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ABSTRACT

Context. A promising technique to derive the physical parameters and the distance of pulsating stars is the fit of the observed light
curves by nonlinear pulsation models.
Aims. We apply this technique to a subsample of the RR Lyrae belonging to the Galactic globular cluster M3. The application of the
method to cluster pulsators has the advantage of dealing with a homogeneous sample at the same distance and with the same chemical
composition allowing to be checked the internal consistency of pulsational calculations.
Methods. We selected seven pulsators (three RRc and four RRab) which cover a significant period range and show detailed light curves
in the B, V and in some cases I bands. For four of them, with different periods, pulsation modes and light curve properties, we analyze
the dependence of the theoretical light curve variations on the model input parameters.
Results. For all selected objects, except the reddest one, we are able to theoretically reproduce the observed light curve morphology
for self-consistent ranges of intrinsic stellar parameters, in agreement with the evolutionary predictions for the corresponding metal
abundance. It is worth noting that, even if the theoretical reproduction of individual light curves gives for each variable only a range
of stellar parameters and distances, the analysis of several variables belonging to the same cluster provides a mean distance modulus,
namely µV = 15.10 ± 0.1 mag, and also checks the self-consistency of the adopted theoretical scenario. Taking also into account
the evolutionary constraints, the range of the accepted distance modulus is significantly reduced giving a weighted mean value of
15.05 ± 0.02. Our estimates are in agreement with available results in the literature obtained from independent methods.
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1. Introduction

During the last few decades many theoretical efforts have been
devoted to the construction of nonlinear and convective pulsa-
tion codes for the modeling of classical helium burning pulsat-
ing stars, namely Cepheids and RR Lyrae (e.g. Gehmeyr 1992,
1993; Bono & Stellingwerf 1994 (BS94); Wood et al. 1997;
Feuchtinger 1999 and references therein). One of the most im-
portant advantages of this kind of models is the unprecedented
possibility to predict the time variations of the relevant stellar
properties, such as luminosity, radius, effective temperature and
surface gravity, along a pulsation cycle. On this basis one can
attempt the reproduction of the observed light and radial veloc-
ity curves with those predicted by nonlinear pulsation models.
This approach has the advantage of relying on the direct com-
parison between observed and predicted curves, rather than in-
volving only related parameters such as pulsation amplitudes
and Fourier parameters, performing the theoretical reproduction
of both general features (period, shape, amplitude) and morpho-
logical details (bumps and dips), of the observed curves. Since
the morphology of the curves depends on the model input pa-
rameters, as well as on the physical and numerical assumptions,
the modeling of actual light and radial velocity variations along
a pulsation cycle offers a unique opportunity to obtain sound es-
timates of the intrinsic stellar properties of the variables, provid-
ing at the same time a key test of current theoretical predictions.

� Figures 1–23 are only available in electronic form at
http://www.aanda.org

The method has been successfully applied to both Classical
Cepheids and RR Lyrae. Theoretical light curves for Cepheids
were first presented by Wood et al. (1997, hereinafter WAS) for
the LMC bump Cepheid HV905 and, more recently, by Bono
et al. 2002 (BCM02) for two LMC fundamental mode Cepheids
from the OGLE catalogue. An independent application to the
MACHO V and R light curves of 20 bump Cepheids in the LMC
(including HV905) was performed by Keller & Wood (2002),
and more recently extended to a further 28 Magellanic objects
(19 in the LMC and 9 in the SMC), on the basis of the same
nonlinear pulsation code previously adopted by WAS (Keller
& Wood 2006). The results obtained by BCM02 and Keller &
Wood (2002, 2006) appear in good agreement, suggesting that
the model fitting technique is not critically dependent on the
adopted pulsation code, as well as on the physical and numer-
ical assumptions in the model computations.

For RR Lyrae, the first attempt to compare the morphol-
ogy of observed and predicted light curves was provided by
Bono et al. (2000) (hereinafter BCM00). The authors modeled
the multi-filter light curve (and the less accurate radial veloc-
ity curve) of the field first overtone pulsator U Com, obtain-
ing a “pulsational” evaluation of the intrinsic stellar parameters
and, in turn, of the distance of the variable. These results were
found to be in good agreement with independent evaluations
available in the literature, as well as with the predictions of stel-
lar evolution theory. Similarly good results were later obtained
by di Fabrizio et al. (2002) for another field RRc pulsator, and
by Castellani et al.(2002) for a fundamental mode RR pulsator
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Table 1. The range of estimated apparent visual distance modulus (µV ),
obtained with different methods, and the reddening values, E(B − V),
provided in the recent literature for M3. The [Fe/H] values given by
Zinn & West (1984: ZW), Harris (2003: H) and Carretta & Gratton
(1997: CG) are also reported.

Quantity Value
µV 14.8 ÷ 15.2
E(B − V) 0.01 ÷ 0.03
[Fe/H]ZW –1.66 ± 0.06
[Fe/H]H –1.57
[Fe/H]CG –1.34 ± 0.06

in the galactic globular ω Cen. However, recently, Marconi &
Clementini (2005, hereinafter MC05) by analyzing the B,V light
curves of 14 RR Lyrae stars (7 fundamental and 7 first overtone
pulsators) obtained an estimate of the distance modulus for the
LMC in good agreement with distances derived from Cepheids,
but with the evidence for a serious mismatch between observed
and predicted light curves in the case of the longest period fun-
damental pulsators.

In this paper we rely on a suitable sample of RR Lyrae in
a Galactic globular cluster. With this choice one has the ad-
vantage of dealing with an homogeneous sample of variables
which are known to be all at the same distance and to have
the same chemical composition, with intrinsic stellar parame-
ters constrained by stellar evolution theoretical predictions. In
particular, we choose the globular cluster (GC) M3, which is
the Galactic cluster with the largest number of observed RR
Lyrae variables (e.g. Clement et al. 2001; Corwin & Carney
2001, hereinafter CC01; Clementini et al. 2004), for which accu-
rate multi-filter light curves are available (CC01, Hartman et al.
2005; Benkő et al. 2006).

RR Lyrae in M3 have been analyzed by several authors from
the pulsational and evolutionary point of view. Here we quote
the multicolor and Fourier study of a wide sample of RR Lyrae
in M3 recently presented by Cacciari et al. (2005) and the anal-
ysis by Marconi et al. (2003; see also Jurcsik et al. 2003), who
discussed the good agreement between theoretical and observed
pulsational properties, in particular for the instability strip topol-
ogy and the period-amplitude relations.

Table 1 reports the ranges of current independent determina-
tions of the distance modulus and the reddening (e.g. Buonanno
et al. 1994; Ferraro et al. 1999; Rood et al. 1999) for this clus-
ter. Metal abundance values provided by various authors are also
reported. Here we adopt the [Fe/H] value of Carretta & Gratton
(1997) and assume an enhancement of α elements [α/Fe] ≈ 0.3
(e.g. Salaris & Cassisi 1996) leading to a total metallicity Z ≈
0.001. The distance modulus (µV ) reported in the table is an ap-
parent (reddened) distance modulus; as is well known, it differs
from the de-reddened one by ≈3.1 E(B − V). As for the redden-
ing, E(B − V), inspection of Table 1 suggests that the reddening
of M3 RR Lyrae is estimated to be very small.

We have considered the accurate database of 170 RR Lyrae
light curves in the V and B bands provided by CC01. After ex-
clusion of variables with Blazkho effect, with blended images
or with an insufficiently precise determination of the period, one
remains with 69 RRab and 19 RRc covering the ranges of 〈V〉
magnitudes 15.476 ÷ 15.745 and 15.291 ÷ 15.753, respectively.
To deal with a regular sequence of pulsators covering the whole
color extension of the instability strip, we first selected from this
sample the stars having 〈V〉 in the interval 15.60–15.70. We then
chose variables with significantly different periodicities and light
curve morphology. We ended with a sample of six stars (3 RRc

Table 2. Observed characteristics of the selected sample of variables.
From left to right one finds the star identification, the period in days,
the intensity averaged V magnitude, the intensity averaged B − V color
and the RR type.

Star Period 〈V〉 〈B〉 − 〈V〉 Type
V128 0.292 15.620 0.216 c
V75 0.314 15.626 0.240 c
V126 0.348 15.609 0.265 c
V72 0.456 15.679 0.247 ab
V6 0.514 15.686 0.285 ab

V120 0.640 15.676 0.384 ab
V152 0.326 15.496 0.201 c

plus 3 RRab) which cover the range of 〈B〉–〈V〉 spanned by the
whole variable set. Then, in order to test the method on a sig-
nificantly brighter object we added to the sample, the RRc vari-
able V152.

Table 2 gives selected quantities for the final sample,
whereas Fig. 1 shows the seven light curves. We notice that these
variables cover a wide period range and are characterized by a
variety of light curve morphologies. The possibility to model all
these characteristics for consistent values of the intrinsic stel-
lar parameters and distance represents a relevant test for the
soundness of the theoretical pulsational scenario. Moreover the
requirement that the distance values obtained for different pul-
sators are in agreement with each other within the uncertainties,
further constrains the cluster distance.

2. Theoretical versus observed light curves

Model computations were performed by adopting Z = 0.001
Y = 0.24 and the same numerical and physical recipes that in
BCM00 were found to provide an accurate modeling of field RR
Lyrae and Classical Cepheid light curves (BCM02; Di Fabrizio
et al. 2002; MC05). To transform theoretical light curves in
the observational plane we adopted the atmospheric models by
Castelli et al. (1997a,b). In Sect. 3 we show that plausible vari-
ations of the stellar metallicity and helium abundance does not
affect in a relevant way the conclusions of the paper. However,
when the evolutionary constraints are taken into account, our ap-
proach seems to exclude metal abundances as low as Z = 0.0004.

For RRc pulsators, unless otherwise advised, the computa-
tions have been performed adopting for the mixing length pa-
rameter, governing the efficiency of the super-adiabatic con-
vection and closing the system of nonlinear hydrodynamical
equations in the pulsation code, the value α = 1.5. This value
has already been found to correctly reproduce the relevant pul-
sational properties of first overtone RRc pulsators (e.g. M03;
Di Criscienzo et al. 2004).

However previous investigations suggest that the α parame-
ter should be increased when moving toward the red part of the
instability strip reaching values as large as about 2.0 (BCM02;
M03; Di Criscienzo et al. 2004; MC05). As we discuss later, this
paper confirms that a mixing length value of α ≈ 2.0 is more
suitable for the reproduction of RRab light curves, even when
the effective temperature is as high as 7000 K. This does not
occur for first overtone pulsators due to the more efficient damp-
ing of convection in the smaller mass involved in the pulsation
mechanism (outside the first overtone radial node).

To reproduce an observed light curve with a given period,
we assume the mass of the pulsator as almost a free parameter.
As we discuss in Sect. 2.5, evolutionary calculations predict a
quite restricted range for horizontal branch masses within the
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instability strip. However, to be very conservative, as a first step,
we allow a much wider mass range, namely 0.60 < M/M� <
0.75. For each given value of the mass, we explore the predicted
light curves for selected luminosity levels. Once the mass and
the luminosity are fixed, the effective temperature is determined
by the constraint:
P(theoretical) = P(observed).

Adopting solar units for the stellar mass M and the luminos-
ity L, the fundamental mode periods can be derived with good
precision from the relation (MCDC03):

log P = 11.066 + 0.832 log L − 0.650 log M − 3.363 log Te (1)

which gives the connection between the variations in luminos-
ity and in effective temperature, at fixed period and mass, for
fundamental pulsators:

∆ log Te = 0.247∆ log L. (2)

A similar relation is obtained for first overtone pulsators
(MCDC03):

log P = 10.673 + 0.805 log L − 0.603 log M − 3.281 log Te (3)

which gives:

∆ log Te = 0.245∆ log L. (4)

2.1. Variable V128

Figure 2 shows some results of the comparison among theoret-
ical and observed light curves as applied to the variable V128,
the first overtone pulsator with the shortest period in our sam-
ple. The labeled value of the distance modulus, DM, gives the
vertical shift operated on the theoretical light curve to match the
data, as reported in the various panels of the figure. From the left
panels of Fig. 2 one sees that some theoretical light curves seem
to reproduce quite satisfactorily the observed one, showing also
the same characteristic flattening at the maximum luminosity.
Thus it is worth defining a procedure to quantitatively evaluate
the goodness of the match.

To do this we first evaluate the residuals as the difference
between the observational and the theoretical light curves; these
residuals are then fitted with a 10th order polynomial. The result
is shown in the right panels of Fig. 2. We notice various cases in
which the difference between theory and observations remains
within 0.05 mag at each phase point. On the basis of this oc-
currence, for this variable, we decided to define as acceptable
models those which match the observed data within 0.05 mag,
also reproducing the observed morphology of the light curve.
Moreover, we require that the predicted intensity weighted col-
ors (〈B〉 − 〈V〉) agree with those observed within the observa-
tional uncertainties (∼0.04 mag), as estimated by taking into ac-
count the photometric uncertainty and the error on the reddening.

As a whole, in the case of V128 one finds that pulsational
theories are in perfect agreement with observations. In order to
explore the response of the light curve to the structural param-
eters, Fig. 2 shows the results when the mass, the luminosity or
the effective temperature are kept fixed. In particular, data in the
bottom panels show that the shape of the curve is essentially a
matter of effective temperature, with the other two parameters
(M and L) only slowly affecting the pulsational amplitude. Such
an occurrence can be easily interpreted in terms of the relevant
role of the surface gravity. On this basis, one can easily under-
stand that the relevant variations reported in both the top and
the middle panels are mainly the consequence of variations in

the effective temperature. Note that the short period of the first
overtone pulsator V128 indicates that it is located close to the
first overtone instability strip blue boundary. In order to keep a
constant period, when increasing the luminosity we also have
to increase the effective temperature (Eq. (4)), with the conse-
quence that the amplitude decreases and the morphology be-
comes smoother, as expected when moving toward the instability
strip blue boundary (Bono et al. 1997a).

The left top panel in Fig. 2 reveals that, if the mass is fixed
at M = 0.67 M�, the fitting of the light curve appears able
to formally discriminate the luminosity level within less than
∆log L = 0.01, i.e., within a few hundredths of magnitude. The
right top panel shows the corresponding behavior of the differ-
ence between the observed and the theoretical curve, revealing
that only for log L = 1.65 Te = 7125 K the discrepancy remains
lower than ±0.05 mag at all pulsation phases.

The bottom panels show that keeping Te constant, one finds
an agreement within ±0.05 mag for masses in the range M ≈
0.67–0.70 M�.

To check if masses lower than ≈0.65 M� or higher than
≈0.71 M� provide worse fits for any possible combination of
the stellar parameters, for each mass value outside these limits
we explored the possible luminosity and effective temperature
ranges, with the unique constraint to reproduce the observed pe-
riod. The procedure is stopped at the smallest/largest mass for
which no acceptable solution is found. The results are shown in
Fig. 3, where, for fixed mass, the temperature range for stars in-
side the instability strip is uniformly spanned and the luminosity
is changed according to Eq. (2).

We found that for masses larger than or equal to M ≈
0.73 M�, either the difference between theory and observation
is higher than 0.05 mag. or, even when the observed pulsa-
tion amplitude is matched and the discrepancy remains within
±0.05 mag at any pulsation phase, the model is not able to accu-
rately reproduce the morphology of the curve. On the other hand,
for M = 0.60 M�, the assumed lowest limit in mass, we still ob-
tain acceptable models for log L/L� = 1.595 and log L/L� =
1.605, respectively. Luminosities lower than log L/L� = 1.595
are not considered because they would imply a stellar mass lower
than 0.60 M�. We can also exclude luminosities higher than
log L/L� = 1.67 because we have checked that at higher lu-
minosity level models either do not fit the observed light-curve
or do not present a stable pulsation limit cycle.

Figure 4 shows in the B band the comparison between ob-
served data and the models reported in the bottom panel of
Fig. 2. The quality of the fit in the B band is worse than in the
V band with a maximum discrepancy of about 0.08 mag for the
best fit cases. The apparent B distance moduli obtained are quite
the same of the corresponding V ones and this result is consis-
tent with the occurrence of a very low reddening. Figure 5 shows
that, as in the V band comparisons, M = 0.60� is still an accept-
able mass, while masses higher than ≈0.71 M� do not reproduce
the observations.

However one should not forget that the pulsation amplitude
also depends on the assumed value for the mixing length param-
eter l/HP = α. All these results have been obtained by adopt-
ing the standard mixing length parameter α = 1.5, which, as
noted above, is expected to correctly reproduce the relevant pul-
sational properties of RRc. However, it is worth investigating
the effect on the comparison between theoretical and observed
light curves of small variations of the α parameter. As shown in
Fig. 6, when the α value is increased at fixed mass, luminosity
and effective temperature, the amplitude decreases (while a de-
crease of the α value has an opposite effect on the pulsational
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amplitude). This trend is due to the quenching effect on pulsa-
tion, of the increased efficiency of convection (e.g. Stellingwerf
1982; BS94). However, the same amplitude might in principle
be obtained with different α values if the stellar parameters are
properly varied. On this basis we searched for additional solu-
tions for α = 1.4. Remembering that the main parameter affect-
ing the light curve shape is the effective temperature of the star,
different models with α = 1.4 have been calculated (by requiring
that the theoretical period exactly reproduces the observed ones)
with a suitable fixed effective temperature, while the mass, and
correspondingly, the luminosity, are varied according to Eq. (1)
(see Fig. 7). We note that the ranges of acceptable stellar param-
eters and distance modulus, in the case of α = 1.4, are almost
the same as for the models with α = 1.5. Figure 8 shows, analo-
gously to Fig. 3, that at least one additional solution can be found
for M = 0.60 M�, whereas no acceptable solutions are found for
M = 0.73 M�. Moreover, as in the α = 1.5 case, the theoretical
reproduction of the observed data is slightly worse in the B band.

For α outside the range 1.4 ÷ 1.5 we did not find any ac-
ceptable solutions. In particular, for α = 1.6 it is possible to
reproduce the light curve amplitude but not its morphology.

The first line of Table 3 shows the accepted ranges of mass,
luminosity, effective temperature, intensity weighted B−V color
and apparent distance modulus. Other solutions with parameters
within the ranges of Table 3 may exist but we verified that no so-
lutions can be found outside these ranges. Data in Table 3 clearly
show that while, as already discussed, the pulsational method
is very sensitive to variations of the effective temperature, it is
much less sensitive to mass changes; as we discuss in Sect. 2.5,
indications to restrict the obtained mass range can come from
evolutionary calculations. The distance moduli obtained are well
within the range of the most recent estimates (see Table 1) and
the theoretical colors are in agreement, within the uncertainties,
with the empirical colors. The obtained distance modulus has an
uncertainty of about ±0.1 mag. By taking into account the pho-
tometric error on the apparent magnitudes (∼0.02 mag), our final
estimate for the apparent distance modulus of V128 is µV

V128 =
15.0 ± 0.1 mag.

2.2. Variable V126

Variable V126 is characterized by a longer period and a redder
color than V128, but the apparent visual magnitude is identi-
cal within the photometric error. Following the same procedure
as for V128, in the three panels of Fig. 9 we show the light
curve shape of models calculated by fixing the mass, the lumi-
nosity and the effective temperature separately and varying the
other two parameters, according to Eq. (3), to reproduce the ob-
served period. We adopted α = 1.5, as in the case for V128.
All the trends found for V128 also hold for V126. In particu-
lar it is confirmed that the effective temperature is the key pa-
rameter to characterize the light curve morphology. Even in this
case there are some models which reproduce the observed light
curve within 0.05 mag. Therefore, as for V128, we decided to
accept models for which the difference with the observation is
within this limit and which reproduce the observed morphology.
Following these criteria, the bottom panels of Fig. 9 seem to in-
dicate M ≈ 0.63 M� as the highest acceptable mass. In fact,
to check that there are not possible solutions for higher masses,
we need to span, at fixed mass and with the requirement to re-
produce the observed period, the whole range of possible effec-
tive temperatures (and thus luminosities). To check this point we
calculated models for higher masses and several temperatures
spanning the whole instability strip range, while the luminosity

is fixed by Eq. (3). As shown in Fig. 10, it is possible to find
acceptable solutions up to the highest mass we tested in our con-
servative approach (M = 0.75 M�). This is mainly due to the
significantly larger intrinsic scatter of the light curve data with
respect to the other selected pulsators, and also to the almost si-
nusoidal shape, which in principle can be easily reproduced by
models close to the first overtone blue boundary.

Even if the 〈B〉−〈V〉 color of the highest mass models are sig-
nificatively lower than the observed values (see Table 3), taking
into account the uncertainties in the color estimates, we conser-
vatively decided to include these models.

The accepted ranges of mass, luminosity, effective tempera-
ture, apparent visual distance modulus and color are reported in
the second line of Table 3. The large range of accepted mass val-
ues leads to a relatively wide range of luminosities and thus of
distance modulus: µV126

V ≈ 15.2± 0.1. The models in the bottom
panels of Fig. 9 are shown in Fig. 11 in the B band. As for V128,
the quality of the comparison between theory and observations
is slightly worse than in the V band, but the obtained results are
consistent. The colors of the accepted models for V126 (but the
already discussed highest mass models) are in agreement with
the observed values and the difference between the inferred ap-
parent B and V distance moduli is consistent with a very low
reddening value.

In the previous section we have shown for V128 that small
variations of the α parameter (higher variations are not allowed
as a result of the requirement to reproduce the observed light
curve morphology and period) do not significantly change the
accepted range of stellar parameters. We checked that this is true
also for V126.

Regarding the stellar parameters, we find indications for an
effective temperature possibly lower than that of V128, as ex-
pected on the basis of the observed colors and periods; whereas
the predicted luminosity could be brighter than that estimated
for V128. These results could suggest a small evolutionary effect
for V126 as is also possibly indicated by the evidence that this
RRc pulsator is redder than 7 RRab variables in the same sample.
However, the observed apparent visual magnitude is the same as
that of V128 within the photometric error (see Table 2) so that,
even taking into account the effect of bolometric corrections, the
two pulsators should have similar intrinsic luminosities.

2.3. Variable V72

Variable V72 is a fundamental pulsator with an intensity
weighted B − V color intermediate between those of the RRc
V126 and V128, likely close to the blue boundary of the funda-
mental instability strip. This assumption is also supported by the
large amplitude of its visual light curve. In order to find possible
theoretical models for this fundamental variable we adopted the
same method as for the RRc pulsators. Indeed, as expected (see
the discussion in Sect. 2), the best agreement is not obtained for
α = 1.5 (see Fig. 12). The best match is found when α is in-
creased to 2.0, and by assuming a non-vanishing overshooting
efficiency in the regions in which the superadiabatic gradient is
negative (see Eq. (7) and Sect. 3 in BS94). Given the higher and
more asymmetric shape of fundamental light curves, the agree-
ment between the observed and theoretical light curve is not
within the 0.05 mag level at all phase points, as in the V128,
V126 cases. At most we find an agreement within ±0.08 mag.
Therefore we consider as acceptable models for V72, those
which show a difference with observations ≤0.08 mag at all the
phase points.
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Table 3. Accepted ranges of the physical parameters (mass, luminosity and effective temperature) for variables V128, V126, V72 and V152,
together with the corresponding range of apparent visual distance modulus and intensity weighted (B − V) color. For the V152 variable the range
in temperature (color) has not been calculated (see text).

Variable Mass log (L/L�) Te µV 〈B〉 − 〈V〉
[M�] [K] [mag] [mag]

V128 0.60 ÷ 0.71 1.595 ÷ 1.670 7050 ÷ 7150 14.92 ÷ 15.11 0.227 ÷ 0.240
V126 0.60 ÷ 0.75 1.683 ÷ 1.775 7020 ÷ 7080 15.12 ÷ 15.35 0.235 ÷ 0.244
V72 0.60 ÷ 0.73 1.643 ÷ 1.710 6900 ÷ 7000 15.04 ÷ 15.22 0.227 ÷ 0.237

V152 0.60 ÷ 0.69 1.666 ÷ 1.711 14.94 ÷ 15.04

The variations of the light curve characteristics at fixed mass,
luminosity and effective temperature are shown in the three pan-
els of Fig. 13. The dependence on the physical parameters is
similar to that already discussed for V128 and V126.

We note that for V72 we were not able to find equivalently
good solutions for α lower or higher than 2.0. The accepted
ranges of the physical parameters, apparent distance modulus
and color are reported in the third line of Table 3. In particu-
lar we find µV ≈ 15.1 ± 0.1. Also in this case we checked that
there are no acceptable models outside these ranges. In order to
check that M = 0.74 M� really represents the upper limit of the
acceptable mass values, we computed models (see Fig. 14) for
this mass, varying the luminosity and the effective temperature
with the constraint of reproducing the observed period. The plot
shows that for M = 0.74 M� there are no possible solutions.
We also verified that no solution is found for a luminosity higher
than log L/L� ≈ 1.71 (see Fig. 15). These tests allow us to con-
firm the obtained range for the distance modulus. The fact that
searching either for mass limits or for luminosity limits one ob-
tains the same range of physical parameters is a consequence of
Eqs. (1) and (3).

Figure 16 shows the models of the bottom panel of Fig. 13
in the B band. As for the RRc pulsators, the agreement between
theory and observations in the B band is slightly less accurate
with respect to that in the V band, suggesting that we should
assume as acceptable a discrepancy theory-observation within
0.1 mag. Similar results are obtained for the equivalent situation
in the B band of Figs. 14 and 15.

On the basis of the results obtained so far for V128, V126
and V72, we estimate a mean apparent distance modulus µV =
15.1 ± 0.1 mag.

At the end of this section we discuss problems which arose in
the analysis of the RRab variable V120, a fundamental pulsator
with a quite red color and a relatively long period, likely close
to the red boundary of the fundamental instability strip. For the
very red RR Lyrae, the modeling of the light curve morphology
already appears problematic (see e.g. MC05). This is probably
due to the remaining uncertainties in the treatment of the cou-
pling between pulsation and convection in the hydrodynamical
models. In particular theoretical light curves for red pulsators
can show a spurious feature before the maximum (see e.g. the
atlas reported in Bono et al. 1997a,b) which is not observed in
real curves, even if the pulsation amplitude is well reproduced.

For V120 we are not able to find acceptable solutions even
allowing the physical parameters and the α values to vary over
wide ranges. Figure 17 shows, as an example, some attempts to
find possible solutions. A detailed investigation of this problem
and of its dependence on variations of the parameters entering
in the turbulent convective models will be addressed in a forth-
coming paper.

2.4. The variables V75, V6

The light curves of the two pulsators, namely the RRab V6 and
the RRc V75, show morphological features similar to those of
the pulsators discussed above. For this reason we do not present
the same detailed analysis of the dependence of results on the
model input parameters, but we show one of the possible so-
lutions for each object. The α value adopted to obtain a good
reproduction of the observed light curve is, in agreement with
the previous pulsation models, α = 1.5 for the RRc and α = 2.0
for the RRab. These results are shown in Fig. 18. We note that
the predicted values for the physical parameters and the distance
modulus are within the range shown in Table 3. Similar results
are obtained for the B band.

2.5. Comparison with evolutionary model results

The pulsational results can be compared with evolutionary
model predictions. To this end, we adopted the Zero Age
Horizontal Branch (ZAHB) properties for Z = 0.001, as reported
in recent papers, as based on different assumptions concerning
the original helium abundance, the set of physical inputs (ra-
diative and conductive opacities, EOS tables, nuclear reactions
rates, neutrino energy losses etc.) and the efficiency of the ex-
ternal convection. The adoption of different evolutionary predic-
tions allows us to obtain a rough estimate of the uncertainty on
current stellar models. By comparing the obtained ranges of pul-
sational mass and luminosities, corresponding to a given effec-
tive temperature, with the same results for the evolutionary mod-
els, one can roughly evaluate the consistency between the two
theories. As already discussed, pulsation models are very sensi-
tive to the effective temperature, with the consequence that the
estimated effective temperature range is quite small. Due to the
significantly lower sensitivity of evolutionary predictions on this
parameter and to the unavoidable uncertainty in the evolution-
ary predictions for this quantity, a mean value for the theoretical
effective temperature of all the variables taken into account in
our analysis, namely Te ≈ 7000 K, can be used. Table 4 summa-
rizes the evolutionary values for masses and luminosities by the
different quoted authors, corresponding to the selected temper-
ature value. All results are within the pulsational ranges given
in Table 3. It is also worth noting that the pulsational calcula-
tions are less sensitive than the evolutionary ones to masses and
luminosities. However, the evidence that two completely inde-
pendent methods give consistent results is encouraging, in spite
of the several possible uncertainty sources in both the evolution-
ary and pulsational calculations. Finally, we note that for some
variables off-ZAHB evolution effects can be not negligible, pro-
ducing luminosities higher by about 0.1 dex, for a fixed effective
temperature. By taking into account the evolutionary predictions
reported in Table 4 and the possibility of off-ZAHB evolution,
we can restrict the ranges reported in Table 3, discarding all
masses lower than ∼0.62 M� and higher than ∼0.67 M�. This
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Table 4. Evolutionary masses and luminosities predicted by different
sets of ZAHB models for a mean effective temperature of 7000 K,
obtained from our best fit pulsational models (see text). The selected
evolutionary papers are: V00, VandenBerg et al. (2000); DC02/C05,
D’Antona et al. (2002) and V. Caloi (2005, private communication
quoted in MC05); P04, Pietrinferni et al. (2004); CDC04, Cariulo et al.
(2004).

Author Mass log L/L�
[M�]

V00 0.63 1.65
DC02/C05 0.645 1.67

P04 0.64 1.67
CDC04 0.65 1.68

selection implies that the ranges of the inferred individual dis-
tance moduli are significant reduced, giving a weighted mean
value of 15.08 ± 0.02 mag.

2.6. Results for a brighter pulsator

Until now, as discussed in the introduction, we have analyzed
variables in a restricted range of luminosity, to deal with a se-
quence of pulsators spanning the temperature range of the pre-
dicted instability strip, at a given luminosity level. As already
discussed, for each variable, we found a range of physical val-
ues (and thus distance moduli) which are in agreement within
each other.

A further check of the reliability of the estimated cluster dis-
tance modulus is to analyze the properties of pulsators with a
different luminosity: as these stars are also cluster members, the
obtained distance modulus has to be in agreement with the pre-
vious results.

To this aim we selected the RRc V152, which has a well-
sampled light curve in the V and B bands and is brighter by ≈0.1
to 0.2 mag than the other selected variables (see Table 2). It takes
into account firstly the above-mentioned evidence that the tem-
perature is the key parameter for good agreement between the
theory and observations, and secondly that the expected mass,
luminosity and distance modulus ranges are essentially obtained
by investigating the quality of the comparison between the the-
ory and observations at a fixed effective temperature. Figure 19
shows the results for models of different mass (luminosity) with
a suitable temperature value (Te = 7087 K). We selected as
acceptable models those for which the difference with the ob-
servations is within 0.05 mag at all the pulsation phases. We
also checked that even if the temperature is allowed to vary,
M = 0.71 M� really represents the upper limit in mass (see
Fig. 20). Similar to what was obtained for the other variables,
the conclusions are the same when the comparison is performed
in the B band.

The ranges obtained of mass, luminosity and distance mod-
ulus are shown in Table 3. We note that the distance modulus
range for this brighter pulsator is consistent with results obtained
for the other variables, even if the visual magnitude is higher. A
similar agreement is obtained for the stellar mass and luminosity.

Including V152 in our sample and taking into account the
evolutionary constraints discussed in the previous section, we
obtain a weighted mean distance modulus of 15.05 ± 0.02 mag.

3. Chemical composition effects

As mentioned above, all calculations have been performed for a
metallicity value Z = 0.001 and a helium abundance Y = 0.24.

We discuss here how our results are affected by the assumed
chemical composition. In previous papers (e.g. Bono et al. 1996,
BCM00) we have shown that the shape of light curves is affected
by metallicity, with a minor dependence on the Helium content
(see Bono et al. 1997a). To check how this dependence can af-
fect our estimates of the stellar intrinsic parameters and distance,
we calculated some additional models for a significantly lower
metallicity value, which is outside the range of metallicity values
indicated in the literature for M3, namely Z = 0.0004. Figure 21
shows that, at least for variable V128, in spite of a change in
the best fit model intrinsic parameters, we are able to find solu-
tions with mass, luminosity (and thus distance modulus) within
the previous accepted ranges of Table 3. A slight increase of the
effective temperature is needed, confirming that the temperature
is a key parameter affecting the morphology and the amplitude
of RR Lyrae light curves. However, in the comparison with the
evolutionary prescriptions (see Sect. 2.5) we have to consider
that for Z = 0.0004 the expected stellar masses on the ZAHB
(around Te = 7000 K) are about 0.7 M�. This implies that the
models fitting the observations within ±0.05 in Fig. 21 should
be excluded. From this perspective, our approach seems to con-
firm the most recent spectroscopic measurements, which exclude
for M3 a metallicity as low as Z = 0.0004.

Regarding the helium abundance, within reasonable varia-
tions of the relative helium to metal enrichment ratio (1.0 ≤
∆Y/∆Z ≤ 6.0) and assuming a primordial helium content no
larger than 0.24, we do not find any significant effect on the pre-
dicted light curves.

4. The observed light curves by Hartman et al.
(2005) and Benkő et al. (2006)

Recently Hartmann et al. (2005) published three bands (BVI)
light curves for several variables of different types in M3; in par-
ticular all the variables selected by us, except V126, are included
in the Hartmann et al. (2005) sample. Moreover during the com-
pletion of this study another paper on the light curves of the M3
RR Lyrae in the V , B and I photometric bands was published
(Benkő et al. 2006) in which all the light curves selected in our
paper are analyzed. Figure 22 shows the comparison of the V ,
B and I data by Hartmann et al. (2005) and Benkő et al. (2006)
with those by CC01 for all our analyzed variables.

Regarding the V band we note that the light curves by the
different authors are almost coincident or vertically shifted by
only a few hundredths of magnitude, an amount which is within
the errors due to photometric uncertainties and the fitting pro-
cedure. A similar agreement is found in the B and I bands. We
also note that the periods quoted by Hartmann et al. (2005) and
Benkő et al. (2006) for the selected variables are the same as
those by CC01.

From Fig. 22 it is clear that the theoretical models which
reproduce the CC01 B and V light curves are also able to match
the Hartmann et al. and the Benkő et al. data with, at most, a
slight variation of the distance modulus, still consistent with the
results of Table 3 within the errors.

To investigate if the data in the I band confirm the results
obtained in the V and B bands, Fig. 23 shows the comparison
between the models corresponding to the bottom panels of Fig. 2
(for V128) and Fig. 13 (for V72) and the data by Hartmann et al.
in the I band. We note that the agreement between theory and ob-
servation is good (within 0.05 mag), thus confirming the results
obtained in the previous section. Moreover the apparent distance
moduli obtained for the V and I bands are very similar, con-
firming the occurrence of a low reddening value. Similar results
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Table 5. Physical parameters of V128, V126 and V72 variables as
derived by Cacciari et al. (2005) from color-temperature calibration.

Star Mass Te log L/L�
[M�] [K]

V128 0.67 ± 0.05 7228 ± 100 1.681 ± 0.03
V126 0.70 ± 0.05 6855 ± 100 1.692 ± 0.03
V72 0.72 ± 0.05 6773 ± 100 1.670 ± 0.03

are obtained for the other selected variables for which I data are
available.

5. Comparison with the results by Cacciari et al.
(2005)

In a recent paper, Cacciari et al. (2005) performed a detailed
study of the pulsational and evolutionary characteristics of
133 RR Lyrae stars in M3. On this basis physical parameters
were derived from B − V colors and accurate color-temperature
calibrations, as well as from Fourier coefficients. The results ob-
tained from the color-temperature calibration, which are consid-
ered by the authors themselves to be more precise than those
based on the Fourier parameters, are reported in Table 5.

By comparing these values with the ranges reported in
Table 3 we see that an agreement for the intrinsic stellar param-
eters can be found, within the error bars, for all the variables,
even if in some cases the overlap between the ranges proposed by
Cacciari et al. and those obtained in the present work is marginal.

6. Final remarks

We have successfully modeled the light curves of six variables
(four RRc and two RRab) of the globular cluster M3.

For four variables (V128, V126, V72, V152), spanning a
significant period range and showing different light curve mor-
phologies, we searched for multiple solutions analyzing the de-
pendence of the theoretical light curves on the model input pa-
rameter. We remark that, due to the degeneracy inherent to the
method, from the theoretical reproduction of the observed light
curve of a given variable one can obtain only a range of stel-
lar parameters; the analysis of several variables belonging to the
same cluster allows us to provide sounder constraints and also
mean results. To our knowledge, this is the first time that such
an analysis has been done in a systematic way.

The obtained acceptable ranges of stellar parameters (mass,
luminosity and effective temperature) and distance modulus are
self-consistent and in agreement with stellar evolutionary pre-
dictions. Moreover a general agreement can be found with the
physical parameters provided by Cacciari et al. (2005), on the
basis of a multicolor study. For the other two pulsators (V75
and V6), that show morphological features similar to the pre-
vious ones, the obtained stellar parameters and distance moduli
are consistent with the previously-identified ranges, confirming
the previous estimates. These results represent a check for both
evolutionary and pulsational theories.

The failure in the reproduction of the light curve morphol-
ogy for the reddest pulsator V120, likely due to some remaining
uncertainties in the adopted turbulent convective models, repre-
sents a challenge for future model developments.

Our final estimate for the distance modulus is µV = 15.1 ±
0.1, derived as a mean of the individual determinations, while

taking also into account the evolutionary constraints on the pul-
sator masses, obtains a weighted mean value of 15.05 ± 0.02.

Our obtained distance modulus is consistent, within the
uncertainties, with the results from other methods, for exam-
ple with the determination by Ferraro et al. (1999), obtained
from the comparison between the observed and predicted Zero
Age Horizontal Branch luminosity, as well as with the results
by M03, based on additional pulsational methods (see their
Table 4). The precision of the technique could be further im-
proved if accurate radial velocity curves are available together
with photometric data covering both the optical and the near-
infrared bands.

Acknowledgements. This paper is dedicated to the memory of V. Castellani who
inspired this work and constantly supported us. We shall miss his personality,
clearness and enthusiasm in approaching the different issues of stellar astro-
physics. We are grateful to P. G. Prada Moroni and S. Shore for careful reading
of the manuscript and to F. Caputo for useful suggestions. We are grateful to
the anonymous referee for her/his suggestions and comments which greatly im-
proved the paper. Financial support for this work was provided by MIUR under
the scientific projects “Continuity and discontinuity in the Galaxy formation”
(P.I.: R. Gratton) and “On the evolution of stellar systems: a fundamental step
toward the scientific exploitation of VST” (P.I.: M. Capaccioli).

References
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Fig. 1. Observational data in the V band for the selected light curves, from Corwin & Carney (2001). Periods (in days) are labeled.
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Fig. 2. Predicted light curves constrained to the observed period of V128 for the labeled fixed values of mass (top panel), luminosity (middle panel)
and effective temperature (bottom panel). The right panels show the differences between theory and observations, computed as described in the
text.
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Fig. 3. Predicted light curves constrained to the observed period of V128 for two different mass values, namely M = 0.60 M� (left upper panel)
and M = 0.73� (left lower panel). The temperature range for stars inside the first overtone instability strip is uniformly spanned. The right panels
show the fit residuals for the corresponding models.
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Fig. 4. As in the bottom panel of Fig. 2 but for the B band.
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Fig. 5. The same as Fig. 3 but in the B band.
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Fig. 6. The behavior of the light curve shape for the V128 fitting case, when the α parameter is slightly varied at fixed mass, luminosity and
effective temperature.
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Fig. 7. As in the bottom panel of Fig. 2 but for α = 1.4 and a suitable value of effective temperature (see text).
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Fig. 8. As in Fig. 3 but for α = 1.4.
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Fig. 9. As in Fig. 2 but for the variable V126.
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Fig. 10. Predicted light curves constrained to the observed period of V126 for M = 0.75M�. The temperature range for stars inside the first overtone
instability strip is uniformly spanned.
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Fig. 11. As in the bottom panel of Fig. 9 but for the B band.
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Fig. 12. The best match for the V72 light curve by adopting models with α = 1.5. The right panel shows the residuals.
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Fig. 13. Dependence of the modeling of V72 light curve on the input parameters, by fixing them one at a time (see text). Upper panels: fixed mass;
middle panels: fixed luminosity level; lower panels: fixed effective temperature.
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Fig. 14. Comparison between the data and the predicted light curves for M = 0.74M� constrained to the observed period of V72.
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Fig. 15. Comparison between the data and the predicted light curves for V72 with fixed luminosity (log L/Lo = 1.720), see text.
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Fig. 16. As in the bottom panels of Fig. 13 but for the B band.
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Fig. 17. Attempts of modeling the V120 light curve when α is fixed at 1.8 (left panel) or allowed to vary (right panel), see text.
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Fig. 18. Observed light curves in the V band for the V75 and V6 variables from CC01, compared with one of the possible theoretical matches. The
periods (in days), the physical parameters of the selected models and the corresponding distance moduli are labeled.
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Fig. 19. Models at fixed effective temperature constrained to reproduce the observed V152 period compared with the observed data.
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Fig. 20. Models for V152 with M = 0.71 M� compared with the data.
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Fig. 21. As in the bottom panel of Fig. 2 but for Z = 0.0004 and a suitable value of the effective temperature (see text).
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Fig. 22. Comparison (in the V , B and I bands) of the observed light curves analyzed in this paper by CC01 (black circles) with those of Hartmann
et al. (2005) (red diamonds) and Benkő et al. (2006) (green triangles).
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Fig. 23. Upper panel: the models of the bottom panel of Fig. 2 for V128 compared with the data by Hartmann et al. (2005) in the I band. Lower
Panel: as in the upper panel but for the models in the bottom panel Fig. 13 for V72.


