kervella et al. (2004c). The visible-infrared SB-color
relations represent a very powerful tool for estimating the dis-
tances of Cepheids. The interferometric version of the Baade-
Wesselink method that we applied in Paper I is currently lim-
ited to distances of 1–2 kpc, due to the limited length of the
available baselines, but the infrared surface brightness tech-
nique can reach extragalactic Cepheids, as already demon-
strated by Gieren et al. (2000) and Storm et al. (2004) for the
Magellanic Clouds. The present calibration increases the level
of confidence in the Cepheid distances derived by this method.
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Fig. 5. Comparison of the positions of the Cepheids (solid dots) and
dwarfs (open squares) in the FV (V − K) diagram. The dashed line
represents the best fit SB-color relation for dwarf stars and the solid
line for Cepheids. The lower part of the figure is an enlargement of the
Cepheid color range.
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Table 3. Interferometric and photometric data used in the present paper. The references for the interferometric measurements are: Nordgren
et al. (2000, N00), Mourard et al. (1997, M97), Nordgren et al. (2002, N02), Lane et al. (2002, L02), and Kervella et al. (2004a, K04). JD is
the Julian date of the measurement, λ the interferometric measurement wavelength (in µm), φ the phase, θUD the uniform disk and θLD the limb
darkened angular diameters (in mas). The magnitudes are corrected for interstellar extinction (see Sect. 3.2).

Star Ref. JD λ φ θLD B0 V0 R0 I0 J0 H0 K0

αUMi N00 avg 0.74 avg 3.284 ± 0.021 2.66 1.99 1.55 1.23 − − 0.49
δCep M97 2 449 566.6000 0.67 0.032 1.376 ± 0.620 3.60 3.25 − − 2.51 2.27 2.22
δCep M97 2 449 572.5000 0.67 0.132 1.534 ± 0.767 3.87 3.40 − − 2.56 2.27 2.21
δCep M97 2 449 642.3000 0.67 0.139 1.440 ± 0.567 3.89 3.41 − − 2.56 2.27 2.21
δCep M97 2 449 643.3000 0.67 0.325 2.070 ± 0.431 4.33 3.68 − − 2.63 2.28 2.21
δCep M97 2 449 541.6000 0.67 0.374 1.776 ± 0.504 4.42 3.74 − − 2.66 2.28 2.22
δCep M97 2 449 569.5000 0.67 0.573 1.660 ± 0.504 4.71 3.93 − − 2.76 2.36 2.28
δCep M97 2 449 570.5000 0.67 0.759 1.324 ± 0.841 4.83 4.05 − − 2.87 2.49 2.40
δCep M97 2 449 640.3000 0.67 0.766 1.797 ± 0.462 4.82 4.04 − − 2.87 2.49 2.40
δCep M97 2 449 571.5000 0.67 0.945 1.671 ± 0.431 3.70 3.33 − − 2.58 2.34 2.30
δCep N02 2 450 788.6300 0.74 0.754 1.621 ± 0.063 4.83 4.05 − − 2.87 2.48 2.40
δCep N02 2 450 994.9100 0.74 0.193 1.705 ± 0.094 4.02 3.48 − − 2.58 2.27 2.21
δCep N02 2 450 995.9300 0.74 0.383 1.485 ± 0.115 4.44 3.75 − − 2.66 2.29 2.22
δCep N02 2 450 996.9700 0.74 0.577 1.548 ± 0.220 4.71 3.94 − − 2.76 2.37 2.29
δCep N02 2 450 997.9300 0.74 0.756 1.422 ± 0.115 4.83 4.05 − − 2.87 2.48 2.40
δCep N02 2 450 998.9300 0.74 0.942 1.328 ± 0.125 3.72 3.35 − − 2.59 2.35 2.30
δCep N02 2 451 007.9600 0.74 0.625 1.590 ± 0.105 4.78 4.00 − − 2.81 2.40 2.32
δCep N02 2 451 008.9200 0.74 0.804 1.391 ± 0.084 4.72 3.99 − − 2.86 2.49 2.41
δCep N02 2 451 009.9600 0.74 0.998 1.548 ± 0.073 3.56 3.22 − − 2.52 2.29 2.24
δCep N02 2 451 010.9200 0.74 0.177 1.610 ± 0.073 3.98 3.46 − − 2.57 2.27 2.21
δCep N02 2 451 011.9100 0.74 0.361 1.537 ± 0.073 4.40 3.72 − − 2.65 2.28 2.21
δCep N02 2 451 012.9000 0.74 0.546 1.569 ± 0.073 4.66 3.90 − − 2.73 2.34 2.27
δCep N02 2 451 088.8100 0.74 0.691 1.380 ± 0.125 4.83 4.05 − − 2.85 2.45 2.36
δCep N02 2 451 089.7800 0.74 0.872 1.527 ± 0.073 4.27 3.73 − − 2.76 2.44 2.38
δCep N02 2 451 093.7600 0.74 0.614 1.475 ± 0.021 4.77 3.98 − − 2.80 2.39 2.31
δCep N02 2 451 097.7800 0.74 0.363 1.537 ± 0.052 4.40 3.72 − − 2.65 2.28 2.21
δCep N02 2 451 098.8500 0.74 0.562 1.694 ± 0.063 4.69 3.92 − − 2.75 2.36 2.28
X Sgr K04 2 452 741.9033 2.18 0.560 1.487 ± 0.058 4.88 4.17 − 3.44 − − −
X Sgr K04 2 452 742.8848 2.18 0.700 1.541 ± 0.067 4.91 4.21 − 3.45 − − −
X Sgr K04 2 452 743.8965 2.18 0.844 1.443 ± 0.065 4.48 3.94 − 3.20 − − −
X Sgr K04 2 452 744.8676 2.18 0.983 1.489 ± 0.059 4.02 3.62 − 3.08 − − −
X Sgr K04 2 452 747.8477 2.18 0.408 1.528 ± 0.217 4.65 4.00 − 3.34 − − −
X Sgr K04 2 452 749.8324 2.18 0.691 1.457 ± 0.104 4.92 4.21 − 3.46 − − −
X Sgr K04 2 452 766.8110 2.18 0.112 1.420 ± 0.078 4.18 3.70 − 3.15 − − −
X Sgr K04 2 452 768.8768 2.18 0.406 1.441 ± 0.032 4.65 4.00 − 3.34 − − −
ηAql N02 2 450 638.8600 0.74 0.990 1.959 ± 0.084 3.48 3.02 − 2.51 2.23 1.95 1.90
ηAql N02 2 450 640.8800 0.74 0.271 1.781 ± 0.094 3.93 3.27 − 2.61 2.26 1.89 1.82
ηAql N02 2 450 641.8600 0.74 0.408 1.938 ± 0.084 4.24 3.47 − 2.73 2.33 1.93 1.85
ηAql N02 2 450 997.8300 0.74 0.008 1.697 ± 0.199 3.48 3.02 − 2.51 2.22 1.94 1.89
ηAql N02 2 450 998.8800 0.74 0.154 1.781 ± 0.063 3.86 3.23 − 2.60 2.26 1.92 1.84
ηAql N02 2 451 007.8800 0.74 0.408 1.917 ± 0.063 4.24 3.47 − 2.73 2.33 1.93 1.85
ηAql N02 2 451 008.9100 0.74 0.552 1.603 ± 0.210 4.53 3.66 − 2.89 2.43 1.99 1.90
ηAql N02 2 451 009.8500 0.74 0.683 1.771 ± 0.084 4.66 3.80 − 3.00 2.51 2.08 2.00
ηAql N02 2 451 010.8400 0.74 0.821 1.456 ± 0.084 4.25 3.55 − 2.87 2.49 2.12 2.04
ηAql N02 2 451 011.8400 0.74 0.960 1.509 ± 0.073 3.52 3.05 − 2.54 2.25 1.97 1.92
ηAql N02 2 451 012.8700 0.74 0.104 1.603 ± 0.105 3.73 3.16 − 2.57 2.24 1.92 1.86
ηAql L02 2 452 065.4200 1.64 0.764 1.694 ± 0.011 4.53 3.73 − 2.98 2.53 2.13 2.05
ηAql L02 2 452 066.4140 1.64 0.903 1.694 ± 0.017 3.75 3.22 − 2.65 2.34 2.03 1.97
ηAql L02 2 452 067.4050 1.64 0.041 1.735 ± 0.041 3.54 3.05 − 2.52 2.22 1.93 1.87
ηAql L02 2 452 075.3830 1.64 0.153 1.783 ± 0.028 3.86 3.23 − 2.60 2.26 1.92 1.85
ηAql L02 2 452 076.3840 1.64 0.292 1.843 ± 0.014 3.95 3.28 − 2.61 2.26 1.89 1.82
ηAql L02 2 452 077.3720 1.64 0.430 1.867 ± 0.022 4.30 3.51 − 2.76 2.35 1.94 1.86
ηAql L02 2 452 089.3500 1.64 0.099 1.757 ± 0.019 3.71 3.15 − 2.56 2.24 1.92 1.86
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Table 3. continued.

Star Ref. JD λ φ θLD B0 V0 R0 I0 J0 H0 K0

ηAql L02 2 452 090.3540 1.64 0.239 1.842 ± 0.020 3.92 3.26 − 2.61 2.26 1.90 1.83
ηAql L02 2 452 091.3460 1.64 0.377 1.807 ± 0.023 4.14 3.41 − 2.69 2.30 1.92 1.84
ηAql L02 2 452 095.3600 1.64 0.936 1.605 ± 0.050 3.59 3.10 − 2.58 2.28 1.99 1.94
ηAql L02 2 452 099.3370 1.64 0.490 1.844 ± 0.026 4.44 3.60 − 2.83 2.40 1.97 1.88
ηAql L02 2 452 101.3290 1.64 0.768 1.672 ± 0.038 4.51 3.72 − 2.97 2.53 2.13 2.05
ηAql L02 2 452 103.2930 1.64 0.042 1.697 ± 0.041 3.54 3.05 − 2.52 2.22 1.93 1.87
ηAql L02 2 452 105.3000 1.64 0.321 1.842 ± 0.025 3.99 3.31 − 2.63 2.27 1.90 1.82
ηAql L02 2 452 106.2830 1.64 0.458 1.860 ± 0.016 4.38 3.56 − 2.79 2.37 1.95 1.86
ηAql L02 2 452 107.3020 1.64 0.600 1.853 ± 0.028 4.59 3.71 − 2.93 2.46 2.02 1.93
ηAql L02 2 452 108.3080 1.64 0.740 1.744 ± 0.033 4.60 3.77 − 3.00 2.54 2.13 2.04
ηAql L02 2 452 116.2760 1.64 0.851 1.650 ± 0.024 4.07 3.43 − 2.79 2.44 2.09 2.02
ηAql K04 2 452 524.5643 2.18 0.741 1.782 ± 0.124 4.60 3.77 − 3.00 2.54 2.13 2.04
ηAql K04 2 452 557.5462 2.18 0.336 1.916 ± 0.105 4.03 3.34 − 2.64 2.28 1.90 1.83
ηAql K04 2 452 559.5346 2.18 0.614 1.843 ± 0.045 4.60 3.73 − 2.94 2.46 2.03 1.94
ηAql K04 2 452 564.5321 2.18 0.310 1.846 ± 0.053 3.97 3.30 − 2.62 2.26 1.89 1.82
ηAql K04 2 452 565.5155 2.18 0.447 1.910 ± 0.032 4.35 3.54 − 2.78 2.36 1.95 1.86
ηAql K04 2 452 566.5185 2.18 0.587 1.900 ± 0.034 4.57 3.70 − 2.92 2.45 2.01 1.92
ηAql K04 2 452 567.5232 2.18 0.727 1.839 ± 0.040 4.63 3.79 − 3.00 2.54 2.12 2.04
ηAql K04 2 452 573.5114 2.18 0.561 1.923 ± 0.057 4.54 3.67 − 2.90 2.43 2.00 1.91
ηAql K04 2 452 769.9372 2.18 0.931 1.681 ± 0.031 3.61 3.12 − 2.59 2.29 2.00 1.95
ηAql K04 2 452 770.9222 2.18 0.068 1.828 ± 0.049 3.61 3.09 − 2.54 2.23 1.92 1.86
ηAql K04 2 452 772.8988 2.18 0.343 1.919 ± 0.051 4.04 3.35 − 2.65 2.28 1.90 1.83
W Sgr K04 2 452 743.8373 2.18 0.571 1.438 ± 0.103 5.43 4.59 − 3.78 − − −
W Sgr K04 2 452 744.9149 2.18 0.713 1.319 ± 0.094 5.55 4.72 − 3.91 − − −
W Sgr K04 2 452 749.8676 2.18 0.365 1.289 ± 0.147 5.00 4.32 − 3.59 − − −
W Sgr K04 2 452 751.8659 2.18 0.628 1.348 ± 0.179 5.52 4.66 − 3.86 − − −
W Sgr K04 2 452 763.8884 2.18 0.211 1.311 ± 0.035 4.75 4.15 − 3.51 − − −
W Sgr K04 2 452 764.8766 2.18 0.341 1.383 ± 0.030 4.88 4.24 − 3.55 − − −
W Sgr K04 2 452 765.8802 2.18 0.473 1.341 ± 0.033 5.24 4.46 − 3.71 − − −
W Sgr K04 2 452 767.8671 2.18 0.735 1.234 ± 0.083 5.52 4.71 − 3.91 − − −
W Sgr K04 2 452 769.9137 2.18 0.005 1.266 ± 0.064 4.35 3.92 − 3.42 − − −
βDor K04 2 452 215.7953 2.18 0.161 1.884 ± 0.082 4.21 3.46 3.13 2.73 2.30 1.91 1.86
βDor K04 2 452 216.7852 2.18 0.261 1.999 ± 0.048 4.40 3.58 3.22 2.80 2.34 1.92 1.86
βDor K04 2 452 247.7611 2.18 0.408 1.965 ± 0.060 4.76 3.81 3.42 2.97 2.45 1.99 1.93
βDor K04 2 452 308.6448 2.18 0.594 1.886 ± 0.076 4.73 3.85 3.46 3.03 2.53 2.11 2.04
βDor K04 2 452 567.8272 2.18 0.927 1.834 ± 0.063 4.02 3.39 3.09 2.73 2.35 2.01 1.95
βDor K04 2 452 744.5645 2.18 0.884 1.770 ± 0.072 4.12 3.47 3.16 2.79 2.39 2.03 1.98
βDor K04 2 452 749.5139 2.18 0.387 1.965 ± 0.110 4.71 3.78 3.39 2.95 2.43 1.98 1.91
βDor K04 2 452 750.5111 2.18 0.488 1.907 ± 0.076 4.83 3.91 3.48 3.04 2.52 2.05 1.98
βDor K04 2 452 751.5186 2.18 0.591 1.999 ± 0.172 4.74 3.86 3.47 3.04 2.53 2.10 2.04
ζ Gem N02 2 451 098.9800 0.74 0.477 1.566 ± 0.221 5.06 4.11 − 3.19 2.65 − 2.13
ζ Gem N02 2 451 229.8300 0.74 0.368 1.461 ± 0.231 4.95 4.02 − 3.10 2.59 − 2.08
ζ Gem N02 2 451 232.7200 0.74 0.652 1.619 ± 0.053 4.82 3.96 − 3.18 2.67 − 2.18
ζ Gem N02 2 451 233.7100 0.74 0.750 1.514 ± 0.063 4.61 3.85 − 3.10 2.63 − 2.18
ζ Gem L02 2 451 605.2260 1.64 0.349 1.720 ± 0.015 4.91 4.00 − 3.08 2.58 − 2.08
ζ Gem L02 2 451 206.2410 1.64 0.044 1.719 ± 0.048 4.32 3.65 − 2.92 2.48 − 2.07
ζ Gem L02 2 451 214.1920 1.64 0.827 1.845 ± 0.062 4.46 3.77 − 3.05 2.58 − 2.16
ζ Gem L02 2 451 615.1800 1.64 0.330 1.783 ± 0.032 4.88 3.97 − 3.06 2.57 − 2.07
ζ Gem L02 2 451 617.1670 1.64 0.525 1.629 ± 0.029 5.04 4.10 − 3.21 2.67 − 2.15
ζ Gem L02 2 451 618.1430 1.64 0.622 1.575 ± 0.008 4.89 4.00 − 3.19 2.67 − 2.18
ζ Gem L02 2 451 619.1680 1.64 0.723 1.590 ± 0.018 4.67 3.88 − 3.12 2.64 − 2.18
ζ Gem L02 2 451 620.1690 1.64 0.821 1.627 ± 0.029 4.47 3.77 − 3.06 2.58 − 2.16
ζ Gem L02 2 451 622.1980 1.64 0.021 1.717 ± 0.047 4.30 3.64 − 2.93 2.48 − 2.07
ζ Gem L02 2 451 643.1610 1.64 0.086 1.707 ± 0.012 4.37 3.68 − 2.91 2.48 − 2.05
ζ Gem L02 2 451 981.1820 1.64 0.386 1.730 ± 0.014 4.98 4.04 − 3.12 2.60 − 2.09
ζ Gem L02 2 451 982.1640 1.64 0.482 1.679 ± 0.021 5.06 4.11 − 3.20 2.65 − 2.13
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Table 3. continued.

Star Ref. JD λ φ θLD B0 V0 R0 I0 J0 H0 K0

ζ Gem L02 2 451 983.2010 1.64 0.584 1.631 ± 0.022 4.96 4.05 − 3.21 2.67 − 2.17
ζ Gem L02 2 451 894.3870 1.64 0.835 1.662 ± 0.020 4.45 3.76 − 3.05 2.57 − 2.16
ζ Gem L02 2 451 895.3690 1.64 0.932 1.672 ± 0.014 4.32 3.66 − 2.98 2.52 − 2.11
ζ Gem K04 2 452 214.8787 2.18 0.408 1.715 ± 0.059 5.01 4.07 − 3.14 2.62 − 2.10
ζ Gem K04 2 452 216.8357 2.18 0.600 1.751 ± 0.088 4.93 4.03 − 3.21 2.67 − 2.18
ζ Gem K04 2 451 527.9722 2.12 0.739 1.643 ± 0.334 4.63 3.86 − 3.11 2.63 − 2.18
ζ Gem K04 2 451 601.8285 2.12 0.014 1.748 ± 0.086 4.30 3.64 − 2.93 2.48 − 2.08
ζ Gem K04 2 451 259.7790 2.12 0.318 2.087 ± 0.291 4.85 3.95 − 3.05 2.57 − 2.06
ζ Gem K04 2 451 262.7400 2.12 0.610 1.730 ± 0.273 4.91 4.02 − 3.20 2.67 − 2.18
ζ Gem K04 2 451 595.8520 2.12 0.426 1.423 ± 0.284 5.03 4.08 − 3.15 2.63 − 2.11
ζ Gem K04 2 451 602.7640 2.12 0.107 1.910 ± 0.216 4.40 3.69 − 2.91 2.48 − 2.05
Y Oph K04 2 452 742.9056 2.18 0.601 1.462 ± 0.120 4.93 4.10 3.86 3.29 2.96 2.58 2.52
Y Oph K04 2 452 750.8842 2.18 0.067 1.414 ± 0.106 4.26 3.64 3.50 3.00 2.77 2.49 2.44
Y Oph K04 2 452 772.8308 2.18 0.349 1.478 ± 0.057 4.75 3.95 3.72 3.16 2.86 2.50 2.43
Y Oph K04 2 452 786.8739 2.18 0.168 1.436 ± 0.046 4.45 3.76 3.59 3.07 2.79 2.48 2.42
	Car K04 2 452 453.4978 2.18 0.587 3.035 ± 0.109 4.73 3.46 2.89 2.41 1.72 1.16 1.06
	Car K04 2 452 739.5644 2.18 0.634 2.859 ± 0.084 4.73 3.48 2.91 2.42 1.74 1.19 1.09
	Car K04 2 452 740.5691 2.18 0.662 2.954 ± 0.046 4.72 3.47 2.92 2.42 1.75 1.22 1.12
	Car K04 2 452 741.7171 2.18 0.694 2.969 ± 0.038 4.71 3.46 2.93 2.42 1.77 1.24 1.15
	Car K04 2 452 742.7009 2.18 0.722 2.874 ± 0.054 4.69 3.45 2.94 2.43 1.80 1.27 1.18
	Car K04 2 452 743.6985 2.18 0.750 2.737 ± 0.073 4.66 3.44 2.94 2.44 1.81 1.30 1.21
	Car K04 2 452 744.6336 2.18 0.776 2.769 ± 0.033 4.62 3.43 2.92 2.43 1.82 1.31 1.22
	Car K04 2 452 745.6285 2.18 0.804 2.652 ± 0.095 4.53 3.39 2.88 2.41 1.81 1.32 1.23
	Car K04 2 452 746.6198 2.18 0.832 2.749 ± 0.045 4.40 3.33 2.81 2.37 1.79 1.31 1.23
	Car K04 2 452 747.5988 2.18 0.860 2.674 ± 0.125 4.22 3.23 2.73 2.30 1.74 1.29 1.21
	Car K04 2 452 749.5763 2.18 0.915 2.620 ± 0.076 3.82 2.96 2.53 2.13 1.63 1.23 1.15
	Car K04 2 452 751.5785 2.18 0.972 2.726 ± 0.032 3.62 2.79 2.40 2.01 1.54 1.15 1.08
	Car K04 2 452 755.6166 2.18 0.085 2.942 ± 0.110 3.78 2.85 2.44 2.01 1.51 1.06 0.98
	Car K04 2 452 763.5551 2.18 0.309 3.157 ± 0.032 4.31 3.13 2.63 2.15 1.53 1.01 0.92
	Car K04 2 452 765.5545 2.18 0.365 3.175 ± 0.033 4.43 3.19 2.69 2.21 1.56 1.02 0.93
	Car K04 2 452 766.5497 2.18 0.393 3.173 ± 0.033 4.48 3.25 2.72 2.23 1.57 1.04 0.95
	Car K04 2 452 768.5663 2.18 0.450 3.155 ± 0.036 4.60 3.35 2.78 2.29 1.62 1.07 0.98
	Car K04 2 452 769.5746 2.18 0.478 3.155 ± 0.021 4.65 3.39 2.81 2.32 1.64 1.08 1.00
	Car K04 2 452 770.5353 2.18 0.505 3.124 ± 0.021 4.69 3.41 2.84 2.35 1.66 1.10 1.01
	Car K04 2 452 771.5281 2.18 0.533 3.100 ± 0.019 4.72 3.43 2.86 2.38 1.69 1.12 1.03
	Car K04 2 452 786.6200 2.18 0.957 2.700 ± 0.064 3.64 2.82 2.42 2.03 1.56 1.17 1.09


