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ABSTRACT

On the basis of an extended set of non-linear convective RR Lyrae pulsation models we derive the first theoretical light curves
in the Gaia bands G, Ggp, and Ggrp and the corresponding intensity-weighted mean magnitudes and pulsation amplitudes. The
effects of chemical composition on the derived Bailey diagrams in the Gaia filters are discussed for both Fundamental and first
overtone mode pulsators. The inferred mean magnitudes and colours are used to derive the first theoretical Period—Wesenheit
relations for RR Lyrae in the Gaia filters. The application of the theoretical Period—Wesenheit relations for both the Fundamental
and first 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; Martinez-Vazquez et al. 2019; Vivas et al.
2019, and references therein). Being associated with old stellar
populations, they represent the basis of an alternative Population 1T
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 specifically 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 My 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) filters and in
particular in the K 2.2 um 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 filters
(see e.g. Marconi 2012; Coppola et al. 2015, and references therein),
in the last decades there has been a debate on the coefficient 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 coefficient by Marconi et al.
(2015), with values in the range 0.16-0.18 magdex~'. As for the
optical bands, our recently developed theoretical scenario (Marconi
et al. 2015) showed that, apart from the My—[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 first theoretical PW relations in
these filters 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 first theoretical light
curves in the Gaia filters. 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 ¥ = 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 first 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).

MNRAS 500, 5009-5023 (2021)

4

-
=}
S}

P=0.4449 d

F T,=7000 K *; é
2 E | =
2 0F | k] |
= E 1 5" 3
1F 3 -50 E
S ~100 FH-+
,1:— T,26900 K = 50 P=0.4674 d é
= E | =
2 0F E
= £ ] > E

P=05162 d

“1F r-6700 K

Lh by
rad
o

Mgoy,
- o
URANE AR R RN R AR ARRRRRRRS L AR VAR RRREE LA i
i n
Veaa b2

o b b e
0 0.5 1 1.5 0.5 1 1.5
PHASE PHASE

A BEa S 100 prrrr
T,=6500 K E

o
N/AARARRRRR
ad

Mg,
—
L Z L
Ve

[ |
|
—_
o
S

Mgo,
— a
Z
Vea

‘ . P B
E+ -+ . A
—1; T,=6300 K ] =0.6377 3
a E ] |
8 0F I =
1E E E E
- ~100
T,=6200 K : 50 [ P=06719d

|
—
U ARRRARRNRNI RN
1

Mg,

o

2

Vraa

o
BRI RRRA LA
Z N

A 100

|

—

U ARARARRNRRILRRS|

=)

Il

o

o

=]

= 1

o

o

T

o
I T
o 4
ey I
=

=)
31
%

H
I
|
|
o
[}
T
uly

Mg,
o
Z 1
Veaa
=]

N BTN IIITE BT I S B B
05 1 15 o 05 1 15

PHASE PHASE

Figure 1. Predicted bolometric light curves for F-mode RR Lyrae models
assuming Z = 0.001, Y = 0.245, M = 0.64 Mg 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, Ggp, and Ggp, 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 etal. 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 7, 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 specific 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 7. — log(g)
direction. On the other hand, if the chemical composition of our
models falls between two of the quoted BC tables, we first apply our
routine on each neighbouring table, and then interpolate linearly
between the two metallicity values. For this procedure we used
M, = 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 first 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 fixed 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, Ggp, and Ggp 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.

A theoretical scenario for Gaia RR Lyrae
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RR Lyrae models assuming Z = 0.0001, Y = 0.245, and M = 0.80 M.
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Figure 4. The same as in Fig. 3 but assuming Z = 0.0003, Y = 0.245, and
M=0.716 Mg.

3.1 The Bailey diagram

On the basis of the transformed light curves discussed above, we
are able to build the first predicted Bailey diagram in the three Gaia
bands, varying both Z and Y. In Fig. 10 we show the Ggp (top panel),
G (middle panel), and Grp (lower panel) pulsation amplitudes as
a function of the pulsation period for the labelled metallicities, the
corresponding predicted ZAHB masses (see Marconi et al. 2015, for
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Figure 5. The same as in Fig. 3 but assuming Z = 0.0006, Y = 0.245 and
M =0.67Me.

details), namely 0.80 Mg for Z = 0.0001, 0.64 Mg, for Z = 0.001,
and 0.57 Mg, for Z = 0.008, standard Y as in Marconi et al. (2015)
and two luminosity levels corresponding to the ZAHB level (the
solid lines) and a brighter luminosity by 0.1 dex (evolved stage, the
dotted lines), for each fixed mass. We notice that, in agreement with
previous empirical and theoretical results in the optical and near-
infrared filters, the following trends can be seen:

(1) the pulsation amplitudes decrease as the band central wave-
length and the metallicity increase;

(ii) an increase in the luminosity level produces a period shift
towards longer values. On this basis, in the case of FO RR Lyrae,
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Figure 6. The same as in Fig. 3 but assuming Z = 0.001, Y = 0.245, and
M =0.64Mg.
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the location of the described bell-shape in the Bailey diagram can be
used to constrain the luminosity level (see e.g. Bono et al. 1997).

By including the He-enriched pulsation models computed in
Marconi et al. (2018), we can investigate the effect of a possible
helium enrichment. In Figs 11 and 12, we reproduce the Gaia filters
Bailey diagram but assuming ¥ = 0.30 and Y = 0.40, respectively.
By comparing these plots with the standard helium case (Fig. 9)
we notice that, as the helium abundance increases, two main trends
occur:

(i) The periods get systematically longer as an effect of the
increased ZAHB luminosity level (see e.g. Marconi et al. 2018;
Marconi & Minniti 2018, and references therein).

(ii) The pulsation amplitudes get systematically smaller, mainly
as an effect of the reduced hydrogen abundance.

Figure 7. The same as in Fig. 3 but assuming Z = 0.004, Y = 0.25, and M =
0.59 Mg

3.2 Mean magnitudes and colours

From the theoretical RR Lyrae Gaia filter light curves, we can
derive intensity weighted mean magnitudes. These are reported, for
each individual model, in Tables 1 and 2, for the F and FO-mode,
respectively. The various columns in these tables report the metal and
helium abundances, the predicted pulsation period, the input mass,
luminosity (in solar units), effective temperature and the inferred
mean magnitudes and pulsation amplitude in the three filters Ggp,
G, and Ggp. On this basis the colour index <Ggp> — <Ggp> can
also be derived, for each pulsation model, and the theoretical PW
relations can be computed for each individual chemical composition

MNRAS 500, 5009-5023 (2021)

2202 YoJe|\ g uo Jesn (1jodeN) sjuowipodes 1p 021LIOU0.]SY OLoleAIassQ) llodeN ajuowipode) 4vNI AQ 6216209/600S/7/00S/2191e/seluw/woo dno-olwapeose//:sdiy Woll papeojumoc]



5014 M. Marconi et al.

[ E_Lug(L/Lo )= 1.68 Tegy = 6900 K | E_Lug(L/La )= 1.68 Terr = 6800 K| | ;_Lug(L/Lg )= 1.68 Ter = 6600 K
=R o o F
E P=0.541 days E  P=0567 days E  P=0.627 days
Rl PRI PR PR ARTTE | B - ST AUTRY FEETE FRETE | BN : FETTE FETTE FTET STee |
06 05 1 15 32 0 05 1 15 2 0 05 1 15 2
—E —E —E
I E Log(L/Lo)= 168 Ter=6400K[ | F Log(L/Lo)= 168 T =6200K| | E Log(L/Lo)= 1.68 Teir = 6000 K
05\[4\/4 ok ok
E m P
E  P=0.696 days E  P=0.774 days E P=0.863 days
ARl = SR PR WS FERTE 1 B = TN PRTTE FEREY PR | B - SR FRRTS PR S|
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
1 E Log (L/Lo )= 1.68 Ty = 5900 K
o B
_—
fF—
E P=0912days
A= ST P P P |
0 05 1 1:5 2
1 E Log (L/Lo)= 158 Ty = 6800 K| | F Log (L/Lo)= 158 Ty =6600K| | F Log (/Lo )= 158 Ty = 6400 K
S E o F ok
E  P=0473 days E  P=0522days E P=0580days
A = P P TN FUTEE1 B - S P T FUTT1 B - S P P ST
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
I E Log (L/Lo)= 158 Tey = 6000 K
o E
NS
E  P=0.646 days E  P=0.715days
Al = ST P PN PN 1 R < SN PRI P P

0o 05 1 15 2 0 05 1 15 2

F Log (/Lo )= 168 Ter = 7000 K F Log (L /Lo )= 1.68 Terr = 6900 K [ Log (L/Lo)=1.68 Tur = 6800 K
RO | N7 | F
— [ P=0371days — [ P=0390days — = P=0410days
I T P | I T T | Y T T T |
0 05 1 15 2 0 05 1 1.5 2 0 05 1 15 2
F-Log (L / Lo )=4.68 Teir = 6600 K| & F Log (L /Lo )= 1.68 Teir = 6400 K| & F Log (L /Lo )=1.68 Ter = 6200 K
— [ P=0454days — [ P=0.504 days — [ P=0.55days
"I T T | "I I P P | Y T T |
0 05 1 1.5 2 0 05 1 1.5 2 0 05 1 1.5 2
F Log(L/Lg)= 158 Ty =7100K F Log (L/Lg)= 158 Ty = 600K E Log(L/Lg)=1.58 T, = 6800 K
F o b
FERT EREEl Feuw e | SRR PR R feee |

"I T T |
0 05 1 15 2

o [T

05 1 15 2 0 05 1 15 2

Figure 8. The same as in Fig. 3 but assuming Z = 0.008, ¥ = 0.256, and
M =0.57Me.

or directly including a metallicity and a helium abundance term, as
discussed in the following section.

4 THE THEORETICAL PERIOD-WESENHEIT
RELATIONS

From the intensity-weighted mean magnitudes reported in Tables 1
and 2, we can derive the first theoretical PW relations in the Gaia
filters for RR Lyrae stars, as a function of the metal abundance. The
definition of the adopted Wesenheit relation is the same as in De
Somma et al. (2020), namely G — 1.9(<Ggp> — <Ggrp>), which in
turn was based on the derivation by Ripepi et al. (2019). Additional
relations, including helium-enriched models, and thus providing the
dependence on Y as well, are also derived. The coefficients of
the PW relations including only the metallicity term or both the
metallicity and the helium abundance, are reported in Tables 3 and
4, respectively. These relations are derived both separately for the
two pulsation modes (first two lines of Tables 3 and 4) and globally,
by fundamentalizing FO periods (see Marconi et al. 2015; Coppola
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Figure 9. The same as in Fig. 3 but assuming Z = 0.02, Y = 0.27, and M =
0.54 Mg.

et al. 2015, and references therein) according to the relation log Pr =
log Pro + 0.127 (last line of Tables 3 and 4).

In Fig. 13, we plot the predicted Gaia band Wesenheit relations,
varying the metallicity from Z = 0.0001 to Z = 0.02, at standard
helium content, for F and FO models (upper panel) and combining
F with fundamentalized FO models in a global relation (bottom
panel).

We notice that a metallicity variation can change the zero-point
of the relation by a few tenths of magnitude. In particular, the
zero-point gets fainter as the metallicity increases (see the labelled
arrow).

The effect of a variation in the helium content is shown in Fig. 14.
Here, the same relations presented in Fig. 13 are compared with their
counterparts for ¥ = 0.30 (the red lines) and Y = 0.40 (the blue lines),
respectively, for the F (top panel) and FO (middle panel) mode, as
well as for the global selection (bottom panel). According to these
plots Y seems to have a minor effect on the slope and the zero-point of
PW relations even if the period range gets systematically longer and
the Wesenheit functions systematically brighter as the helium content
increases. These trends are due to the effects of the increased ZAHB
luminosity level on the pulsation periods and mean magnitudes
as the helium content increases (see Marconi et al. 2018, for
details).
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Figure 10. The Bailey diagram in the Ggp (top panel), G (middle panel), and
Grp (lower panel) filters for the labelled metal abundances, the corresponding
predicted ZAHB masses (see Marconi et al. 2015, for details), namely
0.80 Mg for Z = 0.0001, 0.64 Mg, for Z = 0.001 and 0.57 Mg for Z = 0.008,
standard Y as in Marconi et al. (2015) and two luminosity levels corresponding
to the ZAHB level (the solid line) and a brighter luminosity by 0.1 dex (the
dotted line), for each fixed mass.
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Figure 11. The Bailey diagram in the Gpp (top panel), G (middle panel), and
Grp (lower panel) filters for the labelled metal abundances and Y = 0.30, the
corresponding predicted ZAHB masses (see Marconi et al. 2015, for details),
namely 0.80 M, for Z = 0.0001, 0.64 My, for Z = 0.001, and 0.56 M, for
Z = 0.008, and two luminosity levels corresponding to the ZAHB level (the
solid line) and a brighter luminosity by 0.1 dex (the dotted line), for each
fixed mass.

Table 1. Fundamental model parameters: Z and Y values are listed in columns 1 and 2, respectively, the pulsational period of the
model is in column 3, the mass, luminosity and effective temperatures are listed in columns 4, 5, and 6, while the Gaia light curve
intensity average magnitudes and amplitudes are reported in columns 7, 8, for the BP band, 9, 10 for the G band and 11, 12 for the

RP band. The complete table is available in electronic format.

VA Y P M log (L/Lg) Te <BP>  Amp(BP) <G> Amp(G) <RP> Amp(RP)
(d Mo) (dex) (K)  (mag) (mag) (mag)  (mag)  (mag) (mag)
0.0001 0.245 0.9800  0.80 1.860 5900 0.173 0.260 —-0.056 0.219 —0.442 0.163
0.0001 0.245 0.9261 0.80 1.860 6000  0.162 0.527 —0.059 0452 —-0.434 0.343
0.0001 0.245 0.8776  0.80 1.860 6100  0.149 0.656 —-0.062 0.566 —0.424 0.430
0.0001 0.245 0.8292  0.80 1.860 6200 0.136 0.936 —0.065 0.811 —0.413 0.611
0.0001 0.245 0.7444  0.80 1.860 6400 0.108 1.157 -0.070 1.014  —0.383 0.783
0.0001 0.245 0.6692  0.80 1.860 6600  0.092 1.577 —0.062 1.373 —0.338 1.017

Table 2. First overtone model parameters: Z and Y values are listed in columns 1 and 2, respectively, the pulsational period of the
model is in column 3, the mass, luminosity, and effective temperatures are listed in columns 4, 5, and 6, while the Gaia light curve
intensity average magnitudes and amplitudes are reported in columns 7, 8, for the BP band, 9, 10 for the G band and 11, 12 for the

RP band. The complete table is available in electronic format.

V4 Y P M log (L/Lg) Te <BP>  Amp(BP) <G> Amp(G) <RP> Amp(RP)
(d) Mo) (dex) (K)  (mag) (mag) (mag)  (mag)  (mag) (mag)
0.0001 0.245 0.4720  0.80 1.860 6700  0.072 0.723 -0.078 0.630 -0.346 0.476
0.0001 0.245 0.4496  0.80 1.860 6800  0.061 0.784 -0.078 0.681 -0.329 0.507
0.0001 0.245 0.4274  0.80 1.860 6900  0.052 0.853 -0.077 0.736 -0.312 0.531
0.0001 0.245 0.4082  0.80 1.860 7000  0.044 0.808 -0.076 0.697 -0.295 0.499
0.0001 0.245 0.3897 0.80 1.860 7100  0.034 0.499 -0.079 0.431 -0.284 0.309
0.0001 0.245 0.4107 0.80 1.760 6600  0.339 0.686 0.178 0.594 -0.109 0.441
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Figure 12. The Bailey diagram in the Ggp (top panel), G (middle panel), and
Grp (lower panel) filters for the labelled metal abundances and Y = 0.40, the
corresponding predicted ZAHB masses (see Marconi et al. 2015, for details),
namely 0.69 Mg, for Z = 0.0001, 0.62 Mg, for Z = 0.001, and 0.55 Mg, for
Z = 0.008, and two luminosity levels corresponding to the ZAHB level (the
solid line) and a brighter luminosity by 0.1 dex (the dotted line), for each
fixed mass. In the case of FO models with Z = 0.0001 and Y = 0.40, we find
only one case for each of the two luminosity levels, that are indicated as the
filled (ZAHB) and open (evolved) circles.

5 PREDICTED PARALLAXES FOR GAIA RR
LYRAE TARGETS

5.1 Selection of the sample

To test our new predictions, we searched the literature for RR Lyrae
with both a metallicity estimate and Gaia DR2 photometry in the
G, Ggp, Grp bands calculated as intensity-averaged magnitudes (see
Holl et al. 2018; Clementini et al. 2019, for details). More in detail,
we scanned the literature searching for RR Lyrae whose metallicity
was estimated on the basis of high-resolution spectroscopy (HRS),
in order to guarantee accuracy and precision in the measurement.
To this aim, we first adopted the compilation by Magurno et al.
(2018), who listed the HRS iron abundances present in the literature
for a sample of 134 RR Lyrae stars. An inspection of their table
10 showed that several objects were observed two or more times
by different Authors. In these cases, we averaged the results and
took the standard deviation as a measure of the uncertainty. As no
error is available for the stars with one single measurement, we
considered the errors derived above for the pulsators with at least
three independent measurements and calculated the mean, obtaining
an average error of 0.13 dex. We therefore assigned this value as
minimum uncertainty for stars with single measurements, and, to be
conservative, extended this uncertainty also to stars with only two
measurements whose semidifference was smaller than 0.13 dex. The
results of this exercise is reported in Table A1, where we listed the
98 stars in Magurno et al. (2018) sample with Gaia DR2 intensity-
averaged magnitudes. For completeness, we also reported the stars
without Ggp, Grp magnitudes.

The sample by Magurno et al. (2018) was complemented by
searching serendipitous RR Lyrae metallicity measurements among

MNRAS 500, 5009-5023 (2021)

recently published spectroscopic surveys based on HRS, namely
APOGEE2-DR16 (Apache Point Observatory Galactic Evolution
Experiment 2, Data Release 16 Ahumada et al. 2020) and GALAH
Data Release 2 (GALactic Archaeology with HERMES, DR2 Buder
et al. 2018). As a result of this search, we found 8 and 61 objects
in APOGEE and GALAH, respectively. As APOGEE observes
in the near-infrared and has a lower resolution, we searched for
possible systematic differences in iron abundance with respect to
GALAH.! To this aim, we cross-correlated the entire catalogues of
APOGEE and GALAH, using the resulting 515 stars in common,
covering an interval —0.5 < [Fe/H] < 0.5 dex, and calculated
the following equation to apply a small correction to APOGEE
results: [Fe/H]s = (—0.0155 £ 0.0044) + (1.047 £ 0.016)[Fe/H],4,
with rms = 0.058 dex, where [Fe/H]; and [Fe/H], are the iron
abundances in the GALAH and APOGEE system, respectively. The
iron abundance data with the relative uncertainties for the APOGEE
and GALAH survey are shown in Table Al. Note that for the
APOGEE data, the table lists the corrected [Fe/H] values and the
original uncertainties have been summed in quadrature with the
rms error of the relation converting APOGEE into GALAH iron
abundanced. The total HRS sample in this table amounts to 167
objects. We applied a further selection to this sample removing all
the objects with negative parallax and with RUWE > 1.4 as suggested
by the Gaia documentation.? Moreover, we selected only RR Lyrae
with relative parallax error lower than 10 per cent.> Therefore the
final HRS sample comprises 103 objects.

In addition to the above described sample, upon Referee
suggestion, we also adopted the sample by Muraveva et al. (2018),
largely based on the work by Dambis et al. (2013), that collected
literature metallicities for RR Lyrae derived with different techniques
from spectroscopic data at distinct resolutions. Applying the same
cuts quoted above, the Muraveva et al. (2018) sample shrinks to 112
objects.

Before proceeding, it is worth comparing the HRS and Muraveva
et al. (2018) samples. There are 70 stars in common between these
samples. The correlation between the iron abundances is shown
in Fig. 15. It can be easily seen that there is a detectable trend
with metallicity between the two samples. The linear correlation
between the iron content values in the two samples is [Fe/H]yrs =
(0.328 £ 0.092) + (1.265 % 0.069)[Fe/H]nyr, with rms = 0.21 dex,
where [Fe/H]yrs and [Fe/H]y,, are the iron abundances in the HRS
and Muraveva et al. (2018) samples, respectively.

5.2 Application of theoretical PWZ relations

In this section, we apply to the selected HRS and Muraveva et al.
(2018) samples the theoretical metal dependent Period-Wesenheit
(PWZ) relations reported in Table 3 for the F, FO, and global
case. The application of the quoted PWZ relations allows us to
derive individual distance moduli and, in turn, individual parallaxes
to be compared with Gaia DR2 determinations. The differences
between the theoretical parallaxes and Gaia DR2 results are shown
in Figs 16 and 17, for the HRS and Muraveva et al. (2018) samples,

'No meaningful comparison can be made with Magurno et al. (2018), neither
for APOGEE nor for GALAH, as the overlap is restricted to a couple of stars.
2The RUWE parameter measures the reliability of the Gaia astrometry, see
section 14.1.2 of ‘Gaia Data Release 2 Documentation release 1.27; https:
//gea.esac.esa.int/archive/documentation/GDR2/.

3Some authors (see e.g. Bailer-Jones et al. 2018) assert that when Gaia
parallaxes are precise at level of 10 percent, they can be used to derive
reliable distances.
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A theoretical scenario for Gaia RR Lyrae ~ 5017
Table 3. The coefficients of the metal-dependent PW relations W = a + blogP
+ c[Fe/H] for F and FO models. The last column represents the root-mean-square-
deviation (o) coefficient.
Mode a b ¢ oy op Oc o
F —0.936 —2.296 0.124 0.049 0.032  0.005 0.05
FO —1.344 —-2.440 0.112 0.033  0.028  0.005 0.03
GLOBAL —-0.952 —-2271 0.123  0.051 0.024  0.004 0.05
Table 4. The coefficients of the metal- and helium-dependent PW relations W = a + blog P + c[Fe/H] +
dlog Y for F and FO models. The last column represents the root-mean-square-deviation (o) coefficient.
Mode a b ¢ o4 op o o4 o
F —-1.277  —2.298 0.123 —0.573  0.044 0.014 0.003 0.028 0.04
FO —1.600 —2.436 0.120 —0.442  0.031 0.020 0.003  0.031 0.03
GLOBAL —-1.278 —2.257 0.126 —0.558 0.047 0.012 0.002 0.025 0.05
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Figure 13. The theoretical PW relations in the Gaia filters, varying the metal
abundance from Z = 0.0001 to Z = 0.02 (more metallic relations are fainter,
see the labelled arrow) and standard Y (as in Marconi et al. 2015), for F and
FO models (upper panel) and combining F with fundamentalized FO models
in a global relation (bottom panel).

respectively, when applying the F (upper panel), FO (middle panel),
and global (bottom panel) PWZ relations. In both figures, the blue
and red symbols correspond to the accepted and discarded objects
by a 2.5¢0-clipping procedure. The error bars take into account
the observational parallax error and the intrinsic dispersion of the
adopted PWZ relations. The labelled mean weighted differences
suggest a very good agreement between theoretical and empirical
distance determinations. These results are consistent with the zero-
point offset obtained for RR Lyrae by Arenou et al. (2018), who
validated Gaia DR2 catalogue finding a negligible (—0.01 £ 0.02
mas) offset between the HST and DR2 parallaxes, and slightly smaller
than the offset obtained by Muraveva et al. (2018; —0.057 mas) for
RR Lyrae, by Riess et al. (2018) (—0.046 = 0.013 mas) and Ripepi
et al. (2019; —0.07 mas) for classical Cepheids. and by De Somma
et al. (2020) from the application of theoretical PW relations at solar
chemical composition to a sample of Gaia DR2 Galactic Cepheids,

log P [d]

Figure 14. The theoretical PW relations in the Gaia filters, varying the
helium abundance from the standard value (as in Fig. 13, the black lines) to
Y = 0.30 (the red lines) and Y = 0.40 (the blue lines) for the F (top panel) and
FO (middle panel) mode, as well as for the global selection (bottom panel).

even if still consistent within the errors. Indeed, a different zero-point
offset might, in principle, be obtained for Cepheids and RR Lyrae as
an effect of its possible dependence on magnitude and colour but new
more accurate parallaxes, as expected from Gaia Data Release 3 and/
subsequent releases, are needed in order to properly fix this quantity.

6 CONCLUSIONS

An extensive set of non-linear convective pulsation models for RR
Lyrae at different metal and helium abundances has been taken into
account. The transformation of bolometric magnitude variations into
the Gaia filters allowed us to derive the first theoretical light curves
directly comparable with Gaia time-series data. In particular, we built
the first theoretical Bailey diagrams and PW relations in the Ggp, G,
and Ggp filters, varying both the metallicity and the helium content.
As for the Bailey diagram, we conclude that an increase in the metal

MNRAS 500, 5009-5023 (2021)
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Figure 16. Difference between the theoretical parallaxes and Gaia DR2
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selections, respectively, taking into account the HRS sample discussed in
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objects according to a 2.50-clipping procedure.
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discussed in the text. The blue and red symbols correspond to the accepted
and discarded objects according to a 2.50 -clipping procedure.
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abundance and/or in the helium abundance produces a decrease in
the pulsation amplitudes, whereas an increase in the luminosity level
produces a period shift towards longer values. In particular, in the
case of FO RR Lyrae, the location of the described bell-shape in the
Bailey diagram can be used to constrain the luminosity level (see e.g.
Bono et al. 1997). The theoretical PW relations in the Gaia bands
show a dependence of the zero-point on metal abundance, in the
sense that brighter Wesenheit functions are predicted for more metal
poor chemical composition and a lower effect due to variations in
the helium content, with helium-enriched models characterized by
longer periods and brighter Wesenheit functions. The theoretical
PWZ relations are applied to a subset of Gaia DR2 RR Lyrae (293
F and 50 FO pulsators) with complementary metallicity information
to infer individual theoretical parallaxes, which are in very good
agreement with Gaia results. In particular, the inferred zero-point
parallax offset is consistent with zero both in the case of F and FO
pulsators. Even if more stringent conclusions could be drawn in the
future from the next Gaia data releases, the obtained results seem
on one side to support the predictive capabilities of current pulsation
models and on the other to suggest that a smaller parallax offset could
be required for the bluer older and lower mass RR Lyrae stars than
for classical Cepheids.
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