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ABSTRACT

The revolutionary power of future Rubin-LSST observations will allow us to significantly improve the physics
of pulsating stars, including RR Lyrae. In this context, an updated theoretical scenario predicting all the relevant
pulsation observables in the corresponding photometric filters is mandatory. The bolometric light curves based
on a recently computed extensive set of nonlinear convective pulsation models for RR Lyrae stars, covering a
broad range in metal content and transformed into the Rubin-LSST photometric system. Predicted Rubin-LSST
mean magnitudes and pulsation amplitudes have been adopted to built the Bailey diagrams (luminosity ampli-
tude vs period) and the color-color diagrams in these bands. The current findings indicate that the gLS S T −rLS S T ,
rLS S T −iLS S T colors obey to a well defined linear relation with the metal content. Moreover, the Period Luminos-
ity relations display in the reddest filters (rLS S T , iLS S T , zLS S T , yLS S T ) a significant dependence on the assumed
metal abundance. In particular, more metal-rich RR Lyrae are predicted to be fainter at fixed period. Metal-
dependent Period-Wesenheit relations for different combinations of optical and NIR filters are also provided.
These represent powerful tools to infer individual distances independently of reddening uncertainties, once the
metal abundance is known and no relevant deviations from the adopted extinction law occur. Finally, we also
derived new linear and quadratic absolute magnitude metallicity relations (gLS S T vs [Fe/H]) and the metallicity
coefficient is consistent with previous findings concerning the B and the V band.

Keywords: stars: variables: RR Lyrae — stars: oscillations — stars: distances

1. INTRODUCTION

RR Lyrae stars are well known pulsating variables, cur-
rently adopted as standard candles and tracers of intrinsic
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properties in old stellar populations. Their role as distance
indicators is largely based on the existence of a Luminosity-
metallicity relation in the optical bands, namely Johnson B
and V (see Caputo et al. 2000; Di Criscienzo et al. 2004;
Marconi et al. 2018, and references therein), and a Period-
Luminosity (PL) relation in the Near-Infrared (NIR) filters
(see e.g. Longmore et al. 1986, 1990; Dall’Ora et al. 2006;
Coppola et al. 2011; Marconi et al. 2015; Muraveva et al.
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2015, and references therein). In spite of the well known
physical basis (Bono et al. 2001; Catelan et al. 2004, see e.g.),
the power of the NIR PL relation has not been fully exploited
yet, due to the quite debated dependence on metallicity. In-
deed, nonlinear convective pulsation models of RR Lyrae at
different metallicities predict a non negligible metal depen-
dence (see e.g. Bono et al. 2003; Marconi et al. 2015, and
references therein). On the other hand, empirical studies (e.g.
Sollima et al. 2006; Dall’Ora et al. 2006) provided smaller
metallicity effects, not always consistent with each other.
More recently, several determinations (see e.g. Sesar et al.
2017; Muraveva et al. 2018) seem to be more in agreement
with the predicted coefficient by Marconi et al. (2015), with
values in the range 0.16-0.18 mag dex−1 for the coefficient
of the [Fe/H] term in the K band linear Period-Magnitude-
[Fe/H] (PLZ) relation. Marconi et al. (2021) relied on the
extended metal-dependent model set presented in Marconi
et al. (2015) to derive the theoretical light curves in the Gaia
bands G, GBP, and GRP and, in turn, the intensity-weighted
mean magnitudes and pulsation amplitudes in these filters.
The former were used to obtain the first theoretical Period-
Wesenheit relations for RR Lyrae in the Gaia filters (see Mar-
coni et al. 2021, for details), whereas the latter were com-
bined with the pulsation periods to investigate the behaviour
of the Bailey (e.g. period-amplitude) diagrams in the Gaia
filters. The inferred theoretical Period-Wesenheit (PW) rela-
tions were applied to Galactic RR Lyrae in the Gaia Data Re-
lease 2 database with individual metal abundances to obtain
theoretical individual parallaxes that were found to be in very
good agreement with Gaia astrometric results. The next Gaia
Data Release (DR3) will be in the summer of 2022, but it was
anticipated by an Early DR3 (EDR3) in December 2020. The
increasing accuracy of Gaia results will allow us to better and
better constrain the individual distances of Galactic RR Lyrae
and at the same time the physical and numerical assumptions
in model computations. The extension of these capabilities
to further distances (up to 5 mag fainter) will be possible
thanks to the upcoming revolutionary Vera C. Rubin Obser-
vatory Legacy Survey of Space and Time (Rubin-LSST). The
Rubin-LSST will image the southern night sky repeatedly in
the u, g, r, i, z, y filters, at limiting magnitudes fainter than
25 mag and excellent image quality, thus allowing us to ob-
tain extremely well sampled multi-band light curves of var-
ious classes of pulsating stars, including RR Lyrae stars. In
this context, it is mandatory to provide a theoretical scenario
in the Rubin-LSST filters, with the capability of predicting
all the relevant pulsation observables, to pave the way to pro-
ductive comparisons between theory and observations. In
this paper we present some of these pulsation properties as
predicted by nonlinear convective hydrodynamic models at
different chemical compositions (see Marconi et al. 2015, for
details) in the Rubin-LSST filters. In Section 2 we present

Z Y M log(L/L�)
(M�) (dex)

0.0001 0.245 0.800 1.76 ZAHB
0.0001 0.245 0.800 1.86 Brighter
0.0001 0.245 0.720 1.96 Evolved
0.0003 0.245 0.716 1.72 ZAHB
0.0003 0.245 0.716 1.82 Brighter
0.0003 0.245 0.650 1.92 Evolved
0.0006 0.245 0.670 1.69 ZAHB
0.0006 0.245 0.670 1.79 Brighter
0.0006 0.245 0.600 1.89 Evolved
0.0010 0.245 0.640 1.67 ZAHB
0.0010 0.245 0.640 1.77 Brighter
0.0010 0.245 0.580 1.87 Evolved
0.0040 0.250 0.590 1.61 ZAHB
0.0040 0.250 0.590 1.71 Brighter
0.0040 0.250 0.530 1.81 Evolved
0.0080 0.256 0.570 1.58 ZAHB
0.0080 0.256 0.570 1.68 Brighter
0.0080 0.256 0.510 1.78 Evolved
0.0200 0.270 0.540 1.49 ZAHB
0.0200 0.270 0.540 1.59 Brighter
0.0200 0.270 0.510 1.69 Evolved

Table 1. This table contains the elemental abundance Z and the
Helium abundance Y of the considered models, respectively in the
column 1 and 2, the mass M and the luminosity log L/L� respec-
tively in the columns 3 and 4, while in the column 5 a string tag is
contained labeling the ZAHB, the Brighter and the Evolved models
introduced in the text.

the atlas of predicted light curves in the LSST filters, for
both F-mode and FO-mode pulsators and the corresponding
metal-dependent Bailey diagrams. In Section 3 the predicted
behaviour in the various color-color planes is investigated. In
Section 4 we derive the first theoretical metal dependent PL
relations in the rLS S T , iLS S T , zLS S T and yLS S T filters as well
as PW relations for various optical and NIR filter combina-
tions. In Section 5 we present the first theoretical gLS S T mag-
nitude versus [Fe/H] relation both in the traditionally linear
and quadratic form over the whole adopted metallicity range.
Some final remarks close the paper.

2. THEORETICAL LIGHT CURVES IN THE
RUBIN-LSST FILTERS

We took into account the model set pre-
sented in Marconi et al. (2015), that covers a
wide range of metal abundances, namely Z =

0.0001, 0.0003, 0.0006, 0.001, 0.004, 0.008, 0.02. We con-
sidered two different stellar masses and three luminosity
levels for each selected chemical composition, as detailed
in Table 1. For each chemical composition, the higher
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Z Y P M log(L/L�) Te f f 〈uLS S T 〉 Au 〈gLS S T 〉 Ag 〈rLS S T 〉 Ar 〈iLS S T 〉 Ai 〈zLS S T 〉 Az 〈yLS S T 〉 Ay

(days) (M�) (dex) (K) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
0.0001 0.245 0.7624 0.80 1.760 6000 1.375 0.335 0.461 0.379 0.245 0.274 0.187 0.212 0.189 0.179 0.191 0.173
0.0001 0.245 0.7210 0.80 1.760 6100 1.366 0.654 0.445 0.752 0.245 0.559 0.196 0.438 0.203 0.375 0.205 0.369
0.0001 0.245 0.6839 0.80 1.760 6200 1.354 0.833 0.426 0.958 0.244 0.725 0.206 0.575 0.219 0.502 0.222 0.501
0.0001 0.245 0.6469 0.80 1.760 6300 1.343 0.879 0.407 1.013 0.245 0.765 0.219 0.607 0.238 0.531 0.241 0.532
0.0001 0.245 0.6133 0.80 1.760 6400 1.330 0.932 0.385 1.067 0.247 0.822 0.234 0.669 0.259 0.597 0.263 0.600
0.0001 0.245 0.5810 0.80 1.760 6500 1.315 1.184 0.362 1.336 0.250 1.002 0.253 0.797 0.284 0.710 0.288 0.718

Table 2. Fundamental model parameters: the values of Z and Y are listed in columns 1 and 2, respectively, the period of pulsation is in column
3, the mass, luminosity and effective temperatures are listed in columns 4, 5, and 6, while the LSST light curve intensity average magnitudes
and amplitudes are reported in the columns from 7 to 18 for all the selected bands. The complete table is available in electronic format.

Z Y P M log(L/L�) Te f f 〈uLS S T 〉 Au 〈gLS S T 〉 Ag 〈rLS S T 〉 Ar 〈iLS S T 〉 Ai 〈zLS S T 〉 Az 〈yLS S T 〉 Ay

(days) (M�) (dex) (K) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
0.0001 0.245 0.4107 0.80 1.760 6600 1.301 0.607 0.346 0.710 0.243 0.528 0.255 0.411 0.297 0.354 0.304 0.356
0.0001 0.245 0.3910 0.80 1.760 6700 1.292 0.756 0.327 0.873 0.246 0.665 0.272 0.532 0.319 0.472 0.325 0.477
0.0001 0.245 0.3721 0.80 1.760 6800 1.282 0.962 0.310 1.090 0.254 0.805 0.293 0.630 0.345 0.558 0.351 0.568
0.0001 0.245 0.3553 0.80 1.760 6900 1.272 1.111 0.297 1.214 0.264 0.885 0.315 0.685 0.373 0.607 0.379 0.618
0.0001 0.245 0.3386 0.80 1.760 7000 1.263 1.133 0.286 1.212 0.273 0.880 0.337 0.680 0.400 0.605 0.406 0.615
0.0001 0.245 0.3235 0.80 1.760 7100 1.255 1.096 0.274 1.162 0.280 0.834 0.355 0.639 0.425 0.570 0.430 0.580

Table 3. First overtone model parameters: the values of Z and Y are listed in columns 1 and 2, respectively, the period of pulsation is in column
3, the mass, luminosity and effective temperatures are listed in columns 4, 5, and 6, while the LSST light curve intensity average magnitudes
and amplitudes are reported in the columns from 7 to 18 for all the selected bands. The complete table is available in electronic format.

stellar mass and the lowest luminosity level correspond to
the predicted Zero Age Horizontal Branch (ZAHB) values
(see e.g. Pietrinferni et al. 2013, and references therein). To
account for possible uncertainties in the evolutionary lumi-
nosity prediction (see e.g. Valle et al. 2013; Cassisi et al.
2021, and references therein), a slightly brighter (by 0.1
dex) luminosity level (than the ZAHB one) for the ZAHB
stellar mass is also considered, while lower stellar mass (by
about 10%) and still brighter models (0.2 dex more than the
ZAHB level) were also computed for each Z and Y com-
bination, in order to model possible evolved RR Lyrae (see
Marconi et al. 2015, and references therein, for details). In
particular, all the bolometric light curves of models with
effective temperature within the F or FO instability strip
for the tabulated chemical compositions and masses, have
been transformed into the Rubin-LSST filters uLS S T , gLS S T ,
rLS S T , iLS S T , zLS S T and yLS S T bands. To perform these trans-
formations, we used the bolometric corrections (BC) tables
provided by Chen et al. (2019), including a wide variety of
photometric systems and based on the PHOENIX spectral
libraries. The full details of our adopted procedure are given
in Marconi et al. (2021). Here we just recall that we used
a proprietary C code to interpolate the Chen et al. (2019)
tables to obtain the BCs corresponding to the log(g), Te f f

and Z values of our models. Moreover, we note that the BC
tables provided by Chen et al. (2019) for the LSST filters

are in the AB system, therefore all our results hereafter are
specific for this photometric system. The obtained multi-
filter atlas of luminosity variations is available upon request.
In Figure 1 and 2 we plot a subset of predicted light curves
converted into the selected bands, for the F and FO mode,
respectively. In both figures the left panels display relatively
hot models, close to the predicted blue boundary of the in-
stability strip, the central panels in each row correspond to
models located in the middle of the instability strip, whereas
the right panels show model light curves close to the red
boundary. The metallicity increases from Z = 0.0001 (top
panels) to Z = 0.02 (bottom panels), with the middle panels
in each column corresponding to Z = 0.001. Inspection of
these plots confirms that the Rubin-LSST light curves are
expected to show a decrease in the pulsation amplitudes as
the filter wavelength increases. Moreover, independently of
the adopted chemical composition, higher amplitudes are
predicted for F models at the blue edge of the instability
strip, with a linear decrease of F-amplitudes as the logarithm
of the pulsation period increases. This linear trend is the
typical feature of F-mode RR Lyrae in the Bailey diagram
(see Figure 3, see also Di Criscienzo et al. 2004; Marconi
et al. 2021, and references therein). On the other hand, the
FO-mode light curves in Figure 2 show the typical maxi-
mum of the pulsation amplitude in the central region of the
instability strip and a mild decrease towards the two bound-
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aries. The predicted Bailey diagrams for the ZAHB and the
evolved models are shown in Figures 3 and 4, respectively,
for both F and FO pulsators, in all the Rubin-LSST filters.
As noticed above, the predicted F-mode amplitudes show
a systematic decrease as the period increases, whereas the
FO-mode amplitudes display the expected ”bell-shape” with
a maximum in the middle of their instability region. Another
important property of the predicted Bailey diagram is the
dependence of the model period range on both the luminos-
ity level and the chemical composition. Indeed, the period
range of both the ZAHB (corresponding to the lowest lumi-
nosity level for each selected chemical composition, solid
lines) and brighter (higher luminosity levels, dashed lines)
models moves towards longer values as the assumed metal
abundance decreases. On the other hand, at fixed metal con-
tent, brighter models show longer periods than ZAHB ones.
The same trends are found when evolved models are con-
sidered (see Figure 4). Here the predicted period range is
shifted to still longer values, even above 1 day. However, the
smaller pulsation amplitudes predicted for more metal-rich
RR Lyrae allows us to disentangle any possible degeneracy
between luminosity and metallicity effects.

3. THE COLOR-COLOR PLANE

The derived multi-filter intensity-weighted mean magni-
tudes can be used to derive theoretical colors and, in turn,
to investigate the behaviour of pulsation models in color-
color diagrams, following similar approaches as in previous
investigations in the Sloan Sky Digital Survey filters (see
e.g. Ivezić et al. 2000; Marconi et al. 2006, and references
therein). In Figure 7 we show the predicted distribution of
both F (filled circles) and FO (open squares) RR Lyrae stars
in various color-color diagrams, for the labelled Z values. In
each panel the black arrow indicating the reddening vector
obtained by using the extinction law by Cardelli et al. (1989)
is shown. We notice that the highest sensitivity to metallic-
ity is shown in the gLS S T − rLS S T versus uLS S T −gLS S T plane,
but the best defined relations are obtained in the rLS S T −iLS S T

versus gLS S T −rLS S T diagram. The latter has the advantage of
producing well separated (in metallicity) linear distributions
with slopes that are similar to each other and consistent with
the reddening vector one. This occurrence implies that the
relation between observed rLS S T − iLS S T and gLS S T − rLS S T

is not expected to be significantly affected by uncertainties
in reddening estimates. Indeed, a systematic increase in the
reddening or the possible presence of differential reddening
moves the RR Lyrae along the same relation. The coeffi-
cients of the fitted relations involving the rLS S T − iLS S T and
gLS S T − rLS S T colors, are listed in Table 5. . Together with
the equation containing one color as a function of the second
and of the [Fe/H] values (first two lines), we fitted a linear re-
lation expressing the metallicity content as a function of the

two considered colors (last row). All the relations were ob-
tained by considering both F- and FO-modes, but the results
do not change significantly by considering only F models. As
expected, the fit details contained in Table 5 suggest a strong
correlation (R2 close to 1) between the two considered colors
and the [Fe/H] values. The relation expressing the metallic-
ity content as a function of the two colors shows a slightly
smaller correlation coefficient (R2 = 0.82) with respect to the
other two equations but appears to be an interesting tool to
infer the metal abundance from gLS S T , rLS S T , iLS S T photom-
etry with an expected negligible dependence on uncertainties
in reddening determinations (see above).

As for the iLS S T − zLS S T versus rLS S T − iLS S T , this relation
shows the least dependence on the adopted metal content but
its slope is not significantly different from the one of the red-
dening vector so that this plane is not useful for individual
reddening determinations.

4. METAL-DEPENDENT PL AND PW RELATIONS IN
THE RUBIN-LSST FILTERS

The obtained intensity-weighted mean magnitudes and
colors can be combined with the model periods to infer
multi-filter PL and PW relations. The Wesenheit magni-
tude combinations considered in this work are defined as fol-
lows: i) gLS S T − 3.100 · (uLS S T − gLS S T ); ii) rLS S T − 2.796 ·
(gLS S T − rLS S T ); iii) iLS S T − 1.287 · (gLS S T − iLS S T ); iv)
zLS S T−3.204·(iLS S T−zLS S T ); v) yLS S T−0.560·(gLS S T−yLS S T ),
with color term coefficients resulting from the extinction law
by Cardelli et al. (1989), assuming RV = 3.1, while the cen-
tral band wavelengths for all the LSST filters were obtained
from Chen et al. (2019) and are equal to: 0.3592 µm (uLS S T ),
0.4790 µm (gLS S T ), 0.6199 µm (rLS S T ), 0.7528 µm (iLS S T ),
0.8690 µm (zLS S T ), 0.9674 µm (yLS S T ).

As well known, only in the NIR bands RR Lyrae obey
to tight PL relations, even if linear relations already appear
around the R/r wavelength (Catelan et al. 2004; Marconi
et al. 2015; Braga et al. 2015). In the optical range, for
a given chemical composition, their magnitude level is al-
most constant across the instability strip. For this reason,
only the PL relations in the rLS S T , iLS S T , zLS S T and yLS S T

bands were derived. To take into account the metallicity ef-
fect, we included the corresponding [Fe/H] term in the lin-
ear regression and derived the first theoretical PLZ relation
(Mag = α + β log(P) + γ[Fe/H]) in the rLS S T , iLS S T , zLS S T

and yLS S T bands, as reported in Table 4 for F, FO and com-
bined (F + fundamentalized1 FO) model sets. We notice that,
in order to reduce uncertainties related to the poorer ad not
uniform number of FO models especially as the luminosity
increases, the FO mode relations have also been obtained

1 The fundamentalized FO periods are the periods the models would have if
they pulsated in the F mode and are obtained as log PFO + 0.127 dex.
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Mode N BandLS S T R2 σ α β γ δ

Mag = α + βlog P + γ[Fe/H]
F 155 r 0.750 0.128 0.25 ± 0.02 −1.35 ± 0.08 0.163 ± 0.014 -
FO 93 r 0.916 0.075 −0.19 ± 0.03 −1.66 ± 0.06 0.149 ± 0.011 -
FO (F slope) 93 r 0.650 0.084 −0.07 ± 0.02 −1.35 ± 0.09 0.156 ± 0.012 -
F+FO 248 r 0.733 0.132 0.22 ± 0.02 −1.25 ± 0.06 0.168 ± 0.012 -
F 155 i 0.863 0.099 0.21 ± 0.02 −1.6 ± 0.07 0.163 ± 0.011 -
FO 93 i 0.955 0.059 −0.22 ± 0.02 −1.87 ± 0.05 0.149 ± 0.008 -
FO (F slope) 93 i 0.738 0.067 −0.12 ± 0.014 −1.6 ± 0.07 0.154 ± 0.01 -
F+FO 248 i 0.850 0.105 0.18 ± 0.02 −1.52 ± 0.05 0.166 ± 0.009 -
F 155 z 0.903 0.087 0.23 ± 0.02 −1.73 ± 0.06 0.168 ± 0.01 -
FO 93 z 0.968 0.052 −0.21 ± 0.02 −1.99 ± 0.04 0.152 ± 0.008 -
FO (F slope) 93 z 0.780 0.061 −0.104 ± 0.013 −1.73 ± 0.06 0.158 ± 0.009 -
F+FO 248 z 0.893 0.092 0.205 ± 0.014 −1.67 ± 0.04 0.17 ± 0.008 -
F 155 y 0.905 0.086 0.23 ± 0.02 −1.75 ± 0.06 0.167 ± 0.01 -
FO 93 y 0.967 0.053 −0.2 ± 0.02 −2 ± 0.04 0.151 ± 0.008 -
FO (F slope) 93 y 0.782 0.061 −0.109 ± 0.013 −1.75 ± 0.06 0.157 ± 0.009 -
F+FO 248 y 0.896 0.092 0.204 ± 0.014 −1.68 ± 0.04 0.169 ± 0.008 -

W = α + βlog P + γ[Fe/H]
F 155 g, u − g 0.468 0.219 −3.28 ± 0.04 −1.29 ± 0.14 −0.22 ± 0.02 -
FO 93 g, u − g 0.593 0.145 −3.58 ± 0.06 −1.33 ± 0.12 −0.1 ± 0.02 -
FO (F slope) 93 g, u − g 0.219 0.144 −3.56 ± 0.03 −1.29 ± 0.14 −0.1 ± 0.02 -
F+FO 248 g, u − g 0.326 0.229 −3.25 ± 0.04 −0.94 ± 0.11 −0.16 ± 0.02 -
F 155 r, u − r 0.869 0.010 −1.622 ± 0.019 −2.09 ± 0.07 −0.059 ± 0.011 -
FO 93 r, u − r 0.926 0.073 −1.95 ± 0.03 −2.07 ± 0.06 −0.010 ± 0.010 -
FO (F slope) 93 r, u − r 0.011 0.073 −1.960 ± 0.015 −2.09 ± 0.07 −0.011 ± 0.010 -
F+FO 248 r, u − r 0.841 0.109 −1.606 ± 0.017 −1.89 ± 0.05 −0.031 ± 0.010 -
F 155 r, g − r 0.961 0.068 −0.489 ± 0.013 −2.63 ± 0.04 0.047 ± 0.008 -
FO 93 r, g − r 0.980 0.048 −0.85 ± 0.02 −2.58 ± 0.04 0.054 ± 0.007 -
FO (F slope) 93 r, g − r 0.399 0.048 −0.867 ± 0.01 −2.63 ± 0.04 0.053 ± 0.007 -
F+FO 248 r, g − r 0.967 0.064 −0.486 ± 0.01 −2.54 ± 0.03 0.053 ± 0.006 -
F 155 i, g − i 0.982 0.046 −0.178 ± 0.009 −2.51 ± 0.03 0.11 ± 0.005 -
FO 93 i, g − i 0.990 0.035 −0.565 ± 0.013 −2.56 ± 0.03 0.104 ± 0.005 -
FO (F slope) 93 i, g − i 0.830 0.035 −0.546 ± 0.007 −2.51 ± 0.03 0.105 ± 0.005 -
F+FO 248 i, g − i 0.983 0.046 −0.186 ± 0.007 −2.47 ± 0.02 0.111 ± 0.004 -
F 155 z, i − z 0.975 0.051 0.295 ± 0.01 −2.13 ± 0.03 0.185 ± 0.006 -
FO 93 z, i − z 0.990 0.033 −0.146 ± 0.013 −2.38 ± 0.03 0.164 ± 0.005 -
FO (F slope) 93 z, i − z 0.884 0.045 −0.052 ± 0.009 −2.13 ± 0.03 0.169 ± 0.006 -
F+FO 248 z, i − z 0.972 0.056 0.269 ± 0.009 −2.14 ± 0.03 0.181 ± 0.005 -
F 155 y, g − y 0.983 0.042 0.071 ± 0.008 −2.23 ± 0.03 0.147 ± 0.005 -
FO 93 y, g − y 0.990 0.032 −0.341 ± 0.013 −2.37 ± 0.03 0.134 ± 0.005 -
FO (F slope) 93 y, g − y 0.883 0.037 −0.288 ± 0.008 −2.23 ± 0.03 0.136 ± 0.005 -
F+FO 248 y, g − y 0.977 0.050 0.054 ± 0.008 −2.19 ± 0.02 0.147 ± 0.004 -

Mg = α + γ[Fe/H] + δ[Fe/H]2

F+FO 248 g 0.384 0.209 0.62 ± 0.03 0 ± 0 0.23 ± 0.02 -
F+FO 248 g 0.396 0.208 0.67 ± 0.03 0 ± 0 0.36 ± 0.06 0.06 ± 0.03

Table 4. The coefficients of the fitted PLZ (Mag = α + β log P + γ[FeH]), PWZ (W = α + β log P + γ[FeH]) and absolute G magnitude versus
[Fe/H] (in both the linear Mg = α+γ[FeH] and the quadratic Mg = α+γ[FeH] +δ[Fe/H]2 form). The following quantities are listed: (column
1) the mode of the fitted sources; (column 2) the number of models used in the fit; (column 3) the photometric band; (column 4) the coefficient
of determination R2; (column 5) the rms of residuals around the fitted relation; (columns 6-9) the parameters of the different fitted relations.
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Figure 1. A subset of the derived theoretical light curves in the Rubin LSST filters the for F mode RR Lyrae. The panels in the same row show
models with the same metallicity: Z = 0.0001 (top row), Z = 0.001 (middle row) and Z = 0.02 (bottom row). At fixed metallicity, the panels in
different columns show models with different effective temperatures: the highest Te f f value (left column), a middle Te f f value (central column)
and the lowest Te f f value (right column). The pulsational period and the luminosity level are also labeled for each plotted model. The adopted
bands are labelled in the top-left panel.

Col1 Col2 α β γ σ R2

Col2 = α ·Col1 + β[Fe/H] + γ

(g − r)LS S T (r − i)LS S T 0.562 ± 0.006 −0.0215 ± 0.0007 −0.1089 ± 0.0013 0.008 0.97
(r − i)LS S T (g − r)LS S T 1.73 ± 0.02 0.0381 ± 0.0012 0.193 ± 0.002 0.013 0.98

[Fe/H] = α ·Col1 + β ·Col2 + γ

(g − r)LS S T (r − i)LS S T 21.4 ± 0.6 −37 ± 1 −4.36 ± 0.1 0.313 0.82

Table 5. This table contains the fitting results for color-color-[FeH] relations. Columns 1 and 2 contain the fitted colors, while the coefficients
of the obtained relations are reported in columns 3-5. Finally, columns 6 and 7 contain the rms of the residuals around the fit and the coefficient
of determination, respectively.
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Figure 2. This figure is the same as Fig.1 but for the First Overtone models.

fixing the slope of the F relations. These fixed slope rela-
tions are plotted in Figure 6 together with the F mode and
the combined ones. We notice that the metallicity effect on
the relation zero points is not negligible with more metal rich
RR Lyrae models providing fainter magnitudes at fixed pe-
riod in all the investigated bands. As well known, only the
zero point α is affected by this transformation. As for the PW
relations, following a similar approach as in Marconi et al.
(2021), where multi-fiter PWZ relations in the Gaia bands
were derived, in Table 4 we also report the coefficients of the
obtained PWZ relations in the Rubin-LSST filters. The ob-
tained relations are plotted in Figure 6. We notice that the
metallicity effect depends on the band combinations and is
minimum for the gLS S T ,gLS S T−rLS S T and rLS S T ,uLS S T−rLS S T

cases. For the latter combination the FO relation appears to
be independent of metallicity. These results are in agreement
with the almost negligible metallicity dependence found for
the V, B − V PW relation in Marconi et al. (2015) and makes
the gLS S T ,gLS S T − rLS S T and rLS S T ,uLS S T − rLS S T filter com-
binations particularly useful to use RR Lyrae that will be ob-
served by the Rubin-LSST as standard candles, in spite of
their metallicity uncertainties. We also notice an interesting
inversion of the metallicity effect in the PW relation involv-
ing the uLS S T band.

5. THE gLS S T − [FE/H] RELATION

The inferred intensity weighted mean gLS S T magnitudes
also allow us to derive the first predicted gLS S T − [Fe/H] re-
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Figure 3. The Bailey diagram for the ZAHB and brighter models
varying the chemical composition (see labels) for both the F and the
FO mode.

Figure 4. The Bailey diagram for the Evolved models
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Figure 5. Theoretical color-color diagrams for different color couples: gLS S T − rLS S T versus uLS S T − gLS S T (top left panel), rLS S T − iLS S T versus
gLS S T − rLS S T (bottom left panel), iLS S T − zLS S T versus rLS S T − iLS S T (top right panel) and zLS S T −yLS S T versus iLS S T − zLS S T (bottom right panel).
In each panel F and FO models are plotted with filled circles and empty squares, respectively. Different colors are used to represent different Z
values, as labeled in the top left panel. In each panel the black arrow indicates the reddening vector obtained by assuming the extinction law by
Cardelli et al. (1989).

lation. The coefficients of the traditional linear form and of
the hypothesized quadratic one are reported in the last sec-
tion of Table 3 combining the F and FO model sets. Indeed,
some previous works suggested that this relation could not
be linear over the whole observed metallicity range of RR
Lyrae stars (see e.g. Caputo et al. 2000; Di Criscienzo et al.
2004, and references therein) even if the linear form is the
most used in the literature. Indeed according to the relations
reported in Table 3, the linear form seems a reasonably good
approximation of the model behaviour, as the quadratic term
is smaller than the linear one (about 15 %). We also notice
that the metallicity coefficient in the linear relation is, as ex-
pected, consistent within the errors with the one predicted in
the V band, e.g. in Marconi et al. (2018) but smaller than the
empirical determination by Muraveva et al. (2018). However,
we recall that in spite of the advantage of directly correlating
the absolute optical magnitude to a measured metal content,
without the contribution of color terms, this relation suffers
from a number of drawbacks, e.g. the possible systematic

effect produced by the unknown evolutionary status of ob-
served RR Lyrae stars or the adopted metallicity scale and α
element enhancement.

6. FINAL REMARKS

With a single visit depth of g ∼ 24.91 mag and about 1000
repeated observations over a 10-year period the Rubin LSST
will provide an opportunity to measure the distribution of
RR Lyrae within different galactic and extragalactic environ-
ments. In this context, similarly to the PLZ and PWZ re-
lations derived in the Johnson-Cousins and Gaia bands (see
Muraveva et al. 2015; Marconi et al. 2021), the predicted
Rubin-LSST PLZ relations represent a powerful tool to de-
rive mean and individual distances of Galactic and extra-
galactic RR Lyrae stars, once periods and accurate spectro-
scopic metal abundances are available. On the other hand,
for RR Lyrae at the same distance (e.g. belonging to the
same stellar cluster or galaxy), the obtained relations can
be used to derive the metallicity distribution of the investi-
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Figure 6. The predicted multi-filter PL relations for F and FO (left panels) and combined pulsators (right panels) varying the metallicity (see
labels). The plotted FO mode relations have been derived with the F-mode slope, whereas in the combined relations FO-mode models have
been fundamentalized.

gated sample (see e.g. Braga et al. 2016; Martı́nez-Vázquez
et al. 2016, 2021). Finally, once accurate estimates of in-
dividual distances are available, the derived PLZ relations
are excellent tools to provide the actual metallicity values
of Galactic RR Lyrae from the observed periods and Rubin-
LSST mean magnitudes. An interesting implication of the
inferred theoretical relations is the predicted systematic ef-
fect due to possible metallicity differences among the inves-
tigated RR Lyrae samples. In particular, if a mean metallicity
is assumed for RR Lyrae stars in a given stellar system, the
individual distance moduli obtained from the application of
the PLZ relations in Table 1, will be underestimated or over-
estimated by and amount ∆mag for any given ∆[Fe/H] be-
tween the true metal abundance and the assumed mean one,
with ∆mag/∆[Fe/H] ∼ 0.2 mag/dex in the case of F-mode
and ∼ 0.1 mag/dex in the case of FO-mode RR Lyrae stars.
On this basis, in order to best exploit the predictive power of
the inferred relations accurate spectroscopic individual abun-

dances are needed (Crestani et al. 2019). Moreover, the con-
tribution of α element enhancement in the metal poor stellar
populations which RR Lyrae belong to, should be taken into
account, as the inclusion of α elements contributions sim-
ulates the adoption of a higher global metallicity (see e.g.
Salaris et al. 1993) in the adopted pulsation models. More-
over the adopted bolometric corrections have been found to
depend on the adopted α enhancement (see e.g. Cassisi et al.
2004). As for the helium content, we have shown in Marconi
et al. (2018) that the main effect of an increase in the he-
lium abundance is a brighter ZAHB at fixed metallicity and
mass, with consequent longer periods and non negligible ef-
fects on the coefficients of predicted relations. However, es-
pecially towards the longer wavelengths, the final effect in
the inferred individual distances is expected to be similar to
the standard deviation of the adopted e.g. PLZ relations (see
Marconi et al. 2018, for details).
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Figure 7. The same as in Figure 5 but for multi-filter PW relations.
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