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ABSTRACT
On the basis of an extended set of non-linear convective RR Lyrae pulsation models we derive the �rst theoretical light curves
in the Gaia bands G, GBP, and GRP and the corresponding intensity-weighted mean magnitudes and pulsation amplitudes. The
effects of chemical composition on the derived Bailey diagrams in the Gaia �lters are discussed for both Fundamental and �rst
overtone mode pulsators. The inferred mean magnitudes and colours are used to derive the �rst theoretical Period�Wesenheit
relations for RR Lyrae in the Gaia �lters. The application of the theoretical Period�Wesenheit relations for both the Fundamental
and �rst overtone mode to Galactic RR Lyrae in the Gaia Data Release 2 data base and complementary information on individual
metal abundances allows us to derive theoretical estimates of their individual parallaxes. These results are compared with the
astrometric solutions to conclude that a very small offset, consistent with zero, is required in order to reconcile the predicted
distances with Gaia results.

Key words: stars: abundances � stars: distances � stars: variables: RR Lyrae.

1 INTRODUCTION

RR Lyrae are old low-mass stars that, during the central helium-
burning phase, show mainly radial pulsation while crossing the
classical instability strip in the colour�magnitude diagram. From
the observational point of view, they represent the most numerous
class of pulsating stars in the Milky Way and, being associated
with old stellar populations, are typically found in globular cluster
and abundant in the Galactic halo and bulge. The investigation of
RR Lyrae properties is motivated by their important role both as
distance indicators and tracers of old stellar populations. In particular,
evolving through the central helium-burning phase, they represent
the low-mass, Population II counterparts of Classical Cepheids, as
powerful standard candles and calibrators of secondary distance
indicators. In particular, they can be safely adopted to infer distances
to Galactic globular clusters (see e.g. Coppola et al. 2011; Braga
et al. 2016, 2018, and references therein), the Galactic centre (see
e.g. Contreras Ramos et al. 2018; Marconi & Minniti 2018; Griv,
Gedalin & Jiang 2019), and Milky Way satellite galaxies (see e.g.
Coppola et al. 2015; Mart·�nez-V·azquez et al. 2019; Vivas et al.
2019, and references therein). Being associated with old stellar
populations, they represent the basis of an alternative Population II
distance scale (see e.g. Beaton et al. 2016, to the traditionally adopted
Classical Cepheids), more suitable to calibrate secondary distance
indicators that are not speci�cally associated with spiral galaxies
(e.g. the globular cluster luminosity function, see Di Criscienzo
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et al. 2006, and references therein). The properties that make RR
Lyrae standard candles are (i) the well-known relation connecting
the absolute visual magnitude MV to the metal abundance [Fe/H]
(see e.g. Sandage 1993; Caputo et al. 2000; Cacciari & Clementini
2003; Catelan, Pritzl & Smith 2004; Di Criscienzo, Marconi &
Caputo 2004; Federici et al. 2012; Marconi 2012; Marconi et al.
2015, 2018; Muraveva et al. 2018, and references therein); (ii) the
period�luminosity relation in the near-infrared (NIR) �lters and in
particular in the K 2.2 µm band (see e.g. Longmore et al. 1990;
Bono et al. 2003; Dall�Ora et al. 2006; Coppola et al. 2011; Ripepi
et al. 2012; Coppola et al. 2015; Marconi et al. 2015; Muraveva
et al. 2015; Braga et al. 2018; Marconi et al. 2018, and references
therein). In spite of the well-known advantage of using NIR �lters
(see e.g. Marconi 2012; Coppola et al. 2015, and references therein),
in the last decades there has been a debate on the coef�cient of the
metallicity term of the KB and PL relation (see e.g. Bono et al. 2003;
Sollima, Cacciari & Valenti 2006; Marconi et al. 2015, and references
therein). On the other hand, it is interesting to note that many recent
determinations (see e.g. Sesar et al. 2017; Muraveva et al. 2018)
seem to converge towards the predicted coef�cient by Marconi et al.
(2015), with values in the range 0.16-0.18 mag dex�1. As for the
optical bands, our recently developed theoretical scenario (Marconi
et al. 2015) showed that, apart from the MV�[Fe/H] relation that is
affected by a number of uncertainties (e.g. a possible non-linearity,
the metallicity scale with the associated � elements enhancement
and helium abundance variations, as well as evolutionary effects,
see Caputo et al. 2000; Marconi et al. 2018, for a discussion), the
metal-dependent Period�Wesenheit (PW) relations are predicted to
be sound tools to infer individual distances. In particular, for the B-,
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V- band combination, Marconi et al. (2015) demonstrated that the
inferred PW relation is independent of metallicity. In order to test
this theoretical tool, we need to compare the predicted individual
distances with independent reliable distance estimates, for example,
the astrometric ones recently obtained by the Gaia satellite (Gaia
Collaboration 2016). To this purpose, in this paper we transform
the predicted light curves derived for RR Lyrae models with a
wide range of chemical compositions (Marconi et al. 2015, 2018)
into the Gaia bands, derive the �rst theoretical PW relations in
these �lters and apply them to Gaia Data Release 2 Data base
(hereinafter Gaia DR2; Gaia Collaboration 2018; Clementini et al.
2019; Ripepi et al. 2019). The organization of the paper is detailed
in the following. In Section 2, we summarize the adopted theoretical
scenario, while in Section 3 we present the �rst theoretical light
curves in the Gaia �lters. From the inferred mean magnitudes and
colours, the new theoretical PW relations are derived in Section 4
that also includes a discussion of the effects of variations in the input
chemical abundances. In Section 5, the obtained relations are applied
to Gaia Galactic RR Lyrae with available periods, parallaxes, and
mean magnitudes to infer independent predictions on their individual
parallaxes, to be compared with Gaia DR2 results. The conclusions
close the paper.

2 THE THEORETICAL SCENARIO

In two recent papers (Marconi et al. 2015, 2018), we presented
an updated theoretical scenario for RR Lyrae stars. In Marconi
et al. (2015), a wide range of chemical abundances was considered,
spanning from typical metal-poor globular clusters values (Z =
0.0001) to typical abundances of Galactic Disk and Bulge RR Lyrae
(Z = 0.02), with a standard helium content ranging from Y = 0.245
for the most metal-poor abundances to Y = 0.28 at solar metallicity
(see Marconi et al. 2015, for details). Moreover, two stellar masses
and three luminosity levels were adopted for each selected chemical
composition, in order to take into account not only RR Lyrae located
on the zero-age horizontal branch (ZAHB) but also evolved objects
(see Marconi et al. 2015, for details). In order to take into account
possible variations in the helium abundance, in Marconi et al. (2018)
we recomputed the model sets presented in Marconi et al. (2015)
by increasing the helium content to Y = 0.30 and Y = 0.40 (see
Marconi et al. 2018; Marconi & Minniti 2018, for details). For
each selected combination of Z, Y, stellar mass, and luminosity, the
system of non-linear hydrodinamical and convective equations was
integrated till a stable limit cycle is achieved in the fundamental (F)
or �rst overtone (FO) mode. The resulting bolometric light and radial
velocity curves represent an extended data set of theoretical templates
allowing the investigation of the effect of both Z and Y not only on
the pulsation period but also on the amplitude and the morphology
of the luminosity and radial velocity variations. A similar analysis
can be performed with radius curves and the variations of all other
relevant quantities, e.g. gravity and temperature, along a pulsation
cycle. A subset of the produced theoretical atlas, for Z = 0.001, Y =
0.245, M = 0.64 M� and log L = 1.67, is shown in Figs 1 and 2 for F
and FO models, respectively. In each left-hand panel, the bolometric
light curve is plotted for the labelled effective temperature, whereas
the corresponding radial velocity is shown in the right-hand panel,
with the labelled period value.

These plots show an example of theoretical bolometric magnitude
and radial velocity variations that are made available to the commu-
nity upon request as based on the models computed in Marconi et al.
(2015, 2018).

Figure 1. Predicted bolometric light curves for F-mode RR Lyrae models
assuming Z = 0.001, Y = 0.245, M = 0.64 M� and log L = 1.67. In each
left-hand panel, the bolometric light curve is plotted for the labelled effective
temperature, whereas the radial velocity curve is shown in the corresponding
right-hand panel, with the labelled period value.

3 THEORETICAL LIGHT CURVES FOR RR
LYRAE IN THE GAIA FILTERS

The predicted bolometric light curves discussed above have been
transformed into the Gaia bands, namely G, GBP, and GRP, by
using the bolometric corrections (BC) tables provided by Chen et al.
(2019). This data base is based on the most recent and adopted
spectral libraries and covers a wide variety of photometric systems,
including the Gaia passbands (see Chen et al. 2019, for all the details).
Moreover, these authors provide BC tables for different elemental
composition values covering the range considered in this work. By
adopting the effective temperature Te and the gravity log (g) model
curves as input, we used a proprietary C code to interpolate the BC
tables. When the chemical composition of our models coincides with
one speci�c value of Chen et al. (2019) grid, we select one BC table
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Figure 2. The same as Fig. 1 but for FO-mode RR Lyrae models at the same
chemical composition, mass, and luminosity.

and a bi-linear interpolation is performed along the Te � log (g)
direction. On the other hand, if the chemical composition of our
models falls between two of the quoted BC tables, we �rst apply our
routine on each neighbouring table, and then interpolate linearly
between the two metallicity values. For this procedure we used
M�

bol = 4.79 mag, consistently with the value adopted in the pulsation
code. If the most recent IAU accepted value of the sun bolometric
magnitude (4.74 mag) were assumed instead of the adopted 4.79
mag, we would obtain differences in the predicted individual mean
magnitudes of the order of 0.01�0.02 mag. In Figs 3�9, we show
the �rst theoretical RR Lyrae light curves transformed into the Gaia
bands changing the metallicity (from Z = 0.0001 to Z = 0.02, see
captions) and considering both F (top panels) and FO (bottom panels)
models. The stellar parameter selection is the same as in Marconi
et al. (2015).

Similar plots but varying the helium abundance, up to 0.30 and
0.40, for the stellar masses and luminosities as in Marconi et al.
(2018) are available upon request to the authors. These plots show
that the amplitude and morphology of the light curves in the Gaia
bands follow the same trends with the effective temperature as in the
optical bands (see e.g. Marconi et al. 2015, and references therein).
In particular, we notice that

(i) at �xed mass and luminosity, the pulsation amplitude of F light
curves generally decreases as the effective temperature decreases and
the pulsation period increases (see also Section 4 for more details).

(ii) FO amplitudes do not show a linear behaviour with the
pulsation period, as they reach a maximum towards the centre of
the FO instability strip to decrease again towards the red edge (bell
shape, see Bono et al. 1997, for details).

(iii) The morphology of F light curves is much more complicated
than for FO models, with the presence of bumps and dips related
to the coupling between pulsation and convection in the pulsating
envelope (see e.g. discussion in Bono & Stellingwerf 1994; Bono
et al. 1997; Di Criscienzo et al. 2004).

The data points for the plotted theoretical G, GBP, and GRP light
curves are again available upon request. These are used to infer mean
magnitudes and colours as well as pulsation amplitudes, as discussed
in the following.

Figure 3. Theoretical light curves transformed into the Gaia �lters GBP
(orange), G (green), and GRP (blue) for F-mode (top) and FO-mode (bottom)
RR Lyrae models assuming Z = 0.0001, Y = 0.245, and M = 0.80 M�.
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