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Abstract.  We present our analysis of a large sample (over 150k) of candidate Galac-

tic RR Lyrae (RRL) stars for which we derived high quality photometry at UV, optical
and infrared wavelengths, using data from publicly available surveys. For a sub-sample

of these stars (~ 2,400 fundamental mode field RRLs) we have measured their indi-

vidual metallicity using the AS method, resulting in the largest and most homogeneous
spectroscopic data set collected for S. We use this sample to study the metallicit
D pic d llected for RRLs. W hi pl dy th Ilicity
distribution in the Galactic Halo, including the long-standing problem of the Oosterhoff
dichotomy among Galactic globular clusters. We also analyze the dependence of their

pulsation properties, and in particular the shape of their infrared light curves, from their
[Fe/H] abundance.

Introduction

For the past 70 years RR Lyra variables (RRLs) have been widely used as tracers of
old stellar populations in the Milky Way and Local Group galaxies, thanks to their
luminosity-metallicity relation (see e.g. Catelan & Smith 2015 for a review). How-
ever, a large (> 5%) intrinsic scatter in this relation at visible wavelengths, mainly due
to evolutionary effects and temperature dependence, has limited the precision of these
stars as distance indicators. This has changed with the recent calibration of theoreti-
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cal (e.g. Marconi et al. 2015; Neeley et al. 2017) and observational (see e.g. Dambis
et al. 2013; Muraveva et al. 2018; Neeley et al. 2019) period-Wesenheit and period-
luminosity relations (in the optical and infrared, respectively), revealing the potential
of these stars as high precision standard candles. The same studies have however also
highlighted how metallicity plays an important role in the absolute brightness of these
stars, and should be taken into account when calibrating their distances, effectively re-
quiring period-luminosity-metallicity (PLZ) and period-Wesenheit-metallicity (PWZ)
relations.

Currently, the largest source of uncertainty in the calibration of RRLs PLZ and
PWZ relations is related to systematics in the Gaia parallaxes of RRLs calibrators (see
e.g. Neeley et al. 2019). These issues are expected to be mitigated in forthcoming Gaia
releases, at which point the main obstacle to obtain precise RRLs distances will remain
the difficulty of obtaining reliable measurements of RRLs metallicity. Currently avail-
able catalogs (see e.g. Dambis et al. 2013 for one of the largest, recent compilations)
tend to list metallicities measured with heterogeneous methods calibrated on the basis
of different metallicity scales. While spectroscopic determinations using high resolu-
tion spectra and a multitude of lines tend to be more accurate, they are also more ex-
pensive to acquire, and as such limited to small samples of stars. Photometric methods,
and methods relying on low resolution spectra, are more easily applied to large samples
of RRLs, but often lack enough precision for an accurate calibration of PLZ and PWZ
relations, and hinder studies using RRLs are probes of the metallicity distribution in
galaxies and globular clusters.

To address this issue, we have compiled a large catalog of field RRLs, with multi-
wavelength photometry already available in the literature, matched with parallaxes from
Gaia DR2 (Fabrizio et al. 2019). For a subsample of these stars we have derived their
[Fe/H] abundance on a homogeneous scale using publicly available low resolution spec-
tra. The process in which this catalog was created is summarised in section 2. In sec-
tion 3 we use our metallicity sample to study the [Fe/H] abundance distribution in the
Galactic Halo, with particular emphasis to the Oosterhoff dichotomy in Globular Clus-
ters. Finally, in section 4 we study the effect of metallicity on the pulsation properties
of the stars, in particular the Fourier parameters of their infrared light curves.

2. A large catalog of homogeneous RRLs metallicities

The procedure followed to create our RRL catalog is summarised in Fabrizio et al.
(2019), and will be described in detail in two forthcoming papers (Bono et al., Marinoni
et al. in preparation). The catalog, which contains photometry in the UV, visible and
infrared wavelengths for more than 150,000 RRab (fundamental) and RRc (first over-
tone) unique variables, has been compiled by combining data from a variety of publicly
available surveys. These data sets have been cross-matched with the Gaia DR2 survey
using an algorithm specifically developed for sparse catalogs (Marrese et al. 2019).
For our metallicity study we derived an homogeneous set of [Fe/H] abundances
for a subsample of these stars (~2,400 RRab variables in the field) using low resolution
(R ~ 2,000) spectra mainly collected as part of the SDSS DR12 SEGUE survey (Alam
et al. 2015). Our metallicities were measured with the AS method (Preston 1959; Lay-
den 1994), based on the ratio between the equivalent widths of Ca u K, HB, Hy and
Ho¢ lines. The method was re-calibrated and validated using a subsample of these stars
for which we obtained high precision abundances using high resolution (R > 20,000)
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spectra (mainly from Magurno et al. 2018), complemented with metallicities derived by
Dambis et al. (2013). Our [Fe/H] abundances have been carefully matched to the Lay-
den (1994) metallicity scale and have an estimated accuracy of o,/ = 0.29 dex. We
believe this is the largest available sample of homogeneous metallicities for field RRab
variables in the Galactic Halo; a similar sample focused on RRc pulsators is currently
in preparation.
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Figure 1.  Left: Bailey diagram of our metallicity sample, color-coded on the basis
of their [Fe/H] abundance. The blue, red and green lines mark the loci we have deter-
mined for the Ool, Ooll and Oolnt sequences. Right: metallicity distribution of the
variables along the three Oosterhoff sequences, compared to the overall metallicity
distribution of the sample (in grey). Adapted from Fabrizio et al. (2019).

3. [Fe/H] abundance distribution in Galactic Halo RRLs

Galactic globular clusters can be split according to the so-called Oosterhoft dichotomy
(Oosterhoff 1939), on the basis of the average period of their RRLs: Oosterhoff type I
clusters (Ool, (P) ~ 0.56 days), and Oosterhoff type II clusters (Ooll, (P) > 0.66 days).
The same is not true for some Local Group galaxies and their globular clusters, whose
RRLs fill the period gap, revealing a population of Oosterhoff intermediate (Oolnt) sys-
tems. The lack of Oolnt clusters in the Galaxy suggests that the Oosterhoft dichotomy
is related to the environment (see e.g. Fiorentino et al. 2015). Metallicity certainly
plays a role, since it has long been known that Ool clusters tend to be more metal rich
than their Ooll counterparts (Arp 1955; Kinman 1959).

While the Oosterhoft dichotomy in the Galaxy has been well studied for clusters,
population studies of field RRLs in the Halo have been lacking, mainly due to the diffi-
culty of compiling large catalogs of field RRLs with homogeneous [Fe/H] abundances.
The catalog we presented in Fabrizio et al. (2019) is ideally suited for this work, by
allowing a quantitative analysis of the fine structures in the period-amplitude diagram
(Bailey diagram), and their relation with the metallicity of individual stars.
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Figure 1 shows the Bailey diagram of our spectroscopic sample, color-coded on
the basis of their AS metallicity. We identify two ridges in the period-amplitude dis-
tribution, corresponding to the loci expected for Ool and Ooll populations. These are
marked with the blue and red lines, respectively. We also find a valley between these
two overdensities, associated to the Oolnt population (in green). Analytical formulas
for these three loci are provided in Fabrizio et al. (2019). The right panels in figure 1
instead show the [Fe/H] distribution of RRLs on narrow strips along the Ool, Ooll
and Oolnt sequences, compared to the overall metallicity distribution of the sample
(in grey). It is clear that even in the field, Ool stars are more metal poor than Ooll
RRLs, with Oolnt variables in-between. This trend is corroborated by the presence of
a continuous and linear relation between [Fe/H] abundance and period, which we have
calibrated with our data and is also presented in Fabrizio et al. (2019).

This result supports the hypothesis that the Oosterhoff dichotomy in globular clus-
ters is mainly the consequence of the lack of Galactic metal-intermediate clusters host-
ing RRLs, confirming theoretical and empirical evidences brought forward in the liter-
ature (Castellani 1983; Renzini 1983).
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Figure 2.  Metallicity-Period-¢3; relation for our sample stars: (a) fitted vs. mea-
sured [Fe/H] abundance; (b) distribution of our stars in the ¢3; vs. P plane, color
coded by metallicity and compared with best fit lines calculated for different metal-
licities; (c¢) comparison between best fit and measured [Fe/H] distribution; (d) distri-
bution of residuals between best fit and measured [Fe/H] abundances.

4. Effect of metallicity on the pulsation properties

The analysis presented in section 3 provides a clear and quantitative confirmation that
the pulsation properties (e.g. period and amplitude) of RRab stars are affected by their
[Fe/H] abundance. More in general, it is well known that the shape itself of the RRLs
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visible light curve is affected by metallicity (Kovacs & Zsoldos 1995), and that the
[Fe/H] abundance can be estimated from a linear relation between period and Fourier
parameters (Jurcsik & Kovacs 1996), especially the phase ¢31 = ¢3 — i¢; parameter.

To improve on this analysis we have collected well-sampled light curves for the
stars in our metallicity sample. Our current efforts cover the entire visible and infrared
spectrum, taking advantage of publicly available surveys, as well as our own observa-
tions. As a test case we have extracted high quality NeoWISE light curves (Mainzer
et al. 2014) with 120 individual epochs for over 600 stars in the W1 (3.4 ym) and W2
(4.6 um) bands, for over 600 stars in our catalog. The use of infrared bands is of partic-
ular interest for this analysis, since it allows us to test if the relation between metallicity,
period and Fourier parameters still hold in a regime where the shape of the light curve
is dominated by the changes in stellar radius, as opposed to changes in temperature, as
in visible bands.

Figure 2 shows that the metallicity of our sample of RRab stars can be recovered
using a bi-linear function of the period P and ¢3;, with an accuracy oo = 0.35 dex
(compared to the 0.29 dex estimated accuracy for the AS method abundances). The
fit works especially well for the intermediate range of metallicities (where we have the
largest number of calibrators), but tends to overpredict the abundance of RRab variables
for [Fe/H] » —0.7, where however the metallicity calibration of our sample is poorly
constrained. Further work, and a better constrained calibration of the AS method in the
high metallicity regime, is required to ascertain if this deviation is real. The result of
this analysis, compared with similar relations derived for light curves collected in the
visible, will be presented in a forthcoming publication.

Acknowledgments. This work was partially supported by the National Science
Foundation under grant No. AST1714534.

References

Alam, S., Albareti, F. D., Allende Prieto, C., et al. 2015, ApJS, 219, 12

Arp, H. C. 1955, AJ, 60, 317

Castellani, V. 1983, MmSALI, 54, 141

Catelan, M., & Smith, H. A. 2015, Pulsating Stars (Wiley-VCH), 2015
Dambis, A. K., Berdnikov, L. N., Kniazev, A. Y., et al. 2013, MNRAS, 435, 3206
Fabrizio, M., Bono, G., Braga, V. F,, et al. 2019, ApJ, 882, 169

Fiorentino, G., Bono, G., Monelli, M., et al. 2015, ApJ, 798, L12

Jurcsik, J., & Kovacs, G. 1996, A&A, 312, 111

Kinman, T. D. 1959, MNRAS, 119, 134

Kovacs, G., & Zsoldos, E. 1995, A&A, 293, L57

Layden, A. C. 1994, AJ, 108, 1016

Magurno, D., Sneden, C., Braga, V. F,, et al. 2018, ApJ, 864, 57

Mainzer, A., Bauer, J., Cutri, R. M., et al. 2014, ApJ, 792, 30

Marconi, M., Coppola, G., Bono, G., et al. 2015, ApJ, 808, 50

Marrese, P. M., Marinoni, S., Fabrizio, M., et al. 2019, A&A, 621, A144
Muraveva, T., Delgado, H. E., Clementini, G., et al. 2018, MNRAS, 481, 1195
Neeley, J. R., Marengo, M., Bono, G., et al. 2017, ApJ, 841, 84

Neeley, J. R., Marengo, M., Freedman, W. L., et al. 2019, MNRAS, 490, 4254
Oosterhoff, P. T. 1939, The Observatory, 62, 104

Preston, G. W. 1959, ApJ, 130, 507

Renzini, A. 1983, MmSAI, 54, 335



