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ABSTRACT 

We have performed a surface-brightness analysis on the extensive photometric and radial-velocity data 
of EU Tau presented in Paper I and have determined the stellar radius and distance with a ~5% 
precision. We derive and discuss new values for most of the star’s physical parameters, including its 
luminosity, mass, effective temperature, and binary status. The physical properties of EU Tau strongly 
suggest that this Cepheid is pulsating in the radial first overtone mode. Amplitude ratios and phase 
differences derived from low-order Fourier coefficients of the light curve appear to confirm this, and so 
does the very small relative radius variation of the star. We present arguments for the utility of the 
phase difference parameter ^21 as a pulsation mode discriminator in classical Cepheids. We find only 
two pieces of evidence which do not favor first overtone over fundamental mode pulsation in EU Tau. 
On the Hertzsprung-Russell diagram, EU Tau is located close to the blue edge of the instability strip 
for fundamental mode pulsation in a region where fundamental mode and first overtone pulsation seem 
to be about equally likely. Also, the value of the first-order phase lag (A^), for EU Tau seems to be 
more in accord with fundamental mode than with first overtone pulsation. However, we show that the 
role of (A^), as a pulsation mode indicator for Cepheids is very doubtful at the present time. In 
conclusion, we find that first overtone pulsation is much more likely in EU Tau than fundamental mode 
pulsation. We encourage hydrodynamic model calculations for the star aiming at an improved under- 
standing of the physical causes which determine the pulsation modes of Cepheid variables. 

I. introduction 

In Paper I (Gieren et al. 1989) we presented new and 
contemporaneous radial-velocity and photometric data of 
the short-period, classical Cepheid EU Tau obtained at the 
Kitt Peak, McDonald, and Konkoly Observatories. A fre- 
quency analysis on our new V photometry and previous da- 
tasets unambiguously showed that EU Tau is pulsating with 
a single period near 2.1 days, rather than with two periods as 
suggested earlier by Gieren and Matthews (1987). 

The density and quality of the photometric curves and of 
the radial-velocity curve presented in Paper I have made EU 
Tau one of the best-observed classical Cepheids. Our con- 
temporaneous data are ideally suited to a surface-brightness 
analysis of the star to yield its mean radius and its distance. 
We perform such an analysis in Sec. II of this paper. The 
radius and distance results, together with other information 
available on the star, are then used to establish other funda- 
mental stellar parameters (Sec. Ill), and to discuss in detail 
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the pulsation mode of EU Tau (Sec. IV). We anticipate that 
we find strong evidence that EU Tau belongs to the appar- 
ently rare class of overtone pulsators among galactic classi- 
cal Cepheids. 

II. SURFACE-BRIGHTNESS SOLUTIONS 

a) The Visual Surface-Brightness Method 

This method has been described in considerable detail 
elsewhere [e.g., Gieren, Barnes, and Moffett (1989) (here- 
after referred to as GBM); Moffett and Barnes ( 1987), and 
references given in these papers], and we give here only a 
brief account of its essentials. The visual surface-brightness 
parameter Fv is defined as 

Fv = 4.2207 - 0.1F0 - 0.5 log <¿, ( 1 ) 

or, equivalently, 
Fv = \ogT& +0.1BC, (2) 

where VQ is the apparent visual magnitude, corrected for 
interstellar absorption; (f) is the stellar angular diameter in 
milliarcsecond; and BC is the bolometric correction with 
respect to the Fbandpass. Fv is linearly related to the stellar 
surface-brightness AV. 

It was shown by Barnes and Evans ( 1976), and later by 

0004-6256/90/041196-11S00.90 © 1990 Am. Astron. Soc. 1196 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
90

A
J 

 9
9.

11
96

G
 

1197 GIEREN ETAL. : EU Tau 

Barnes, Evans, and MofFett (1978) that EV could be predict- 
ed, with a high degree of accuracy, by a simple linear relation 
of the form 

Fv = b + m(V-R)0, (3) 

where (V — R)0 is the Johnson color index corrected for 
interstellar reddening. Equation ( 3 ) is usually referred to as 
the surface-brightness relation. Its correct establishment is 
the central problem of the surface-brightness method. The 
knowledge of the surface-brightness relation makes it possi- 
ble to calculate the stellar angular diameter from its ob- 
served (V — R) color. 

In the case of a radially pulsating star like a Cepheid, this 
information can be combined with the independent knowl- 
edge of the displacement variation of the stellar surface ob- 
tained from an integration of the star’s radial-velocity curve. 
The relation connecting the instantaneous linear diameter of 
the pulsating star with its instantaneous angular diameter is 

AZ> + Dm = 10 (4) 

where Dm is the mean linear diameter of the star, AZ> the 
instantaneous displacement from it (both in AU), d the stel- 
lar distance (in pc), and (f) the stellar angular diameter (in 
mas). Equation (4) can be solved for both the distance, and 
the mean diameter of the Cepheid by performing a regres- 
sion analysis of (f) against AZ). We note that the mean diame- 
ter derived depends only on the slope of the surface-bright- 
ness relation while the distance depends on both the slope 
and zero point of the relation. 

b) Choice of the Constants 

For the surface-brightness analysis in this paper, we have 
adopted the set of constants which were used and discussed 
by GBM. From their Eq. ( 7 ), we obtain m = — 0.369 as the 
appropriate slope of the surface-brightness relation for the 
period of EU Tau. We use b = 3.956 for the zero point of the 
relation. An independent check on this value using the effec- 
tive temperature scale for short-period Cepheids of Pel 
(1978) (Moffett, Barnes, and Gieren 1990) has confirmed 
this value. 

For the conversion from radial to pulsational velocity, we 
usep — 1.380 as suggested by Eq. (8) of GBM. We further 
use the following photometric constants: 

Av/V{B- F) = 3.3 

E(F-Ä)/E(£- F) =0.84 
E(Æ- F) =0.15 (Ferme 1987). 

For the pulsation period of EU Tau we adopt P 
= 2.102 511 2 days, as derived by Ferme ( 1987) and essen- 

tially confirmed by our frequency analysis in Paper I. 

c) Radius and Distance Solutions 

As photometric input data in our surface-brightness anal- 
ysis, we used the F and ( F — R)j values given in Paper I, 
excluding for this purpose the Konkoly F data because of 
their significantly larger scatter as compared to the Mc- 
Donald and Kitt Peak data. To these data, we added the F 
and (V—R)c observations of Gieren and Matthews 
(1987) which were also obtained at KPNO. These 
(V — R)c data were transformed to the Johnson system in 
the same way as described in Paper I, and an appropriate 
zero-point correction was applied. The final F and 
( F — Æ)j curves used in our analysis are shown in Figs. 1 
and 2, respectively. Each consists of more than 400 individ- 
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Fig. 1. The V light curve of EU Tau showing the observations used in 
the surface-brightness analysis of this paper. The solid line is a third- 
order Fourier series fit to the data. 

Fig. 2. The (V — R)} color curve of EU Tau showing the observations 
used in the surface-brightness analysis of this paper. The solid line is a 
third-order Fourier series fit to the data. 
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ual observations. The solid lines in these figures are the fitted 
^ third-order Fourier series. 
g As radial-velocity input data we used our own measure- 

ments, as described in Paper I, and the CORAVEL measure- 
^ ments of Burki (1985). The zero-point and phase adjust- 

ments made to bring both sets of observations into 
agreement ( see Paper I ) place all of the radial velocities onto 
the phase scale of the contemporaneous photometric obser- 
vations, and onto Burki’s velocity scale. The final adopted 
radial velocities are shown in Fig. 3. Again, the solid line is 
the third-order Fourier series fit to all corrected velocities. 

We performed the least-squares solution of Eq. (4) in two 
different ways. First, we used the Fourier series representa- 
tion for all of the observed curves (i.e., radial velocities, F, 
and V— R), using numerical values spaced by 0.01 in phase. 
In this case, the best fit was found with a phase shift of 
— 0.06 (radial velocities relative to photometry), and the 

resulting radius and distance are 
R /Rg = 29.52 + 0.63 

d= (1163 + 25) pc. 
In Fig. 4, the fit of the angular diameters to the linear dis- 
placements is shown. It is not perfect but appears to be the 
best that can be done with the linear surface-brightness rela- 
tion. The distortions seen in the photometrically determined 
angular diameter curve in the phase interval 0.8 to 0.3 are 
similar to, but less severe than, the distortions seen in similar 
plots for RR Lyrae variables (see, for example, Cacciari et 

Fig. 3. The radial-velocity curve of EU Tau showing the observations 
used in the surface-brightness analysis of this paper. The observations 
are on the Burki (1985; filled circles) velocity system and on the 
KPNO (Paper I; open circles) phase system. The solid line is a third- 
order series fit to the data. 

Fig. 4. The angular diameter variation of EU Tau (dots) as a function 
of phase. Superimposed is the linear displacement curve. A best fit 
between these curves is achieved with a phase shift of — 0.06 of the 
velocities relative to the photometric curves. Without applying this 
phase shift the radius and distance results change by about one stan- 
dard deviation. 

al. 1989). For the RR Lyrae stars, it is generally accepted 
that the distortions arise from acceleration effects upon the 
surface brightness during the expansion phase. Perhaps we 
are here for the first time seeing evidence of acceleration 
effects upon the surface brightness of a classical Cepheid. 

As a second approach, we used the Fourier series repre- 
sentation for the radial-velocity curve but used the actual 
observed photometric points in the analysis. In this case, the 
best fit was obtained with a phase shift of — 0.04, and the 
results are 

R/R0 =30.93 + 1.46 

d= (1218 + 58) pc. 
They agree, within the errors, with the first solution, and so 
does the phase shift (we note that without applying any 
phase shift, the radius and distance change by approximately 
one standard deviation; hence, the solutions are only slightly 
sensitive to the adopted value for the phase shift). We believe 
that the — 5% accuracy for R and d obtained in the second 
solution reflect more correctly the true uncertainties of the 
radius and distance results. We note that this is the best radi- 
us and distance accuracy so far obtained for a short-period, 
low-amplitude Cepheid from the surface-brightness tech- 
nique (GBM; Gieren 1988). This is not surprising in view of 
the excellent observations at our disposal. We believe that 
the remaining imperfection of the present solution, as re- 
flected in Fig. 4, is almost entirely due to the star’s actual 
surface-brightness relation being somewhat more compli- 
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cated than the simple linear Eq. (3), rather than to limita- 
tions imposed by the quality of the data. Unfortunately, it is 
not yet possible to quantify the terms which may have a 
(small) effect on the surface-brightness relation of a classi- 
cal Cepheid. Future work on this will be important and lead 
to radius and distance solutions of still greater precision. 

As our final radius and distance result for EU Tau, we 
adopt the averages of the two determinations. This yields 

R/Rq = 30.23 + 1.43, 

d= (1191 + 57) pc, 
where the uncertainties correspond to those of the second 
solution discussed above. 

III. PHYSICAL PARAMETERS OF EU TAU 

a) Absolute Magnitude and Luminosity 

Using the photometric constants in Sec. 116, a mean V 
magnitude of (F) = 8.101 determined from our light curve 
(Fig. 1 ), and the distance found in the preceding section, we 
obtain a mean absolute visual magnitude for EU Tau of 

M{v) = — 2.77 mag. 

The uncertainty of the distance alone translates into a 
+ 0.10 mag uncertainty of this result. With an additional 

realistic ± 0.02 uncertainty in the color excess, the total 
uncertainty oíM{v) is ±0.15 mag. 

We may compare the absolute magnitude of EU Tau to 
the value expected from the Cepheid period-luminosity (P- 
L) relation for a star of its pulsation period. The expected 
values for M{ v) according to different recent calibrations of 
the P-L relation are given in Table I. Their mean value is 
— 2.19 mag for fundamental mode pulsation. Thus, EU Tau 

is —0.6 mag brighter than expected for its period. In Fig. 5, 
the absolute magnitudes of 52 Cepheids based on surface- 
brightness distances (Gieren 1988) are plotted against the 
period, along with the position of EU Tau. There are only 
two stars (Y Oph, which is very peculiar in many respects, 
and KN Cen which has a bright blue companion) which 
deviate as much from the mean P-L relation as EU Tau. A 
0.6 mag deviation is perhaps on the extreme boundary, but 
more probably beyond both the intrinsic and observational 
dispersion of the P-L relation. 

One possibility to resolve this discrepancy is to assume 
that EU Tau is pulsating in the first overtone radial mode. 
(More evidence supporting this assumption will be dis- 
cussed in Sec. IV.) Using a period ratio PX/PQ = 0.105 
[mean value obtained from the 11 double-mode Cepheids 
analyzed by Balona ( 1985 ) ], the fundamental mode period 
becomes P0 = 2.98 days under this assumption. Absolute 
magnitudes for EU Tau based on the first overtone assump- 

Table I. Absolute magnitude predictions for EU Tau from different peri- 
od-luminosity calibrations, assuming fundamental mode (F), and first 
overtone mode ( \H) pulsation, respectively. 

Source M{V){F) M{VA\H) 

Gieren ( 1988) 
Caldwell and Coulson ( 1987) 
Feast and Walker (1987) 
Balona and Shobbrook ( 1984) 
Fernie and McGonegal (1983) 
Mean value 

-2.17 
- 1.97 
-2.25 
-2.04 
-2.54 
-2.19 

-2.61 
-2.44 
-2.66 
-2.45 
-2.97 
-2.63 

Fig. 5. The position of EU Tau relative to the Cepheid period-lumi- 
nosity relation found from surface-brightness distances (Gieren 
1988), assuming fundamental mode (F), and first overtone mode 
( \H) pulsation of the star. The open circles are the calibrating data of 
Gieren ( 1988). The uncertainty of the EU Tau absolute magnitude is 
+ 0.15 mag. 

tion are also given in Table I. The mean of these is — 2.63 
mag in very good agreement with our surface-brightness re- 
sult. The position of EU Tau on the P-L diagram is now very 
close to the mean line, as shown in Fig. 5. Thus, the observed 
distance of EU Tau lends support to the hypothesis that the 
star is pulsating in the first overtone mode. 

Using the mean intrinsic B-Vcolor of 0.510 derived from 
our measurements, and the bolometric correction 
— {B—V)0 scale of Parsons (1971), we obtain BC 
= — 0.02 mag for EU Tau. With this value, the luminosity 
of EU Tau becomes 

L/L0 = 1038 ± 140, 

where our value for M{v) and Afbolo =4.75 (Allen 1973) 
have been adopted. The quoted uncertainty corresponds to 
the + 0.15 mag uncertainty of the absolute magnitude. 

b) Effective Temperature 

There are various ways to estimate the effective tempera- 
ture of EU Tau. First, we can use the radius and luminosity 
results of this paper, and the L /L0 
= ( i? /Ä0 )2 ( re / re 0 )4 relationship. Adopting Te Q 

= 5770 K (Allen 1973), this yields 
Te = (5960 + 330) K, 

where the uncertainty given corresponds to the uncertainties 
of the radius and luminosity values of EU Tau derived above. 

We can also use the visual surface-brightness Eq. ( 3 ). For 
EU Tau, the appropriate relation is 

Fv = 3.956 - 0.369( V-R)0. (5) 

From our photometry, we derive a mean (V — R) color of 
0.622 for EU Tau. Using the relations given in Sec. II, this 
yields (F—Ä)0 = 0.489 as the mean intrinsic (V—R)j 
color of the star. From Eq. (5), we obtain Fv = and 
from Eq. ( 2 ) we then obtain 

7; = 5998 K, 

where again BC = — 0.02 mag has been used. 
This estimate of Te agrees well with the one derived above. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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The two estimates are not independent, of course, because 
the same surface-brightness relation ( 5 ) has been used in the 
radius and distance calculation of Sec. II. However, we note 
that the results are consistent. 

We can further use the intrinsic color of EU Tau to esti- 
mate its temperature. At the star’s mean intrinsic (B — V) 
color of 0.510, the effective temperature calibration of Pel 
( 1985) for short-period Cepheids yields TQ = 6300 K. Ac- 
cording to the calibration of Flower ( 1977), the appropriate 
value of Te is 6173 K. We note that the Pel and Flower 
calibrations are about midway between the extremes in the 
calibration of the T& — {B — V)0 relation for classical Ce- 
pheids (Pel 1985). 

As an average from these different determinations, we 
adopt for EU Tau a mean effective temperature of 

Te = (6110 + 200) K. 

The quoted uncertainty of + 200 K is somewhat arbitrary, 
but seems to correspond to the various numerical results 
derived in this section. 

c) Mass 

The mass of a Cepheid can be calculated in at least three 
different ways: ( 1 ) from an evolutionary mass-luminosity 

relation appropriate to Cepheids; (2) from a pulsa- 
tional period-radius-mass (P-R-~#) relation, using a radi- 
us value derived from a Baade-Wesselink technique; (3) 
from the same P-R-^ relation but using a radius value 
resulting from the Cepheid’s observed L and Tc. 

These three mass estimates are called evolution mass, 
ev, Wesselink mass, ~^wes> and pulsation mass, -#pul, re- 

spectively. An exhaustive review of these masses for Cepheid 
variable stars has recently been given by Gieren (1989). 

We calculate the ^ev for EU Tau from the .Jf-L relation- 
ship given by Becker, Iben, and Tuggle (1977). Assuming 
Pop. I composition ( Y = 0.28, Z = 0.02), this relation is 

log (L/L0) =0.46+ 3.68 log (^/^Q). (6) 

In this relation it is further assumed that the Cepheid is on its 
second crossing through the instability strip and has not suf- 
fered appreciable mass loss in the pre-Cepheid stage of evo- 
lution. Our value of log {L /Z,0 ) = 3.016 + 0.06 yields an 
evolution mass for EU Tau of 

= 4.95 + 0.20. 

We derive the Wesselink and pulsation masses of EU Tau 
from the P-R-^ relation of Fricke, Stobie, and Strittmatter 
(1972) 

P0 = 0.025(^/^0 ) -067(R /R0 i1'70 days. (7) 

This relation is valid for standard Pop. I composition and is 
essentially independent of re (or L) over the temperature 
(luminosity) range in which classical Cepheids are found. 
Our radius value of (30.23 + 1.43 )R0 yields 

Wes /^ 7.65 + 0.91, 
assuming that the observed period of 2.1025 days corre- 
sponds to the fundamental mode. From the values of L and 
Te derived in this study, we find a pulsation radius of 
28.76Rq for EU Tau which yields a pulsation mass of 

-^pui/^o = 6.74 + 2.53. 
Here it is also assumed that P0 = 2.1025 days. 

1200 

It is evident, from these results, that the masses based on 
the pulsational P-R-^ relation are substantially larger 
than the evolution mass of EU Tau. This result will be dis- 
cussed in Sec. IV in connection with the pulsation mode of 
the star. 

d) Binary Status 

GBM have discussed the influence of a binary companion 
to a Cepheid on its radius value obtained with the surface- 
brightness technique. Since (V — R) is used as a surface- 
brightness indicator, the radius solution is not sensitive to a 
blue companion, but we expect some sensitivity to a bright 
yellow or red companion star. It is, therefore, important to 
check the observational data for evidence regarding the pos- 
sible existence of such a companion star. 

The classical method to prove the existence of a physical 
companion is the detection of a variable y velocity of the 
Cepheid. For EU Tau, three sets of radial-velocity observa- 
tions are available in the literature: our new measurements 
reported in Paper I, the CORAVEL observations of Burki 
(1985), and the observations reported by Gieren and Mat- 
thews ( 1987). The results for the y velocity of EU Tau from 
these sources are — 4.29, — 1.24, and — 2.0 km/s, respec- 
tively. The differences between these determinations are cer- 
tainly small enough to be explained by observational errors 
and/or small systematic zero-point shifts between the veloc- 
ity scales of the different instruments used. We conclude that 
there is no compelling evidence from the existing radial-ve- 
locity data for a physical companion to EU Tau. 

Photometric tests for a binary companion to a Cepheid 
have been discussed, among others, by Coulson and Cald- 
well ( 1989) and Gieren ( 1982a) and do not produce reliable 
results except in the rare cases of very bright companions. 
We have looked at the intrinsic colors, color-color loops, 
amplitude ratios of different color curves, and at the phase 
difference between the V and (U— B) curves which all con- 
tain information about a possible photometric companion. 
We find that all these properties are normal as compared to 
nonbinary Cepheids of similar period. The only piece of evi- 
dence possibly suggesting a companion star is the rather red 
intrinsic (B — V) color of EU Tau which is ~0.10 mag red- 
der than expected from the period-color relation given by 
Dean, Warren, and Cousins (1978). However, it is well 
known that Cepheid period-color relations do have a con- 
siderable intrinsic dispersion, and that different color excess 
scales show systematic differences up to ~0.04 mag (Fernie 
1990), making a 0.1 mag deviation from the mean line in a 
period-color diagram a very weak case for binarity. The ap- 
parent red excess of EU Tau may also be a consequence of 
the pulsation mode of the star (see Sec. IV). 

We conclude that there is also no evidence in the photome- 
try for a companion to EU Tau. All available observational 
data on EU Tau strongly suggest it to be a single star. This 
result strengthens our confidence in the radius and distance 
results of Sec. II. 

IV. THE PULSATION MODE OF EU TAU 

One of our original motivations to study EU Tau was the 
suggestion by Simon and Lee ( 1981 ) that EU Tau might be 
an overtone pulsator. This conclusion was based on their 
Fourier decomposition analysis of the V light curve of the 
star which yielded parameters remarkably similar to those 
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found for the 1.95 d Cepheid SU Cas, the currently strongest 
case for overtone pulsation among galactic Cepheids 
(Aikawa, Antonello, and Simon 1987; Gieren 1982b). 

Overtone pulsation seems to be a very rare phenomenon 
among classical Cepheids. In their recent analysis of a homo- 
geneous set of 101 Cepheid radii, GBM have found no evi- 
dence for a substantial number of overtone pulsators among 
the short-period Cepheids. The same conclusion was 
reached on different grounds by Arellano Ferro (1984) who 
studied a sample of short-period, low-amplitude Cepheids. 
This apparent absence of overtone pulsators makes it very 
important to identify the few existing cases and establish 
their physical properties as accurately as possible. Hydrody- 
namic model calculations as those performed by Aikawa et 
al. (1987) might then help to understand why these stars 
pulsate in an overtone mode, and why overtone pulsation is 
so infrequent in the Cepheids of our galaxy. 

In what follows, we shall use the physical parameters of 
EU Tau established in the preceding sections to discuss its 
pulsation mode. 

a) Radius 

We have plotted the position of EU Tau on the period- 
radius diagram in Fig. 6, along with the surface-brightness 
radius data on 101 Cepheids given by GBM. If EU Tau is a 
fundamental mode pulsator, its radius value is ~40% larger 
than expected from the mean period-radius relation found 
by GBM which predicts a radius of 22.3jR0 at a period of 2.1 
days. This deviation is very large compared to the + 1.4i?0 

uncertainty of the EU Tau radius, and compared to the scat- 
ter of the period-radius relation which is in the order of 0.04 
in log R around the mean relation at a fixed period. There is 

1201 

no other star among the —50 Cepheids with periods less 
than 8 days in the sample of GBM showing such a large 
deviation from the mean line on the P-R diagram. 

As before, if we interpret the observed period of EU Tau as 
the first overtone mode period, the fundamental period be- 
comes 2.98 days, and the position of the star on the P-R 
diagram is now very close to the mean line (only 0.02 in 
log R above the mean relation). Thus, the observed radius of 
EU Tau is consistent with pulsation in the first overtone 
mode and inconsistent with pulsation in the fundamental 
mode. We note that pulsation in the second overtone, as 
suggested by Burki ( 1985), is less likely because under this 
assumption the radius of EU Tau lies —0.07 in log R below 
the mean P-R relation, which is about twice its dispersion 
(although a few Cepheids which are presumably fundamen- 
tal mode pulsators do lie that far from the mean curve). 

We want to stress that the surface-brightness radius of EU 
Tau can be ideally compared to the GBM radius data be- 
cause all these radii were derived with the same technique 
and with the same set of parameters. 

b) Mass 

In the previous section, we have derived 
— 4.95 + 0.20, 

wes/'^^o ^ 7'65 T; 0.91, 
^pul/^0 =6.74 + 2.53, 

from the radius and luminosity of EU Tau found in this 
paper. The Wesselink and pulsation masses were derived un- 
der the assumption of fundamental mode pulsation. If we 
assume pulsation in the first overtone, the Wesselink and 
pulsation masses decrease to 

Fig. 6. The position of EU Tau relative to 
the Cepheid period-radius relation ob- 
tained from the surface-brightness meth- 
od (Gieren, Barnes, and Moffett 1989), 
assuming fundamental mode (F), and 
first overtone mode ( li/) pulsation of the 
star. The open circles are the calibrating 
data of GBM. The radius uncertainty for 
EU Tau is + 0.02 in log R. 
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''^wes/^^0 ~ 4.55 + 0.54, 
^pul/^0= 4.01 ±1.51. 

We find that agreement among the different mass calcula- 
tions is only possible if first overtone pulsation is assumed. 
This is illustrated in Fig. 7 where the ratio ^Wes/^ev is 
plotted against period for EU Tau and for a sample of 52 
Cepheids for which the necessary data exist from the study 
of Gieren (1989). Under the assumption of fundamental 
mode pulsation the observed mass ratio for EU Tau is discre- 
pant by a factor of — 2, as compared to the expected value. 
This discrepancy is the largest for any of the Cepheids in Fig. 
7. Assuming first overtone pulsation in EU Tau, the mass 
ratio becomes (0.92 ± 0.11 ) which is very close to the value 
expected from the data in Fig. 7. The mass data illustrate 
even more clearly, because of the ^~R25 dependence, 
what we already concluded from the radius value of EU Tau, 
namely that the star is very likely to pulsate in the first over- 
tone mode. Its true mass is very likely between 4.5 and 5.0 

c) Absolute Magnitude 

We have already shown in Sec. Ilia that the absolute mag- 
nitude of EU Tau is only in accord with the predictions of 
Cepheid P-L relations if first overtone pulsation is assumed. 
If we use a P-L-C relation instead of a P-L relation to pre- 
dict the absolute magnitude of EU Tau, we basically obtain 
the same result. Adopting the P-L-C Eqs. ( 1 ) and (2) given 
by Feast and Walker ( 1987; their Table III), we obtain pre- 
dictions ofM{v) — — 2.12 and — 2.18 mag, respectively, if 
P0 = 2.10 d is assumed, and M{v) — — 2.70 and — 2.72 
mag, respectively, if PQ = 2.98 d is assumed. The latter val- 
ues are in excellent agreement with our derived value of 
— 2.77 mag. This demonstrates that an application of a Ce- 

pheid P-L-C relation, rather than a P-L relation, does not 
change the conclusions regarding the pulsation mode of EU 
Tau already drawn in Sec. Ilia. The bright absolute magni- 
tude of EU Tau clearly indicates that the star is more likely 
to pulsate in the first overtone than in the fundamental 
mode. 

1202 

log T* 

Fig. 8. The location of EU Tau in the Cepheid instability strip on the 
HRD, relative to the blue edges for fundamental mode pulsation and 
different chemical compositions. The blue edges are adopted from 
Iben and Tuggle (1975). Also shown are the locations of Cepheids 
with known surface-brightness luminosities and Pel (1978) effective 
temperature determinations. The broken line is a tentative observa- 
tional blue edge representing these data. 

d) Position in the Instability Strip 

In Fig. 8, we have plotted the position of EU Tau on the 
Hertzsprung-Russell diagram using the L and Te values de- 
rived in Sec. III. For comparison, we have also plotted the 
positions of those short-period Cepheids which have lumi- 
nosity determinations from their surface-brightness dis- 
tances (Gieren 1989), and individual Te determinations 
from Walraven photometry by Pel (1978). The blue edges 
for fundamental mode pulsation and different chemical 
compositions shown on this diagram are adopted from Iben 
and Tuggle (1975). 

Fig. 7. The ratio Wesselink to evolution mass 
plotted against period, for Cepheids with sur- 
face-brightness luminosity determinations 
(Gieren 1989). The position of EU Tau is 
shown assuming fundamental mode (F), and 
first overtone mode ( \H) pulsation, respec- 
tively. 
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Figure 8 suggests that EU Tau lies close to the fundamen- 
tal mode blue edge for Y = 0.28, but still to the red side of the 
boundary. There are three stars on Fig. 8 having luminosities 
comparable to that of EU Tau which are slightly hotter, 
lending support to this conclusion ( assuming that these stars 
pulsate in the fundamental mode). The location of EU Tau 
in the instability strip thus suggests that there is a good 
chance that the star is a fundamental mode pulsator. How- 
ever, the probability that it is pulsating in the first overtone 
mode is about equal because the star is still on the blue side of 
the red edge for pulsation in the first overtone mode if similar 
widths for the fundamental and first overtone instability 
strips are assumed. Thus, no strong point for either of the 
two modes can be made from the observed position of EU 
Tau on the Hertzsprung-Russell diagram. 

We would like to make a few additional remarks concern- 
ing Fig. 8. First, we note that at the observed luminosity of 
EU Tau, its effective temperature would have to be —6400 
K to bring the star right onto the fundamental mode blue 
edge for Y = 0.28. This is 300 K hotter than the value de- 
rived in Sec. Ill and does not seem to be consistent with the 
determinations discussed in this section. However, we be- 
lieve that the effective temperature is not as well known as 
the other physical parameters determined in this study, and 
we would encourage independent temperature determina- 
tions for EU Tau. It might well turn out that EU Tau is 
somewhat hotter than our present determination and thus 
even closer to the blue edge than indicated in Fig. 8. It is also 
possible that the star does not have standard Pop. I composi- 
tion but a lower Y and/or a higher Z. In this case, the funda- 
mental mode blue edge appropriate to such a composition 
would be displaced to cooler temperatures, and again the 
location of EU Tau would be closer to it. We do not have any 
detailed information on the chemical abundances of EU Tau 
at the present time, however, so we cannot pursue this idea 
further. As a final remark to Fig. 8, we note that most of the 
Cepheids plotted are relatively far to the red of the funda- 
mental mode blue edge of Iben and Tuggle. This could mean 
that the theoretical blue edge is slightly too hot. A boundary 
such as the broken line drawn in Fig. 8 would seem to give a 
better observational fit to the locations of these Cepheids. 
We are aware of the fact, however, that the small-number 
statistics of Fig. 8 may be insufficient to draw such a conclu- 
sion and that most of the Cepheids in Fig. 8 may be really 
quite red. An obvious exception is the 3.1 d Cepheid RT Mus 
which, according to its location in Fig. 8, may be another 
promising candidate for overtone pulsation. 

e) Fourier Decomposition Parameters 

Simon and Lee (1981) were the first to introduce different 
combinations of the low-order Fourier coefficients of Ce- 
pheid light curves in order to obtain a quantitative descrip- 
tion of these curves. Their work was later extended by Simon 
and Moffett (1985) to a sample of well-observed northern 
Cepheids. In this work, it became clear that the famous 
Hertzsprung progression of Cepheid light curves could be 
successfully reproduced using the quantities 

^21 = ^2^1» 
^21 ~ $2 ~~ 2^!, 

where^í,, and ^2 are the amplitudes and phases of the 
first and second-order terms in the Fourier series 

1203 

A0 + cos [ico{t— t0) (8) 

used to fit the light curves (the index i runs from 1 to a 
maximum value zmax ). 

The plots of the quantities 021 and R2i against pulsation 
period reveal some interesting features. Besides the repro- 
duction of the Hertzsprung progression, it turned out that 
there is a small sample of stars with periods ^ 3 days whose 
values of ^21 are clearly larger than expected from an extra- 
polation of the sequence defined by the longer-period Ce- 
pheids. Also, their R2i values are significantly smaller than 
expected from the sequence of the longer-period stars. Si- 
mon and Lee ( 1981 ), and later Gieren ( 1982b) called atten- 
tion to the possibility that the abnormal values for Æ21, and 
particularly <^21, might be caused by overtone pulsation in 
these objects. 

In order to study this hypothesis, Antonello and Poretti 
(1986) determined the Fourier coefficients of many more 
short-period Cepheid light curves. In their analysis, they dis- 
tinguished the so-called 5 Cepheids from the classical Ce- 
pheids; 5 Cepheids are those having near-sinusoidal light 
curves of relatively small amplitudes. (We note that such a 
distinction appears to be a bit arbitrary because there is a 
continuous change from the Cepheids with more asymmet- 
ric light curves of larger amplitudes to the s Cepheids. ) The 
essential result of their work is that the s Cepheids seem to 
define different sequences on the (p2X versus period and R2X 
versus period diagrams than the large-amplitude classical 
Cepheids. While this behavior might be caused by the fact 
that different resonances between the fundamental and over- 
tone modes are shaping the light curves for the two groups of 
Cepheids, it is also possible that the real physical difference 
is a different pulsation mode for the members of the two 
groups. We believe that a possible clue to the correct inter- 
pretation of the situation is contained in the plot of Anton- 
ello and Poretti of the <j)2, versus period diagram which we 
reproduce here in Fig. 9. According to Fig. 9, the s Cepheids 
themselves are clearly split into two distinct groups with a 
transition occurring at a period near 3 days. The members of 
the group at P < 3 days exhibit much larger values of (¡)2, and 
consist of the Cepheids SU Cas, EU Tau (^21 determined 
from our data; see Table II), DT Cyg, and AZ Cen. The 
interesting point is that for all of these stars except EU Tau, 
evidence for pulsation in the first overtone mode has been 
presented independently from their light-curve parameters 
(Aikawa et al. 1987; Gieren 1982b; Arellano Ferro 1984; 
Gieren 1982c; Pel and Lub 1978). A plausible picture is, 
therefore, that these stars are indeed overtone pulsators and 
that the large <f)2X values are a consequence of the different 
pulsation mode, whereas the other Cepheids with P> 3 days 
(including the longer-period 5 Cepheids) are fundamental 
mode pulsators with considerably smaller (f)2X values. We 
note that this period distribution of the pulsation modes 
would be consistent with the predictions of theoretical Ce- 
pheid models (e.g., Stobie 1969a,b). Our suggestion that 
only the short-period s Cepheids (PS?) days) are first over- 
tone pulsators, rather than the longer-period s Cepheids as 
well, is supported by the radius data of GBM which present 
clear evidence against the existence of overtone pulsators for 
periods in excess of about 3 days. 

In spite of the arguments given above we want to empha- 
size that the role of <^21 as a pulsation mode discriminator is 
not yet firmly established. There may exist other mecha- 
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Fig. 9. The phase difference (f>2\(V) versus pe- 
riod for a sample of about 100 classical Ce- 
pheids. Plus signs, “normal” classical Ce- 
pheids; filled circles, s Cepheids (see text). 
The data are adopted from Antonello and 
Poretti (1986). The location of EU Tau on 
this diagram (from the data of Table II) is 
close to that of the other probable overtone 
pulsators SU Cas, DT Cyg, and AZ Cen. The 
locus of first overtone pulsators on the 1 ( ^) 
versus period diagram is tentatively identi- 
fied. 

nisms causing the split into the distinct groups of stars ob- 
served in Fig. 9. We note in this context that the hydrody- 
namic models of Aikawa et al. ( 1987) for SU Cas, although 
providing stronger evidence for first overtone than for fun- 
damental mode pulsation in this star, produce values of 1 
that do not differ significantly with the mode. The authors 
attribute this to shortcomings of their models. Improved hy- 
drodynamic models are clearly needed to resolve this ques- 
tion. 

With respect to Cepheid radial-velocity curves, the work 
of Simon and Teays (1983) and more recently of Kovacs, 
Kisvarsanyi, and Buchler ( 1989) has shown that while fea- 
tures like the bump progression are very well described by 
the low-order Fourier decompositions, there appears to be 
no definite indication of a noncontinuous variation of any 
low-order Fourier components as we see it in the light curves 
at the shortest pulsation periods. It thus appears that over- 
tone pulsators cannot be distinguished from fundamental 
mode pulsators by Fourier decomposition of their radial- 
velocity curves. However, the radial-velocity curve of a Ce- 

pheid may still yield information about its pulsation mode 
via the phase lag with respect to its light curve. Simon 
(1984) has investigated the dependence of the observed 
phase lags of 12 classical Cepheids on their periods and light 
amplitudes. In his study, a first-order,phase lag (A^)j is 
calculated from the first-order Fourier coefficients of the 
observed light and velocity curves according to 

(A^), = (velocity) (light) +77/2, (9) 

where (light) is defined by Eq. (8) and (velocity) by 
the series 

A0 — sin[ico^t — tQ) + ], (10) 

fitted to the radial-velocity curves. 
Simon’s results indicated that (A^)j may be correlated 

with the stellar pulsation mode, but there is also a definite 
possibility that the phase lag is determined primarily by the 
light amplitude. From our Fourier coefficients for the V light 

Table II. Fourier decomposition coefficients for the V light curve, the (V — R)j color curve, and the radial-velocity curve of EU Tau. 

Aq A i A2 A3 (f)! <f)2 ^3 

V (mag) 8.101 0.155 0.021 0.007 2.975 4.033 4.871 
( V— R)j (mag) 0.622 0.047 0.007 -0.002 - 59.685 3.948 0.968 
ÄF(km/s) - 1.24 - 8.068 - 1.650 -0.529 -0.373 0.398 - 73.51 

Note to Table II 
The fitted Fourier series have the form A0 + Aj cos (icot + ) ( / = 1 — 3). 
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curve and the radial-velocity curve of EU Tau, which are 
given in Table II, we obtain 

(A^), = -0.206. 
On both diagrams discussed by Simon, this value seems to 
correspond more closely to the bulk of stars which are 
thought to be fundamental mode pulsators than to the loci of 
SU Cas and AZ Cen. While this can be taken as an argument 
for fundamental mode pulsation in EU Tau, we think that 
such a conclusion is premature. It is clearly necessary to 
determine precise first-order phase lags for many more Ce- 
pheids (in particular, short-period ones) to better under- 
stand the physical information contained in the phase lags. 
This requires precise and simultaneous photometry and 
spectroscopy of a large sample of stars. When these data 
become available, we will be in a better position to judge the 
utility of (A^)! as a pulsation mode indicator in classical 
Cepheids, and it may well turn out that the phase lag is in- 
deed a useful parameter in this context. At the present time, 
however, we believe that there is stronger evidence for the 
role of <^21 ( K) as a pulsation mode discriminator, than there 
isforCA^)!. 

f) Relative Radius Variation 

Pel and Lub (1978) have studied the relative radius vari- 
ation of a sample of classical Cepheids with well-determined 
effective temperatures. On a diagram plotting the relative 
radius variation Ai? /R as a function of the Cepheid’s effec- 
tive temperature difference from the fundamental mode blue 
edge (A log Te )FBE (measured at the appropriate luminosi- 
ties), they were able to identify two distinct groups of stars: 
one small group clustering around ( A log 7^ ) FBE = 0 and 
exhibiting very small Ai?/i? values ( — 5%), and a much 
larger group of Cepheids showing much larger (—20%) 
Ai? /i? values extending from the fundamental mode blue 
edge to the red side of the instability strip. This finding is 
somewhat reminiscent of the behavior of the type c and type 
ab RR Lyrae stars and, hence, suggests these two groups of 
Cepheids might be first overtone and fundamental mode 
pulsators, respectively. It is interesting to note that appar- 
ently all Cepheids for which overtone pulsation has been 
suggested on different grounds belong to this small group of 
relatively hot stars with low relative radius variations. 

For EU Tau, we find from our data a radius variation 
amplitude of 0.262i?o, and a relative radius variation of 

Ai? /R = 0.01, 

which appears to be the smallest value reported for any clas- 
sical Cepheid. This clearly puts EU Tau into the group of the 
low-radius-variation stars, although its value of 
( A log 7^ ) FBE = — 0.02 is slightly larger than for the other 
members of the group. We note, however, that the Pel 
(1978) Tc calibration which was used for the work of Pel 
and Lub yields Te = 6300 K for EU Tau which reduces the 
temperature difference from the fundamental blue edge to 
— 0.007. This value and Ai? /i? = 0.01 make the star coin- 

cide perfectly with the small radius amplitude group. 
We believe that the very small relative radius variation of 

EU Tau, in connection with its position close to the funda- 
mental mode blue edge of the instability strip, provides an 
additional piece of evidence favoring first overtone pulsation 
in the star over fundamental mode pulsation. 

Table III. Physical properties of EU Tau. 

Observed period: 
Radius: 
Relative radius variation: 
Distance: 
Absolute visual magnitude: 
Luminosity: 
Effective temperature: 
Evolution mass: 
Wesselink mass: 

Pulsation mode: 
Amplitude of V light curve: 
Intrinsic color: 
Color excess: 
Amplitude oï RV curve: 

velocity: 
First-order phase lag: 

2.1025112 ±0.0000031 d 
R = (30.23 ± 1.43) Rq 
/SR /R = 0.0\ 
d= (1191 + 57) pc 
Af(V) = — 2.77 ±0.15 mag 
L = ( 1038 ± 140) Lq 
Te = (6107 ± 200) K 
^ev = (4.95 ± 0.20) 

Wes = (4.55 ± 0.54) ^ 
(first overtone mode assumed) 
first overtone 
A(V) =0.313 mag 
(B — V)0 = 0.510 mag 
E(B — V) =0.15 mag 
A(RV) — 16.6 km/s 
7 = ( — 1.24 ± 2.0) km/s 
(A0), = -0.206 rad 

V. CONCLUSIONS 

We have performed a surface-brightness analysis on the 
extensive photometric and radial-velocity data of EU Tau 
presented in Paper I, and have obtained the radius and dis- 
tance of the star with a — 5% precision. Based on these and 
other observed parameters for EU Tau, we have derived and 
discussed the physical properties of the star, including its 
luminosity, mass, effective temperature, pulsation mode, 
and binary status. A summary of these properties is given in 
Table III. 

The derived radius, absolute magnitude, and Wesselink 
mass of EU Tau strongly suggest that the star is pulsating in 
the first overtone mode. The amplitude ratios and phase dif- 
ferences obtained from the low-order Fourier coefficients of 
the V light curve fit this picture, and so too does the very 
small relative radius variation of the star in connection with 
its fairly high effective temperature. The observed position 
of EU Tau in the Cepheid instability strip suggests that the 
star is about equally likely to pulsate in the fundamental and 
first overtone modes. This and the star’s value of the first- 
order phase lag are the only pieces of evidence which do not 
favor first overtone over fundamental mode pulsation in EU 
Tau. 

The weight of the evidence found in this work suggests 
that there is a high probability that EU Tau is pulsating in 
the radial first overtone mode. The star is thus a welcome 
addition to an apparently extremely small sample of stars. 
Future studies must address the question, via improved hy- 
drodynamic model calculations, of the physical conditions 
that determine the stellar pulsation mode. The set of phys- 
ical parameters determined in this work for the Cepheid EU 
Tau, and their precision should assist future research along 
these lines. 

W. P. G. gratefully acknowledges a research fellowship 
from the Alexander von Humboldt-Stiftung and the hospi- 
tality of the Hoher List Observatory of Bonn University. He 
also acknowledges financial support received from the Uni- 
versidad Nacional de Colombia, and from Colciencias. 
T. G. B. and M. L. F. gratefully acknowledge financial sup- 
port from the McDonald Observatory. J. M. M. acknowl- 
edges financial support for this work through grants to W. 
H. Wehlau and G. A. H. Walker from the Natural Sciences 
and Engineering Research Council of Canada, and Postdoc- 
toral Fellowships from NSERC and the Isaak Walton Kil- 
lam Trust. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
90

A
J 

 9
9.

11
96

G
 

1206 GIEREN ETAL. : EU Tau 1206 

REFERENCES 
Aikawa, T., Antonello, E., and Simon, N. R. (1987). Astron. Astrophys. 

181, 25. 
Allen, C. W. ( \ 913). AstrophysicalQuantities, 3rd ed. (Athlone, London). 
Antonello, E., and Poretti, E. ( 1986). Astron. Astrophys. 169, 149. 
Arellano Ferro, A. ( 1984). Mon. Not. R. Astron. Soc. 209, 481. 
Balona, L. A. (1985). In Cepheids: Theory and Observations, IAU Collo- 

quium No. 82, edited by B. F. Madore (Cambridge University, Cam- 
bridge), p. 17. 

Balona, L. A., and Shobbrook, R. R. (1984). Mon. Not. R. Astron. Soc. 
211, 375. 

Barnes, T. G., and Evans, D. S. ( 1976). Mon. Not. R. Astron. Soc. 174,489. 
Barnes, T. G., Evans, D. S., and Moffett, T. J. ( 1978). Mon. Not. R. Astron. 

Soc. 183, 28. 
Becker, S. A., Iben, L, and Tuggle, R. S. ( 1977). Astrophys. J. 218, 633. 
Burki, G. ( 1985). In Cepheids: Theory and Observations, IAU Colloquium 

No. 82, edited by B. F. Madore (Cambridge University, Cambridge), p. 
34. 

Cacciari, C., Clementini, G., Prévôt, L., and Buser, R. (1989). Astron. 
Astrophys. 209, 141. 

Caldwell, J. A. R., and Coulson, I. M. (1987). Astron. J. 93, 1090. 
Coulson, I. M., and Caldwell, J. A. R. (1989). Mon. Not. R. Astron. Soc. 

240, 285. 
Dean, J. F., Warren, P. R., and Cousins, A. W. J. (1978). Mon. Not. R. 

Astron. Soc. 183, 569. 
Feast, M. W., and Walker, A. R. (1987). Annu. Rev. Astron. Astrophys. 

25, 345. 
Fernie, J. D. ( 1987). Publ. Astron. Soc. Pac. 99, 1093. 
Fernie, J. D. (1990). Astrophys. J. (preprint). 
Fernie, J. D., and McGonegal, R. ( 1983). Astrophys. J. 275, 732. 
Flower, P. J. ( 1977). Astron. Astrophys. 54, 31. 
Fricke, K., Stobie, R. S., and Strittmatter, P. A. ( 1972). Astrophys. J. 171, 

593. 

Gieren, W. P. ( 1982a). Astrophys. J. Suppl. 49, 1. 
Gieren, W. P. ( 1982b). Publ. Astron. Soc. Pac. 94, 960. 
Gieren, W. P. ( 1982c). Astrophys. J. 260, 208. 
Gieren, W. P. ( 1988). Astrophys. J. 329, 790. 
Gieren, W. P. ( 1989). Astron. Astrophys. 225, 381. 
Gieren, W. P., Barnes, T. G., and Moffett, T. J. (1989). Astrophys. J. 342, 

467 (GBM). 
Gieren, W. P., and Matthews, J. M. (1987). Astron. J. 94, 431. 
Gieren, W. P., Matthews, J. M., Moffett, T. J., Barnes, T. G., Frueh, M. L., 

and Szabados, L. (1989). Astron. J. 98, 1672 (Paper I). 
Iben, L, and Tuggle, R. S. ( 1975). Astrophys. J. 197, 39. 
Kovacs, G., Kisvarsanyi, E. G., and Buchler, J. R. (1989). Astrophys. J. 

(preprint). 
Moffett, T. J., and Barnes, T. G. ( 1987). Astrophys. J. 323, 280. 
Moffett, T. J., Barnes, T. G., and Gieren, W. P. ( 1990). In preparation. 
Parsons, S. B. (1971). Mon. Not. R. Astron. Soc. 152, 121. 
Pel, J. W. ( 1978). Astron. Astrophys. 62, 75. 
Pel, J. W. ( 1985). In Cepheids: Theory and Observations, IAU Colloquium 

No. 82, edited by B. F. Madore (Cambridge University, Cambridge), p. 
1. 

Pel, J. W., and Lub, J. ( 1978). In The HR Diagram, IAU Symposium No. 
80, edited by A. G. Davis Philip and D. S. Hayes (Reidel, Dordrecht), p. 
229. 

Simon, N. R. ( 1984). Astrophys. J. 284, 278. 
Simon, N. R., and Lee, A. S. ( 1981 ). Astrophys. J. 248, 291. 
Simon, N. R., and Moffett, T. J. ( 1985). Publ. Astron. Soc. Pac. 97, 1078. 
Simon, N. R., and Teays, T. J. ( 1983). Astrophys. J. 265, 996. 
Stobie, R. S. ( 1969a). Mon. Not. R. Astron. Soc. 144, 484. 
Stobie, R. S. (1969b). Mon. Not. R. Astron. Soc. 144, 511. 

© American Astronomical Society Provided by the NASA Astrophysics Data System 


	Record in ADS

