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Abstract

We collected a large data set of field RR Lyrae stars (RRLs) by using catalogs already available in the literature and
Gaia DR2. We estimated the iron abundances for a subsample of 2382 fundamental RRLs (ΔS method: Ca II K,
Hβ, Hγ, and Hδ lines) for which there are publicly available medium-resolution SDSS-SEGUE spectra. We also
included similar estimates available in the literature, ending up with the largest and most homogeneous
spectroscopic data set ever collected for RRLs (2903). The metallicity scale was validated by using iron
abundances based on high-resolution spectra for a fundamental field RRL (V Ind), for which we collected
X-shooter spectra covering the entire pulsation cycle. The peak ([Fe/H]=−1.59± 0.01) and the standard
deviation (σ= 0.43 dex) of the metallicity distribution agree quite well with similar estimates available in the
literature. The current measurements disclose a well-defined metal-rich tail approaching solar iron abundance. The
spectroscopic sample plotted in the Bailey diagram (period versus luminosity amplitude) shows a steady variation
when moving from the metal-poor ([Fe/H]=−3.0/–2.5) to the metal-rich ([Fe/H]=−0.5/0.0) regime. The
smooth transition in the peak of the period distribution as a function of the metallicity strongly indicates that
the long-standing problem of the Oosterhoff dichotomy among Galactic globular clusters is the consequence of the
lack of metal-intermediate clusters hosting RRLs. We also found that the luminosity amplitude, in contrast with
period, does not show a solid correlation with metallicity. This suggests that period–amplitude–metallicity relations
should be cautiously treated.
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1. Introduction

The advent of space telescopes (HST, Kepler, Gaia), together
with long-term photometric surveys (OGLEIV, VVV, ASAS,
CATILINA) and high-resolution (HR) multi-object spectro-
graphs (GIRAFFE@VLT, GMOS@Gemini, AAOmega@AAT)
at ground-based 8–10m class telescopes, is paving the way to a
new golden age for stellar evolution and resolved stellar
populations. This means the opportunity to not only estimate
and measure with unprecedented precision intrinsic parameters,
such as stellar radius, effective temperature, and stellar mass
(Marconi et al. 2005; Prada Moroni et al. 2012; Pietrzyński et al.
2013), but also to constrain the micro (atomic diffusion,

opacity, equation of state) and macro (mixing, rotation, mass
loss) physics adopted to construct evolutionary and pulsation
models (Salaris 2018).
In spite of this indisputable progress, there are several long-

standing astrophysical problems for which, after more than half a
century of quantitative astrophysics, we still lack an explanation
based on plain physical arguments. The so-called Oosterhoff
dichotomy is among the most appealing ones. More than 70 yr
ago, Oosterhoff (1939) recognized that RR Lyraes (RRLs) in
Galactic globular clusters (GGCs) can be split, according to the
mean period of the RRLs pulsating in the fundamental mode
(RRab), into two different groups: Oosterhoff type I (OoI), with
á ñ ~P 0.56ab days, and Oosterhoff type II (OoII), with longer
periods of á ñ ~P 0.66ab days. The mean period of the RRLs
pulsating in the first overtone (RRc) displays a similar
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dichotomic distribution, with á ñ ~P 0.31c and ~0.36days in the
OoI and OoII globular cluster, respectively. Subsequent spectro-
scopic investigations enriched the empirical scenario demon-
strating that OoI globular clusters are more metal-rich and cover
a broad range in metal abundances, while OoII globular clusters
are more metal-poor stellar systems (Arp 1955; Kinman 1959).
Later on, it was also recognized that the population ratio, i.e., the
ratio between RRc and the total number of RRLs, is smaller in
OoI (Nc/Ntot≈ 0.29) than in OoII (Nc/Ntot≈ 0.44) globular
clusters (Stobie 1971; Bono et al. 2016; Braga et al. 2016).

The literature concerning the Oosterhoff dichotomy is quite
impressive. There is no doubt that Allan Sandage provided a
series of papers covering a half century of solid empirical
evidence concerning the variation of the mean period in field
and cluster RRLs (Sandage 1981a, 1981b, 1982, 1990, 1993,
2006, 2010, and references therein). This is the main reason
why the same problem is also quoted in the recent literature as
the Oosterhoff–Arp–Sandage period-shift effect (Catelan
2009, and references therein). In this context, it is worth
mentioning the detailed theoretical investigation provided by
Lee et al. (1994) suggesting that a difference in helium
content (ΔY= 0.03) could not explain the observed variation
in period because the predicted variation in period has an
opposite sign. The same authors were more in favor of a
difference in absolute age of 1–2 Gyr between inner and outer
halo globular clusters to take into account the observed
variation in period. A difference in luminosity between the
OoI and OoII groups was also suggested by Lee & Carney
(1999). They investigated RRLs in M2 (OoII) and M3 (OoI)
and found that the former sample was 0.2 mag brighter than
the latter one. This difference in luminosity was suggested to
be caused by a difference in cluster age (Lee et al. 1990). In
particular, the RRLs in OoII clusters were considered already
evolved off the zero-age horizontal branch (ZAHB), while
those in OoI clusters were still near the ZAHB. Moreover,
they also suggested, following van den Bergh (1993a, 1993b),
that there is a difference in kinematic properties between the
OoI and OoII clusters. Indeed, the former ones appear to have
either vanishing or retrograde rotation, while the latter have
prograde rotation. On the basis of this evidence, they
suggested that the OoII clusters formed in situ in an earlier
epoch, while the OoI clusters either formed later on or
accreted. The reader interested in a detailed discussion
concerning theoretical and empirical evidence concerning
the Oosterhoff dichotomy at the end of the last century is
referred to the review paper by Caputo et al. (1998).

Evolutionary and pulsation prescriptions were taken into
account by Castellani et al. (2003), and they suggested that
the difference between OoI and OoII clusters could be
explained as a consequence of a difference in the topology of
the RRL instability strip (Bono et al. 1995). On the basis of
several pieces of empirical evidence (the continuity of the
mean fundamentalized period, the period distribution in OoI
and OoII clusters, the population ratio, and the difference
between mean fundamental periods and fundamentalized
periods), they suggested that the so-called “OR” region20 in
OoI clusters is populated by fundamental RRLs, while in OoII
clusters, it is populated by first overtones. The reader interested
in a detailed discussion concerning the use of synthetic
horizontal-branch (HB) models and their impact on the

Oosterhoff dichotomy is referred to Cassisi et al. (2004) and
Catelan (2009).
The possible occurrence of an OoIII group was also

suggested by Pritzl et al. (2003) to account for the long mean
fundamental period of RRLs in two metal-rich clusters
(NGC 6388 and NGC 6441), but see also Braga et al. (2016).
The empirical and theoretical scenario concerning the Oosterh-
off dichotomy was further enriched in a recent investigation by
Jang & Lee (2015) in which the authors suggested that the
difference among OoI, OoII, and OoIII clusters was a
consequence of multiple populations in GGCs (Gratton et al.
2004). In particular, they suggested that two/three different star
formation episodes with time delays ranging from ∼0.5 to
∼1.5Gyr in the inner and outer halo clusters could explain the
Oosterhoff–Arp–Sandage period-shift effect.
Large photometric surveys disclosed that Galactic field

RRLs display a similar dichotomy in the period distribution
(Bono et al. 1997; ASAS: Pojmanski 2002; LONEOS: Miceli
et al. 2008; LINEAR: Sesar et al. 2013a). Oddly enough, Local
Group galaxies (Draco: Kinemuchi et al. 2008; Ursa Minor:
Nemec et al. 1988; Carina: Coppola et al. 2013; Leo I: Stetson
et al. 2014) and their globular clusters (Bono et al. 1994) are
characterized by mean fundamental periods that fill the so-
called Oosterhoff gap; i.e., their mean periods range from
∼0.58 to ∼0.62 days (Petroni et al. 2004; Catelan 2009).
The lack of Galactic stellar systems with mean periods in the
Oosterhoff gap indicates that the environment affects the
Oosterhoff dichotomy (Coppola et al. 2015; Fiorentino et al.
2015).
The analysis of this long-standing astrophysical problem was

hampered by several empirical biases.

(a) The number of GGCs with a sizable (more than three
dozen) sample of RRLs is limited to 18 out of ≈100
globular cluster–hosting RRLs (Clement et al. 2001).
This problem becomes even more severe for ultrafaint
dwarf galaxies, in which the RRL sample never exceeds a
dozen (Dall’Ora et al. 2012; Fiorentino et al. 2015).

(b) Although cluster RRLs have been investigated for more
than a century (Bailey 1902), the current samples are far
from being complete. This limitation applies to objects
centrally located and low-amplitude variables. The same
problem applies to nearby dwarf galaxies due to the lack
of full spatial coverage.

(c) There is mounting empirical evidence that old- and
intermediate-age stellar populations in nearby dwarf galaxies
display different metallicity distributions (Fabrizio et al.
2015). This means that RRLs in dwarf galaxies might be the
progeny of stellar populations characterized by a broader
age and/or metallicity distribution (Martínez-Vázquez
et al. 2015) when compared with cluster RRLs. The same
outcome applies to RRLs in ω Centauri, the most massive
GGC (Braga et al. 2016).

(d) The Bailey diagram (period versus luminosity amplitude)
is a solid diagnostic, since it is—together with the period
distribution—independent of distance and reddening. To
constrain the RRL intrinsic properties, Stetson et al.
(2014) and Fiorentino et al. (2015) found that high-
amplitude short-period (HASP; P< 0.48 days, AV>
0.75 mag) variables are not present in dwarf spheroidals,
with the exception of Sagittarius. Detailed investigations
among clusters with sizable sample of RRLs indicate that

20 The region of the instability strip in which the RRLs can pulsate in the
fundamental, the first overtone, or both (Bono & Stellingwerf 1994).
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HASPs are only present in systems that are more metal-
rich than [Fe/H]=−1.5 (Monelli et al. 2017).

In the following, we will focus our attention on the pulsation
properties of halo RRLs as a function of the chemical
composition. The structure of the paper is as follows. In
Section 2 we introduce the photometric data sets we adopted to
build up the master catalog of candidate field RRLs. Special
attention is given to the cross-match between the RRLs
catalogs available in the literature and the Gaia DR2 catalog. In
this section, we also mention the criteria we adopted to select
candidate halo RRLs and the approach adopted to identify
fundamental and first-overtone RRLs. In Section 3 we
introduce the spectroscopic data sets we adopted to build up
the RRL spectroscopic catalog. In this section, we also describe
the approach adopted to retrieve the Sloan Digital Sky Survey
(SDSS)–Sloan Extension for Galactic Exploration and Under-
standing (SEGUE) medium-resolution spectra and the variant
of the ΔS method adopted to estimate the metallicity of
individual RRLs. Moreover, we also discuss the spectroscopic
data sets available in the literature. Section 4 deals with the
strategy adopted to calibrate and validate the metallicity scale
based on the ΔS method. In particular, we focus our attention
on VInd, a fundamental field RRL, for which we have
X-shooter spectra covering the entire pulsation cycle. In
Section 5 we discuss the metallicity distribution of fundamental
RRLs and the comparison with similar estimates available in
the literature. Section 6 deals with the fine structure of the
Bailey diagram, in particular its dependence on the metal
content. In this section, we also introduce some long-standing
open problems connected with the Oosterhoff dichotomy and
provide new analytical period–metallicity and period–ampl-
itude relations. In Section 7 we briefly discuss the use of the
period and amplitude distributions to constrain the key
properties of the underlying stellar populations. We focus our
attention on the RRLs in the bulge, GGCs, the Magellanic
Clouds, and nearby dwarf galaxies. Finally, Section 8 gives a
summary of the current results, together with a few remarks
concerning the future development of this project.

2. Photometric Data Sets

2.1. Photometric Catalog

To provide firm constraints on the metallicity distribution of
the Galactic halo, we used different photometric and spectro-
scopic catalogs available in the literature, together with the
exquisite data provided by the ESA mission Gaia (Gaia
Collaboration et al. 2018). A detailed description of the
construction of such a catalog is provided in two companion
papers (G. Bono et al. 2019, in preparation; S. Marinoni et al.
2019, in preparation). Here we briefly summarize the main
steps of this process.

We started from the following list of published optical RRL
catalogs and surveys: Dambis et al. (2013), CATALINA (Drake
et al. 2013a, 2013b, 2014; Torrealba et al. 2015), LINEAR
(Sesar et al. 2013a), LONEOS-I (Miceli et al. 2008), NSVS
(Hoffman et al. 2009), ROTSEI (Akerlof et al. 2000),
QUESTI (Vivas et al. 2004), ASAS (Pojmanski 2002),
ASAS-SN (Shappee et al. 2014; Jayasinghe et al. 2018), and
Magurno et al. (2018).

We build up a single catalog containing all entries of the
quoted literature samples (∼42,000), taking particular care to
recognize RRLs that were listed in more than one catalog. We

used the algorithm described in Marrese et al. (2019) for sparse
catalogs to cross-match the literature RRLs with Gaia DR2
data, keeping only those stars with a Gaia counterpart.
Moreover, we added the new RRLs detected by Gaia
(Clementini et al. 2019), which were not included in the
literature. The final catalog includes more than 150,000
candidate RRLs. In order to collect multiband magnitudes,
we used the powerful results of the official Gaia cross-match
(Marrese et al. 2017, 2019). In particular, we were able to
recover near-infrared (NIR; J, H, Ks) magnitudes from the
2MASS PSC (Skrutskie et al. 2006) and VHS DR3 (McMahon
et al. 2013), mid-infrared (MIR; W1, W2) magnitudes from
AllWISE (Wright et al. 2010; Cutri et al. 2013), and optical (u,
g, r, i, z) magnitudes from the SDSS DR9 (Ahn et al. 2012;
Alam et al. 2015). Aiming at wider wavelength coverage, we
also performed, by using the algorithm developed for large
dense surveys, the cross-match of Gaia DR2 with the
ultraviolet catalog (UV, FUV, NUV) from GALEX GUVca-
t_AIS (Bianchi et al. 2017). This means that we build up an
RRL photometric catalog including magnitudes from the UV to
the MIR.

2.2. Selection of Field Halo RRLs

To improve the selection of field halo RRLs, we applied
several selection criteria discussed in the following. It is worth
mentioning that they are conservative; i.e., we preferred to
possibly lose some candidates but to avoid spurious contam-
inations with false identification, blended targets, and/or thin
disk variables such as high-amplitude δ Scuti. We also
provided a preliminary estimate of the individual distances by
using predicted optical, NIR, and MIR period–luminosity
relations provided by Marconi et al. (2015, 2018). The
individual distances were estimated by using apparent MIR
and NIR mean magnitudes from AllWISE and 2MASS/VHS.
Note that in this preliminary step, we neglected distances based
on Gaia (Bailer-Jones et al. 2018) because the current RRL
sample approaches the outermost halo regions (∼100 kpc). The
distances of the RRLs, for which NIR/MIR measurements
were not available, were derived by adopting r-, i-, and z-band
photometry from the SDSS. The distance of the RRLs lacking
both MIR/NIR and SDSS photometry was estimated by using
the mean G, GBP, and GRP magnitudes provided by Gaia. The
mean of the individual G-band measurements was transformed
into a mean R-band magnitude by using the transformations
provided by Evans et al. (2018). Finally, the distances of the
RRLs, for which at least one of the three quoted Gaia
magnitudes was not available, were evaluated by using the
canonical visual magnitude–metallicity relation (MV versus
[Fe/H]) recently provided by Marconi et al. (2018). For these
variables, the mean visual magnitude was retrieved from the
literature, and we adopted a mean halo metallicity of [Fe/H]=
−1.65 (Layden 1993). The reader interested in a more detailed
discussion concerning the halo metallicity distribution is
referred to Section 5. The MIR/NIR and optical apparent
mean magnitudes were unreddened by using the E(B – V)
values from Schlafly & Finkbeiner (2011), which is the
recalibrated extinction map of Schlegel et al. (1998), and the
Cardelli et al. (1989) reddening law.
Extended sources—We removed the objects flagged as

“extended” in the 2MASS PSC and AllWISE catalogs by using
the extKey (¹NULL) and extFlag (>1) columns,
respectively.
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Position and reddening—In order to avoid the Galactic
plane and/or highly reddened areas, we decided to remove the
candidate RRLs located either within±2°.5 from the Galactic
plane or with a reddening E(B – V )� 2mag.

Spatial overdensities—The distribution of the entire catalog
in Galactic coordinates (X, Y, Z) shows several well-defined
overdensities associated with either nearby dwarf galaxies
(Magellanic Clouds, Ursa Minor, Draco, Sculptor, Fornax,
Carina), a globular (NGC 2419), or the Sagittarius stream
(Majewski et al. 2003). They were flagged, and the stars
belonging to dwarf galaxies or the globular cluster were
removed from the master catalog. Note that we forced the
inclusion of five cluster RRLs belonging to NGC5272 to
increase the sample of spectroscopic standards adopted for
calibrating the ΔS metallicity scale (see Section 3.2).

Spectral energy distribution (SED)—To further improve the
selection of candidate halo RRLs, we also used their SEDs. The
current master catalog includes multiband UV (GALEX),
optical (SDSS; Gaia; literature: V, I), NIR (2MASS; VHS)
and MIR (AllWISE) magnitudes. We took advantage of these
independent measurements to estimate several unreddened
mean colors (mG−mλ)0 as a function of λ. On the basis of the
RRLs already known in the literature (∼42,000), we defined in
the color–λ plane a template for the expected RRL colors. We
performed an analytical fit of the color variation and excluded
those objects located outside 1σ from the analytical fit.

Galactocentric distance—We removed from the sample the
candidate RRLs located closer than 4.5kpc from the Galactic
center. This is a conservative threshold that allows us to neglect
bona fide Galactic bulge RRLs (Pietrukowicz et al. 2015;
Valenti et al. 2018; Zoccali et al. 2018).

After the last selection criterion, we obtained a cleaned
master catalog of candidate halo RRLs for which, together with
the quoted parameters, we also have an estimate of their
pulsation period and visual amplitude. For more than 90%of
the sample, we have adopted Amp(G) from Gaia, while for the
remaining 10%, we have adopted literature data from the
surveys introduced in Section 2.1. The light curves of the latter
sample were visually inspected, and, for a fraction of them, we
performed a new estimate of the luminosity amplitudes by
using the original time series. The luminosity amplitude in
Amp(G) was transformed into Amp(V ) by using Equation (2)
from Clementini et al. (2019). In passing, we also note that the
current luminosity amplitudes are minimally affected by
Blazhko modulations, since the cadence and time interval
covered by the adopted long-term photometric surveys cover
tens of amplitude modulation cycles. Moreover, to provide a
homogenous mode classification, we adopted the period–
amplitude criterion suggested by Clementini et al. (2019),

( ) ( ) ( )-
<

G
P

2.08 Amp

3.5
days , 1

where Amp(G)=[Amp(V )− 0.013]/1.081 mag. Note that we
only included RRL candidates with pulsation periods ranging
from 0.2 to 1.0 day.

Finally, we neglected both first-overtone and mixed-mode
RRLs by using Equation (1), and we ended up with a sample of
44,822 RRab variables.

3. Spectroscopy Data Sets

The photometric RR Lyrae data sets were complemented
with spectroscopic data sets based on either high-, medium-, or

low-resolution spectra. As a whole, we ended up with a sample
of 2903 RRab variables with an iron abundance estimate based
on a spectroscopic measurement. Note that in the following, we
are only dealing with RRab variables, because the spectro-
scopic calibration adopted for the bulk of the data was devised
for this group of variables (see Section 3.1.1). The first-
overtone RRLs will be addressed in a forthcoming paper
(M. Fabrizio et al. 2019, in preparation).
In the following, we discuss the different spectroscopic data

sets, together with the approach adopted to calibrate them on a
homogenous metallicity scale. Moreover, we also introduce the
approach adopted to validate the spectroscopic diagnostics we
are using to estimate iron abundances.

3.1. SDSS-SEGUE Data

We focused our attention on the SEGUE survey (Yanny
et al. 2009), based on medium-resolution (R∼ 2000) spectra
collected with the SDSS DR12 (Alam et al. 2015). The
photometric and spectroscopic data collected in this survey are
publicly available from the SDSS Science Archive Server
(SAS).21 The initial step was to download all of the available
SEGUE spectra for the RRLs in our photometric catalog. The
search was based on the bestObjID from the SpecObjAll
table, and we ended up with 2382 RRab variables for which the
SEGUE “lite” spectra are available, i.e., the coadded spectra
including up to 38 individual measurements. The sky
distribution in Galactic coordinates of the SEGUE sample is
shown in Figure 1 (black symbols).
Figure 2 shows the unreddened G-band magnitude distribu-

tion for different samples of RRLs. In particular, the SEGUE
sample is displayed in panel (a) (see also Section 3.2). The
individual reddening values were extracted from the Schlegel
et al. (1998) dust maps and the updated reddening coefficients
from Schlafly & Finkbeiner (2011), while the extinction in the
G band was calculated with the Casagrande & VandenBerg
(2018) relation. The key feature of the SEGUE spectra is that
they cover a broad spectral range, namely from 3800 to
9200Å, and the majority of the spectra have a mean signal-to-
noise ratio larger than ∼20 in the blue region (3900–4900Å).
This is the main reason we decide to use the ΔS method
introduced half a century ago by G.W. Preston to estimate the
iron content of RRLs (see Section 3.1.1).

3.1.1. Metal Abundances Based on the ΔS Method

We derived abundances using a variation of the ΔS method
originally introduced by Preston (1959). In particular, we are
following the same approach developed by Layden (1994),
which is based on the comparison of the pseudo-equivalent
width (EW) of the Ca II K line, W(K ), and the mean pseudo-
EW of hydrogen lines Hδ, Hγ, and Hβ, W(H). The pseudo-
EWs were measured on SEGUE spectra by using an IDL22

version of the original EWIMH program23 written by one of us
(A. Layden). The algorithm defines, for each spectral feature, a
pseudo-continuum level as a straight line (dashed red line in
Figure 3) between the mean intensity and wavelength points of
two continuum bands (see Table 5 in Layden 1994 and the
orange hatched regions in Figure 3).

21 https://dr14.sdss.org/home
22 https://www.harrisgeospatial.com/Software-Technology/ IDL
23 http://physics.bgsu.edu/~layden/ASTRO/DATA/EXPORT/EWIMH/
ewimh.htm
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The EW (dark gray regions in Figure 3) is defined as the area
enclosed by the limits in wavelength of the specific spectral
feature (light gray hatched regions) and the pseudo-continuum
of the spectrum. This area is then divided by the mean height of
the continuum inside the specific spectral feature. The three
panels of Figure 3 display the details of the measurements for

three targets with different magnitudes, colors, and metallicities
(see labeled values).
A crucial issue in the use of the ΔS method is the calibration

of the measured EWs onto a “standard sample” of EWs. The
list of the 17 standard stars is given in Table 6 of Layden
(1994). Unfortunately, there is no overlap between the SEGUE
survey and the set of spectroscopic “standards” adopted by
Layden. This means that we cannot directly use the relations
defined by Layden (1994) to derive the iron abundance.
Fortunately enough, in a recent investigation, one of us (Sesar
et al. 2013b) provided an independent calibration of the ΔS
method to investigate the metallicity distribution of RRLs in
the orphan stream. They collected low-resolution spectra
(R∼ 1350) with the double spectrograph (DBSP; Oke &
Gunn 1982) available at the Palomar 5.1 m telescope for 50
orphan stream RRLs. Moreover, they also observed eight out of
the 17 standard stars and provided four linear relations between
the EWs measured on DBSP spectra and those based on
Layden’s spectroscopic standards (see Equations (9)–(12) in
Sesar et al. 2013b).
The orphan stream spectroscopic data set and the SEGUE

data set have 27 RRLs in common. Among them, 10 have a
sufficient signal-to-noise ratio to calibrate the EWs measured
on SEGUE spectra onto the EWs measured on DBSP spectra.
More specifically, we measured the EWs on both DBSP and
SEGUE spectra (degraded to the DBSP spectral resolution).
The individual measurements concerning the Ca II K line and
the three hydrogen lines are plotted in Figure 4 and show,
within the errors, a linear trend over a broad range of EWs. We
also performed four linear fits to transform the current EW
measurements into the EW system defined by Sesar et al.
(2013b; red lines). The linear relations are the following:

· ( )= -CaK 1.07 CaK 0.34, 2Sesar13 SEGUE

Figure 1. Distribution in Galactic coordinates of the RRL spectroscopic sample (2903 stars). The black circles show the RRLs with iron abundances based on the ΔS
method on low-resolution SDSS-SEGUE spectra (2382; SEGUE), while the red crosses display RRLs with iron abundances from Sesar et al. (2013b; 50). Orange
squares show RRLs with iron abundances based on SDSS-SSPP indicators (65; SSPP). The blue triangles and pink circles display RRLs with metallicities from
Dambis et al. (2013; 360) and (2014; 57). Purple circles are used for the five variables in NGC5272. Green diamonds show the distribution of the RRLs with iron
abundances based on high spectral resolution spectra (Magurno et al. 2018; 104), while cyan asterisks refer to iron abundances from the Rave DR5 (6).

Figure 2. From top to bottom: unreddened G-magnitude distributions of the
RRL samples with spectroscopic measurements. The values enclosed in square
brackets refer to the spectral resolution of the various samples.
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· ( )b b= +H 0.75 H 1.17, 3Sesar13 SEGUE

· ( )g g= -H 1.30 H 1.14, 4Sesar13 SEGUE

· ( )d d= -H 1.16 H 0.90. 5Sesar13 SEGUE

Finally, the EWs in the system defined by Sesar et al. (2013b)
were transformed into the system defined by Layden (1994)
standard stars. Moreover, following Layden (1994), the Ca II K
EWs were also corrected for interstellar Ca IIabsorption using
the Beers (1990) model,

( ) ( ) ( ) ∣ ∣ ( )∣ ∣= - - -W K W K W e b1 sin , 6z h
0 max

where Wmax=0.192Å, h=1.081 kpc, b is the Galactic
latitude, and z is the height above the Galactic plane in kpc.
The iron abundances were evaluated by inverting Equation

(7) of Layden (1994),

[ ] ( ) ( )
( )

( )=
- -
+

W K a bW H

c dW H
Fe H , 70

where a=13.858, b=−1.185, c=4.228, and d=−0.32.
To validate the current approach, we compared our iron
abundances with those provided by Sesar et al. (2013b). The
top panel of Figure 5 shows the comparison between the
[Fe/H] measured by us on the DBSP spectra and the [Fe/H]
abundances measured by Sesar et al. (2013b). We found a very
good agreement, and indeed, the mean difference is minimal
(−0.03 dex) and the dispersion is negligible (0.07 dex). The
bottom panel of Figure 5 shows a similar comparison but

Figure 3. Normalized SEGUE spectra for three field RRLs. The orange hatched regions outline the wavelength range used to estimate the continuum mean flux (red
dashed line), while the light gray hatched regions and dotted vertical lines display the wavelength interval in which the EW is measured. The dark gray regions display
the EWs for the four spectroscopic diagnostics: Ca II K, Hδ, Hγ, and Hβ.

Figure 4. Comparison between the EWs measured on the Sesar et al. (2013b)
spectra and those based on the SEGUE spectra degraded to the DBSP
resolution (R ∼ 1300) for the 10 RRLs in common. The dotted lines show the
bisector of the plane. The linear fits used to transform the EWs based on
SEGUE spectra into Sesar’s EW system are plotted as red lines.
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between the [Fe/H] abundances based on SEGUE and DBSP
spectra. We again found a good agreement between the two
data sets, and indeed, the mean difference is minimal
(−0.02 dex) and the dispersion is smaller than 0.2dex. These
results further support the approach we devised to calibrate the
[Fe/H] abundance onto those provided by Sesar et al. (2013b)
and, subsequently, Layden’s metallicity scale (Layden 1994),
which, in turn, is rooted in the Zinn & West (1984) globular
cluster metallicity scale.

3.2. Spectroscopic Data Sets Available in the Literature

In order to validate and enlarge the SDSS-SEGUE data set,
we also included the large sample of iron abundances collected
by Magurno et al. (2018, Table 10) and based on HR spectra
(R> 20,000). The whole data set was scaled to the Asplund
et al. (2009) solar reference. The entire sample includes 134
objects, but we only took into account fundamental RRLs
(104). Note that this sample mainly includes bright nearby
RRLs, and indeed, the limiting magnitude is G∼ 17 mag.

To increase the spatial distribution and the size of the HR
sample, the quoted data set was complemented with the iron
abundances retrieved from the Radial Velocity Experiment
DR5 (RAVE; Casey et al. 2017; Kunder et al. 2017). The iron
abundances for six RRLs are based on spectra covering the Ca
triplet region (8410–8795Å) with a spectral resolution
R∼ 7500. Furthermore, the sample was complemented with
five cluster RRLs belonging to NGC5272. We adopted the
RRLs listed in Clement et al. (2001) and the cluster iron
abundances provided by Sesar et al. (2013b). The three data
sets defining the HR sample were scaled to the same Asplund
et al. (2009) solar reference. Their G0-band magnitude
distribution is shown in panel (b) of Figure 2.

The literature sample was also complemented with the iron
abundances collected by Dambis et al. (2013) based on a mix
of low-, medium-, and high-resolution spectra. This data set
includes 402 RRLs, of which 360 were included in the current
spectroscopic catalog. The bulk of this data set comes from
the ΔS measurements provided by either Layden (1994),

Fernley et al. (1998), or Kinman et al. (2007). Panel (c) of
Figure 2 shows the magnitude distribution of this data set.
Furthermore, we complemented the literature sample by

including the metallicities of RRLs, based on the ΔS method,
identified by the QUEST survey and published by Duffau et al.
(2014). This data set is based on a mix of low- and medium-
resolution spectra. This sample includes 82 RRLs, of which
57 are RRab variables that belong to the current spectroscopic
catalog. Its magnitude distribution is shown in panel (c) of
Figure 2, mainly defining the tail between G0∼ 16 and 18mag.
Moreover, the SEGUE survey also provides an independent

estimate of the iron abundance by using their stellar parameter
pipeline (SSPP; Lee et al. 2008a). The SSPP uses multiple
techniques to measure the radial velocities, estimate the
fundamental stellar parameters (effective temperature, surface
gravity), and determine the iron abundance (Allende Prieto
et al. 2008; Lee et al. 2008b). In this context, it is worth
mentioning that the iron abundances provided by SSPP are
based on 12 independent spectroscopic diagnostics. The
pipeline gives a mean best value (FEHADOP) together with
its uncertainty. These iron estimates define the SDSS-SSPP
sample, and among them, 65 were included in the current
spectroscopic catalog. The cumulative magnitude distribution
of the entire spectroscopic catalog is shown in panel (d) of
Figure 2.

4. Calibration and Validation of the Spectroscopic Data Set

4.1. Spectroscopic Calibration

To provide a homogenous metallicity scale for the different
spectroscopic data sets discussed in the previous section, we
took into account stars in common between the HR sample
(pivot sample) and the medium- and low-resolution data sets.
We found 74 RRLs in common between the HR sample and the
Dambis et al. (2013) sample. Data plotted in Figure 6 show that
the two data sets agree quite well, and indeed, the mean
difference is minimal (−0.01 dex), while the standard deviation
is 0.21dex. The dispersion is mainly a consequence of the
intrinsic errors of the two data sets (see error bars in the bottom
left corner). Note that the 74 RRLs in common cover a wide
range in [Fe/H] abundances (more than 2 dex), and we found
evidence of a mild drift when moving from the metal-poor to
the metal-rich regime. We performed a linear regression and
found the linear relation

[ ] · [ ] ( )= + +Fe H 0.05 1.03 Fe H 8HR Dambis 13

Figure 5. Top: difference between the iron abundances estimated by us on the
DBSP spectra and those provided by Sesar et al. (2013b). Bottom: difference
between the iron abundances based on the ΔS method applied to the rebinned
SEGUE spectra and those we estimated with the ΔS method applied to Sesar
et al. (2013b) DBSP spectra for 10 stars in common. The mean and standard
deviation of the differences are also labeled.

Figure 6. Calibration of Dambis et al. (2013) iron abundances with the iron
abundances based on HR spectra collected by Magurno et al. (2018). The linear
fit used to transform the Dambis et al. (2013) iron abundances into the HR
sample is plotted as a red line. The dotted line shows the bisector of the plane
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to move the Dambis iron abundances into the HR metallicity
scale.

The HR sample was joined with the Dambis sample,
defining a new data set of 401 RRLs as the “calibration
sample.” The iron abundances of the calibration sample were
compared with values based on the ΔS method we applied to
the SEGUE spectra. The number of RRLs in common is 11,
and the top panel of Figure 7 shows the comparison. We found
a systematic offset of −0.26dex (with a standard deviation of
0.29 dex), and it was applied to the iron abundances based on
the ΔS method.

The middle panel of Figure 7 shows the difference of [Fe/
H]based on the ΔS method between the SEGUE and Duffau
et al. (2014) samples. The two samples have 18 RRab variables
in common, and the mean difference in metallicity is vanishing
(0.01 dex) with a dispersion of 0.13dex. This result allows us
to treat the Duffau et al. (2014) sample as the SEGUE one by
applying the same metallicity scale.

Finally, we calibrated the iron abundances based on the
SDSS-SSPP metallicity determinations into the same HR
metallicity scale. The number of RRLs in common among
the HR sample plus our ΔS sample and SDSS-SSPP is larger
than 1500 objects. Data plotted in the bottom panel of Figure 7
show that the mean difference is −0.36dex. Note that the
current finding agrees with a similar result (difference equal to
−0.36 dex) obtained by Sesar et al. (2013b) by using an
independent spectroscopic data set. The dispersion we found is
0.30dex, and it is fully supported by the intrinsic errors of the
different samples (see the error bars in the top right corner).

We also found that a quadratic relation allows us to calibrate
the SDSS-SSPP iron abundances into the HR metallicity scale:

FEHADOP FEHADOP
FEHADOP

· ( )
· ( ) ( )

=- + +
- +

0.65 0.60 0.26

0.05 0.26 . 92

*

Once this relation was applied to the SSPP iron abundances, we
obtained a null residual with a dispersion of 0.27dex.

4.2. Validation of the Spectroscopic Measurements: Individual
versus Coadded Spectra

We have already mentioned in Section 3.1 that the
metallicity estimates rely on the application of the ΔS method
to the SDSS-SEGUE coadded spectra. The coadded spectrum
is typically based on three back-to-back 900 s individual
spectra collected, but, in order to achieve the highest signal-to-
noise ratio, the individual spectra can also spread over days
(Bickerton et al. 2012). Moreover, it is worth mentioning that
the spectra were collected at random pulsation phases. To
quantify the impact that the coadding of spectra collected at
random pulsation phases has on the metallicity estimates, we
evaluated the difference between the metallicity estimates
based on the coadded spectrum and the metallicity based on the
application of the ΔS method on the individual spectra. To
validate the approach, we selected the individual spectra with a
signal-to-noise ratio larger than ∼20. We ended up with a
sample of more than 1000 RRab variables.
Figure 8 shows the distribution of the difference between the

mean of individual [Fe/H] estimates and the [Fe/H] measured
on the coadded spectrum. The Gaussian fit to the distribution
(blue curve) gives a peak of σ= 0.06dex, while the standard
deviation of the measurements is 0.16dex, i.e., a factor of 2
smaller than the standard deviation of the calibration of the ΔS
method with the HR metallicity scale (0.29 dex; see also
Section 5). Moreover, and even more importantly, the current
evaluation agrees quite well with similar estimates provided by
Drake et al. (2013a; 0.22 dex) by using SDSS spectra. In
passing, we note that the modest value in the mean difference
further supports the use of the coadded spectra, typically
characterized by higher signal-to-noise ratios, to determine the
metal abundances of RRLs by using the ΔS method.

4.3. Validation of the Spectroscopic Measurements: VInd

It is worth noting that the SDSS-SEGUE spectroscopic data
were collected at random phases along the pulsation cycle with

Figure 7. Top: comparison between the iron abundances based on the current
ΔS method and those based on the calibration sample (see Section 4.1). The
red diamonds mark the globular cluster RRLs. Middle: comparison between
the iron abundances based on the current ΔS method and those based on the
Duffau et al. (2014) sample. Bottom: comparison between the iron abundances
based on the ΔS method and those based on the SDSS-SSPP method. The
quadratic relation to transform the SDSS-SSPP into the current metallicity scale
is also plotted as a red line. The mean and standard deviation of the difference
are also labeled, together with the sample size.

Figure 8. Distribution of the difference between the mean of the individual
metallicity measurements and the metallicity measured on the coadded
spectrum for a sample of 1095 RRLs. The blue curve shows the Gaussian fit
to the distribution. The mean and standard deviation of the sample and
Gaussian fit are also labeled.
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exposure times of 15 minutes (Smee et al. 2013). This means
that a fraction of the spectra could have been collected along
the rising branch. The rising branch has always been avoided in
the spectroscopic analysis and the application of the Baade–
Wesselink method (Storm et al. 1994). The reasons are
manifold. Dating back to more than half a century ago, Preston
& Paczynski (1964) demonstrated on an empirical basis that
across these phases, a strong shock is formed and propagates
toward the outermost regions. This causes the occurrence of
line doubling and a PCygni profile, further supporting the
presence of strong nonlinear phenomena in the outermost
layers. This empirical scenario was soundly supported by
nonlinear, convective models taking into account the time-
dependent convective transport, suggesting that the efficiency
of the convective transport attains its maximum along the rising
branch. This is not a severe limitation, since the time interval
between minimum and maximum light is of the order of
10%of the pulsation cycle. However, these are the reasons
why the ΔS method was not applied to this portion of the
pulsation cycle (Freeman & Rodgers 1975; Layden 1993). In
dealing with large spectroscopic samples, we cannot exclude
that a minor fraction can also be collected during these
pulsation phases. Moreover, we still lack quantitative con-
straints of the impact that these phenomena have on abundance
estimates based on the ΔS method.

In a recent investigation, Magurno (2018) estimated the iron
abundance of a field, short-period (P∼ 0.48 day), large-ampl-
itude (AV∼ 1.07mag; Monson et al. 2017) fundamental RRL:
VInd. He adopted 12 medium-resolution (R∼ 10,000–18,000),
high signal-to-noise ratio (∼200) spectra collected with X-shooter
(Vernet et al. 2011) at ESO/VLT.24 The key advantage of
X-shooter is the possibility to simultaneously cover a very
wide wavelength regime, ranging from ∼3000 to ∼25,000Å.
Moreover, the spectra cover the entire pulsation cycle, and the
exposure times are quite short (120–180 s). The target is quite
bright (V = 9.97 mag) for an 8 m class telescope, and we
decided to use a narrow slit of 0 4, obtaining a spectral
resolution in the optical range of the order of 18,000. It is worth
mentioning that VInd is an acid test to investigate the
metallicity estimates along the pulsation cycle, since it is
among the RRLs with the largest pulsation amplitudes. On the
basis of these spectra, Magurno (2018) measured the iron
abundance of VInd as function of its pulsation phase. Figure 9
shows the visual light curve (top) and the radial velocity

(bottom) as a function of the pulsation phase (blue crosses from
Clementini et al. 1990). The radial velocity measurements
based on X-shooter spectra are marked with black diamonds.
To improve the sampling along the pulsation cycle, we also
included two HR (R∼ 40,000) spectra collected with UVES
(Dekker et al. 2000) at ESO/VLT25 and available in the ESO
science archive (red diamonds in Figure 9). Fortunately
enough, both the X-shooter and the UVES spectra cover the
wavelength range from Ca II K to Hβ lines.
To validate the adopted ΔS method as a function of the

pulsation phase, the quoted HR spectra were degraded and
rebinned to the spectral resolution (R∼ 2000) and sampling
( lD =log 0.0001) of the SDSS-SEGUE spectra. The quality
of the rebinned spectra was quite good, with a signal-to-noise
ratio of ∼200, and they appear to be quite similar to the best
SEGUE spectra (see Figure 3). We applied the ΔS method
described in Section 3.1.1 to the rebinned spectra and the same
spectroscopic calibration described in Section 4.1 to transform
the EWs into iron abundance. Figure 10 shows the EW
measurements of the spectral features involved in the ΔS
method, and they show the expected trend in Ca II K and H
lines. Data plotted in the top panel of this figure clearly show
that the EW of the Ca II K line steadily increases when moving
along the decreasing branch, attains its maximum across the
phases of minimum light, and starts to decrease along the rising
branch. The trend for the H lines is exactly a mirror image of
the Ca II K line. This means that the ratio between the EWs of
the Ca II K and H lines remains almost constant over the entire
cycle. This is the reason the [Fe/H] abundances based on the
ΔS method do not show a phase dependence. Indeed, the iron
abundances attain similar values, within the errors, over the
entire pulsation cycle.
The top panel of Figure 11 shows the [Fe/H] estimates as a

function of pulsation period: the mean value is −1.45dex,
while the standard deviation of the measurements is 0.12dex.
The current mean iron abundances agree quite well with similar

Figure 9. Visual light curve of VInd (top panel) and radial velocity curve
(bottom panel) as function of the pulsation phase (blue crosses; Clementini
et al. 1990). Black diamonds mark the radial velocities based on X-shooter
spectra (Magurno 2018), while the red ones are used for UVES spectra
(Pancino et al. 2015).

Figure 10. The EWs of the four spectroscopic diagnostics adopted to apply the
ΔS method to fundamental RRL VInd as a function of the pulsation phase.
The symbols are the same as in Figure 9.

24 Based on observations collected under ESO program ID 297.D-5047(A), PI:
G. Bono.

25 Based on observations collected under ESO program ID 083.B-0281(A), PI:
D. Romano.
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estimates provided by Magurno (2018) and Pancino et al.
(2015). In fact, the bottom panel of Figure 11 shows the phase-
to-phase difference in iron abundance based on ΔS compared
to those from Magurno (2018) and Pancino et al. (2015) for
X-shooter and UVES data, respectively. The comparison
indicates that iron abundances based on the ΔSmethod and
those based on HR spectra attain similar values; indeed, the
mean is vanishing (0.05 dex), while the standard deviation is
0.18dex. More important, the [Fe/H] values also agree within
the errors along the rising branch of VInd. Finally, the quoted
results allow us to use the derived [Fe/H] abundances from the
ΔS method independently of the pulsation phase.

5. Metallicity Distribution

We already mentioned that we are dealing with a sample of
2903 RRLs on the same metallicity scale. Note that for objects
that belong to different data sets, we are adopting the following
priority. The iron abundances based on the Magurno et al.
(2018) sample (104) were included with their original estimates
and intrinsic errors. For the RRLs for which the error was not
provided, we assumed a mean error of 0.1dex. The original
iron abundances were also included for the five cluster RRLs
and six RRLs retrieved from the Rave DR5 catalog. The former
sample has an intrinsic error of 0.15dex, while the latter has an
intrinsic error of 0.20dex. The RRLs for which the iron
abundance is based on the current ΔS method (2382) come
immediately after in the priority list, and the error for this
sample was assumed equal to the standard deviation of the
calibration with the HR metallicity scale (0.29 dex). This is the
largest and most homogenous sample of RRL iron abundances
ever estimated. These two samples were complemented with
RRL iron abundances provided by Sesar et al. (2013b; 50
stars), Sesar et al. (2013; 360 stars), and Duffau et al. (2014; 57
stars). For these samples, the error on individual measurements
was estimated by assuming a mean error of 0.15, 0.22,
and 0.15dex, respectively. Finally, we added the RRL iron
abundances provided by the SDSS-SSPP survey (65). The
errors on individual measurements were estimated by summing
in quadrature the original uncertainties FEHADOPUNC with the
standard deviation of the calibration with the HR metallicity
scale (0.27 dex; see Section 4.1). The final iron abundance of
RRLs in common among different medium-/low-resolution
data sets (ΔS; Dambis et al. 2013; Sesar et al. 2013b; Duffau
et al. 2014 and SSPP) was estimated as the mean of the
different measurements, and the errors were summed in
quadrature. In Table 1 are listed the number of stars in
common between the different data sets.

Figure 12 shows the metallicity distribution of the entire
RRab spectroscopic sample (red histogram), together with the
smoothed metallicity distribution (orange line). The latter was
smoothed using a Gaussian kernel with unitary weight and σ
equal to the error of the individual estimates. The mean and
standard deviation of the smoothed distribution are also
labeled. Data plotted in this figure bring forward several
interesting features worth being discussed in detail.
(a) Mean and standard deviation—The spectroscopic sample

we are dealing with is more than a factor of 5 larger than any
previous spectroscopic investigation of field RRLs (Layden
1993, 1994, 1995; Kinman et al. 2012; Dambis et al. 2013). The
current mean metal abundance agrees quite well, within the errors,
with similar estimates available in the literature ([Fe/H]=−1.59
versus –1.65; Layden 1994). The same outcome applies to
the standard deviation; indeed, the difference (σ= 0.43 versus
0.34 dex) is once again marginal if we account for the difference
in the sample size.
(b) Tails—The metallicity distribution appears more skewed

toward the metal-poor regime; indeed, the metal-poor tail
approaches [Fe/H]; –3, while the metal-rich one approaches
solar iron abundance. The quoted metallicity range is also
supported by iron abundances based on HR spectra (blue
hatched areas). The main difference between the HR
abundances and those based on lower-resolution (LR) spectra
is that the former show a more prominent metal-rich tail and a
less prominent metal-poor tail when compared with the latter.
A glance at the metallicity distributions plotted in the inset of
the same figure, which are normalized according to the area,
shows even more clearly the difference in the metal-poor/
metal-rich tails. On the basis of the current data, it is not clear
whether the metal-poor tail based on LR spectra might be a
drift of the current absolute calibration or intrinsic. Note that
the metallicity regime more metal-poor than [Fe/H]∼ –2.3 is
not covered by cluster RRLs, and the number of field, very
metal-poor RRLs for which iron abundances are based on HR
spectra is still limited (four). This limitation applies if we also
account for RRc variables.
(c) Magnitude distribution—The HR sample is only limited

to bright nearby RRLs, while the whole sample covers more
than 120kpc (see Figure 2). This indicates that the difference
in the metallicity distribution between iron abundances based
on either HR spectra or theΔS method might also be caused by
an observational bias affecting the former sample.

6. The Fine Structure of the BaileyDiagram

The reasons why the Bailey diagram is a useful diagnostic to
investigate the pulsation properties of variable stars have
already been mentioned in the Section 1. Here we only mention
two relevant key points: (a) it is independent of uncertainties
affecting distance and reddening, and (b) cluster RRLs can be
split into two groups called OoI (mean RRab period of 0.55
days) and OoII (mean RRab period of 0.65 days). The
pioneering investigations concerning the metal content of
globular clusters by Arp (1955) and Kinman (1959) clearly
demonstrated that OoI globular clusters are more metal-rich
than OoII globular clusters. A quantitative investigation of the
dependence of the Oosterhoff dichotomy on the metal content
has been hampered by two intrinsic properties of GGCs.
(a) The metallicity distribution of GGCs is bimodal (Harris

1991), with a well-defined minimum for [Fe/H]=−0.8/–1.0.
Moreover, the metal-poor tail does not approach the limit of field

Figure 11. Top: iron abundances for VInd based on the ΔS method. Bottom:
difference in iron abundance with the iron values provided by Magurno (2018)
and Pancino et al. (2015). The symbols are the same as in Figure 9.
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halo stars, while the metal-rich tail does not approach the limit of
old metal-rich bulge stars. The difference is well known, and it is
tightly connected with the formation mechanism of globular
clusters (Choksi et al. 2018).

(b) At a fixed metal content, GGCs display relevant changes
in the HB morphology, the so-called “second-parameter”
problem. This means that at a fixed metal content, they might
or might not host RRLs according to their HB morphology.
Nearby dwarf galaxies do not help in unraveling the skein,
because their HB morphologies are quite similar. Indeed, only a
few of them host an old stellar component that is either more
metal-rich than [Fe/H]=−1.0 or more metal-poor than [Fe/
H]=−2.2 (see Figure 12 in McConnachie 2012). Quite often,
these stellar systems have been classified as Oosterhoff
intermediate, i.e., the RRab variables attain mean periods that
are between those of the OoI and OoII clusters. The reader
interested in a detailed discussion concerning the difference
among different globular cluster and nearby dwarf galaxies is
referred to Fiorentino et al. (2017) and Braga et al. (2018), and
references therein.

The quoted circumstantial evidence indicates that we still
lack a homogenous and detailed analysis of the Bailey diagram
as a function of the metal content. In this context, it is worth
mentioning that we are neglecting the metallicity estimates
based on either photometric indices, such as the inversion of
the period-luminosity relation (Braga et al. 2016; Martínez-
Vázquez et al. 2016; Bono et al. 2019), or the Fourier
decomposition of the light curve (Jurcsik & Kovacs 1996;

Nemec et al. 2013; Elorrieta et al. 2016; Hajdu et al. 2018). The
data plotted in Figure 13 open a new path concerning the
dependence of the luminosity amplitude on metallicity.
(a) Period–metallicity correlation—The metallicity is color-

coded (see the bar on the right axis) and indicates that RRab
variables become, on average, steadily more metal-rich when
moving, at fixed amplitude, from the long- to the short-period
regime. The trend was already known, but the current data are
suggesting that the variation of the mean period of RRab
variables is continuous, i.e., the distribution of the RRab
variables in the Bailey diagram is not uniform, but the variation
is far from being dichotomic. To trace the key features of the
Bailey diagram, we produced a 3D histogram (AV, log P,
number of RRLs) with the entire RRL sample. We traced the
local maxima and minima in this 3D diagram, and then we
smoothed them by applying a running average. The two solid
lines display the “mean” locus of the local maxima associated
with the OoI and OoII clusters, while the dashed line traces the

Table 1
Number of Objects per Data Set Included in the Iron Catalog

SEGUE Magurno+18 NGC5272 Rave DR5 Sesar+13 Dambis+13 Duffau+14 SSPP ò[Fe/H]

SEGUE 2382 0 5 0 21 6 18 0 0.29
Magurno+18 L 104 0 0 0 72 0 0 0.10
NGC5272 L L 5 0 0 0 0 0 0.15
Rave DR5 L L L 6 0 2 0 0 0.20
Sesar+13 L L L L 50 0 0 1 0.15
Dambis+13 L L L L L 360 0 0 0.22
Duffau+14 L L L L L L 57 1 0.15
SSPP L L L L L L L 65 FEHADOPUNCa

Note.
a The error was summed in quadrature with the dispersion of the residuals obtained from the comparison with the calibrating sample (0.27 dex).

Figure 12. Metallicity distribution of the entire spectroscopic sample (red
histogram) and the HR sample (blue histogram). The orange line shows the
smoothed metallicity distribution. The inset shows the same metallicity
distributions but area normalized.

Figure 13. Top: period distribution of the entire spectroscopic sample. Bottom:
Bailey diagram of the spectroscopic sample. The metallicity is color-coded, and
the color bar is plotted on the right. The vertical dashed line marks the mean
period of the entire sample. The solid lines display the new analytical relations
for OoI and OoII overdensities. The dotted–dashed line shows the Oosterhoff
intermediate loci, defined as the “valley” between the two main overdensities.
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Oosterhoff intermediate loci, defined as the local minima
between the two main overdensities. The analytical relations
for the three Oosterhoff sequences are the following:

· ( ) ( )= + - -A POoI : 2.62 2.08 log 0.11 log , 10V

· ( ) ( )= + -A POoII : 3.13 3.48 log 0.041 log , 11V

· ( ) ( )= + - -A POoInt : 2.57 1.72 log 0.12 log . 12V

The quoted relations are in good agreement with similar
relations for OoI and OoII groups provided by Zorotovic et al.
(2010) and based on cluster RRLs collected by Cacciari et al.
(2005). The mean difference in luminosity amplitude over the
entire period range is ∼0.2mag for the OoI group and
∼0.1mag for the OoII group.

Note that the Oo sequences are far from being parallel when
moving from the short- to the long-period regime. Moreover,
the region of the Bailey diagram among the two Oo sequences
with periods of the order of Plog ∼ –0.15 and amplitudes
smaller than 0.5mag appears empty. This suggests that this
region is a sort of avoidance region for a broad range of metal
abundances.

(b) Period–amplitude–metallicity correlation—The RRab
cover, at fixed metallicity and luminosity amplitude, a broad
range in period. This means that period, amplitude, and
metallicity do not obey to simple linear correlations.

To constrain on a more quantitative basis the variation of the
pulsation properties (period, luminosity amplitude) as a
function of the metal content, we divided the entire spectro-
scopic sample into eight different metallicity bins. The edges of
the individual metallicity bins (see labeled values in Figure 14)
were changed in such a way that they include a similar number
of RRab variables. The left panels of Figure 14 display (top to
bottom) the period distribution of RRab variables from the
metal-poor to the metal-rich tail. The mean period, standard
deviation, and number of RRLs per metallicity bin are also
labeled. The right panels show the V amplitude distributions of
the same RRLs plotted in the left panels. The period and
amplitude distributions display several interesting features.

(a) The mean period becomes systematically shorter when
moving from the metal-poor to the metal-rich regime. Indeed,
the red arrow moves from the right to the left of the mean
period of the entire sample (vertical dashed line).

(b) The period distribution is asymmetric over the entire
metallicity range, but the skewness of the distribution moves
from the long- to the short-period range when moving from the
metal-poor to the metal-rich regime. The standard deviation of
the different period distribution is quite constant, but the period
distribution in the metal-rich regime becomes steadily flatter.

(c) The luminosity amplitudes do not display the linear trend
found for the pulsation periods. Indeed, the mean luminosity
amplitude shows a modest variation, and it moves either to
slightly smaller or slightly larger values of the mean global
amplitude in the different metallicity bins. This evidence is
suggesting that the dependence of the luminosity amplitude
appears to be significantly milder than the dependence of the
pulsation period. In passing, we also note that the large-
amplitude tail becomes, as expected, more and more relevant in
the metal-rich regime (HASPs).

To overcome the limitation in the number of metallicity bins
and possible subtle fluctuations in correlation between the two
pulsation parameters and the metallicity, we performed a
running average. The entire sample of RRab variables was
ranked as a function of the metal content, and we estimated the

running average with a running box containing 500 objects.
Note that in this estimate, we neglected the very metal-poor
([Fe/H]� –2.7) and metal-rich ([Fe/H]� –0.4) tails due to the
poor statistics in these metallicity ranges. The metallicity and
mean visual amplitude of the bin were estimated as the mean
over the individual iron abundances and visual amplitudes of
the 500 objects included in the box. We estimated the same
quantities moving by one object in the ranked list until we
accounted for the last object in the sample with the most metal-
rich abundance. The solid blue line plotted in the top panel of
Figure 15 shows the running average, while the two dashed
lines display the 1σ standard deviation.
The linear fit (red line) plotted in the same panel shows a

mild increase in the visual amplitude when moving from the
metal-poor to the metal-rich regime. The linear relation fitting
the data is the following:

( ) ( ) · [ ] ( )=  + A 0.84 0.02 0.02 0.01 Fe H . 13V

However, the difference with the mean global amplitude
(horizontal dotted line) is of the order of a few hundredths of a
magnitude. Indeed, the current fit suggests that a variation of
≈2dex in metallicity causes a variation of ∼0.04 mag in visual
amplitude. The current findings clearly indicate that the
association of a luminosity amplitude to an iron abundance
should be cautiously treated; indeed, at a fixed visual
amplitude, field RRLs cover more than 2dex in metal content.
The dependence of the mean period on the iron abundance is

more solid, and indeed, the mean period decreases from 0.63
days in the metal-poor regime ([Fe/H]∼ –2.5) to 0.51 days in
the metal-rich ([Fe/H]∼ –0.5). This means a steady decrease
of 0.12days over a variation of 2dex in metallicity. We
evaluated the running average values (blue solid line in the
middle panel of Figure 15) and performed a linear fit (red line),
finding

( ) ( ) · [ ] ( )= -  - Plog 0.311 0.004 0.044 0.002 Fe H . 14

The linear variation of the mean period as a function of the
metallicity and the similarity of the standard deviation over the
entire sample is further supporting the smooth variation of this
intrinsic parameter when moving from the metal-poor to the
metal-rich regime. To constrain on a more quantitative basis the
possible variations among metal-poor, metal-intermediate, and
metal-rich regimes, we also estimated the difference in period
between individual RRLs and the OoI analytical relation
derived in Section 6. Data plotted in the bottom panel of
Figure 15 show, once again, a smooth variation over the entire
metallicity range, with the following linear relation:

( ) ( ) · [ ]
( )

D = -  - Plog 0.054 0.003 0.040 0.002 Fe H .
15

The current iron abundances allow us to investigate the
correlation existing between the Oosterhoff types and metal
content. In Figure 16, we selected on the Bailey diagram the
candidate RRLs for OoI, OoII, and OoInt around the Oosterh-
off loci defined above. To overcome possible spurious effects
concerning the size of the subsamples, the thickness of the
regions around Oosterhoff loci were selected in order to
provide a similar number of RRLs. The left panels of Figure 16
show the selections we made for OoI (top, in red), OoInt
(middle, in green), and OoII (bottom, in blue) variables,
while the right panels of the same figure display the related

12

The Astrophysical Journal, 882:169 (18pp), 2019 September 10 Fabrizio et al.



metallicity distributions superimposed on the global RRL
distribution (gray solid area). The metallicity trend is clear,
showing a more metal-rich distribution for the OoI, with a

mean iron abundance of [Fe/H]=−1.46, to a more metal-poor
distribution for the OoII, with a mean iron abundance of
[Fe/H]=−1.88.

Figure 14. Period (left panels) and visual amplitude (right panels) distributions of the spectroscopic sample. The red lines display the smoothed distributions. The
sample was split into eight metallicity bins including a similar number of objects (see labeled values). The red arrows mark the mean period and amplitude of the
individual bins. The dashed lines show the mean Plog and AV of the total sample.
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The current findings support the empirical evidence concern-
ing the variation of the mean period as a function of the
metallicity brought forward long ago by Arp (1955) and Kinman
(1959). They also support the period variation suggested by
Sandage in a series of papers (Sandage 1981a, 1981b, 1982).

However, it also suggests that the Oosterhoff dichotomy is
caused by the circumstantial evidence that metal-intermediate
GGCs either lack or only host a few RRLs (the prototype is
M13; Castellani 1983; Renzini 1983). This means that it is not
directly connected with either an evolutionary or a pulsation
property of RRLs. The gap in the mean period between OoI and
OoII globular clusters appears to be the consequence of the GC
diversity.
It is worth mentioning that the hysteresis mechanism was

suggested more than 40 yr ago by van Albada & Baker (1973)
to explain the difference between OoI and OoII clusters as a
variation in the period distribution across the so-called “OR”
region, i.e., the region of the instability strip in which the
variables can pulsate either in the fundamental, the first
overtone, or both (Bono & Stellingwerf 1994). On the basis of
the current findings, we cannot exclude that the hysteresis
mechanism might affect the period distribution across the
instability strip, but its role in explaining the Oosterhoff
dichotomy appears marginal. These working hypotheses are
not new; they were originally suggested by Castellani (1983)
and Renzini (1983) in two contributed papers.
To give them due credit, we decided to quote the paragraphs

in which they addressed this specific issue.
“Concerning the Oosterhoff effect, it now appears that there

is a real gap in [Fe/H] between the two Oosterhoff types, and
the famous discontinuity in á ñPab naturally follows from the
Sandage’s relation: [ ]D = - DPlog 0.06 Fe H . Indeed, BHB
clusters with [ ]á ñ = -Fe H 1.8, just fill the gap between Oo.
type I and II clusters found by Sandage (see Figure 4 in
Sandage 1982). In other words, the Oosterhoff effect is a
consequence of the non-monotonic behavior of the HB with
respect to [Fe/H].” (Renzini 1983).26

“This does not exclude that an hysteresis mechanism is
acting. It only suggests that at the origin of the different
behavior of the two classes there is a discontinuity in the
evolutionary parameters of the clusters. Either one accepts a
real discontinuity in the history of Galactic GCs, or one
concludes that clusters connecting OoI and OoII do exist, but
they have no RR Lyrae.” (Castellani 1983).

7. Stellar Population Comparisons

The new spectroscopic sample allows us to investigate on a
more quantitative basis the difference in the Bailey diagram
and the period distribution between halo RRLs and RRLs in
nearby stellar systems. The candidate halo stars (2354) were
separated from the RRLs belonging to the Sagittarius stream by
using the “spatial overdensity” criterion discussed in Section 2.
Data plotted in panel (a) of Figure 17 display the comparison of
the period distribution between the current spectroscopic
sample (gray shaded area) and the bulge RRLs (OGLEIV;
Soszyński et al. 2014; orange shaded area). Panel (f) shows the
same comparison but in the Bailey diagram, and the bulge
RRLs are marked with orange dots, while the halo spectro-
scopic sample is marked with a black contour (95%level). The
empirical evidence indicates that the period distribution of
bulge RRLs is systematically shorter than that of halo RRLs.
Moreover, the short-period tail is significantly more relevant in
the bulge sample than in the halo. This evidence, together with
a sizable sample of HASPs RRLs (Fiorentino et al. 2015), is

Figure 15. Top: V amplitude as function of [Fe/H]. A running average (blue)
and a linear regression (red) are also displayed. Middle: same as the top but
with the Plog on the y-axis. Bottom: same as the top but with the D Plog on
the y-axis, i.e., the difference in period with the OoI relation. The horizontal
dotted lines mark the mean values of the y-axis.

Figure 16. Bailey diagrams (left panels) and metallicity distributions (right
panels) for the OoI, OoInt, and OoII samples. The gray solid area shows the
distribution, normalized by the total area, of the the entire spectroscopic
sample.

26 The reader interested in a more detailed discussion concerning the early
investigations on Oosterhoff dichotomy is referred to Renzini (1981).
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suggesting that the metallicity distribution of bulge RRLs is
systematically more metal-rich than that of halo RRLs.

Panels (b) and (g) show the comparison between the
spectroscopic sample and cluster RRLs. The difference
concerning the occurrence of the Oosterhoff gap has already
been discussed in Section 6. Here we only mention the large
number of metal-rich RRLs present in the field when
compared with GGCs. The presence of metal-rich RRLs has
been considered a “conundrum” for several decades
(Kraft 1972; Taam et al. 1976; Smith 1984), because metal-
rich ([Fe/H]� –0.7) globular clusters do not host RRLs. This
problem was partially alleviated by the discovery of a sizable
sample of RRLs in the two metal-rich globular clusters

NGC6441 and NGC6338 (Pritzl et al. 2000). The occur-
rence of RRLs at solar metal abundance dates back to Smith
(1984) and Walker & Terndrup (1991); however, these
investigations were based on low-resolution spectroscopy
(ΔS method). Only recently, Sneden and collaborators
measured roughly 30 RRLs at solar metal content by using
HR spectra (Chadid et al. 2017; Sneden et al. 2018). The
current findings soundly support this result and indicate that
the lack of RRLs in bulge, metal-rich globular clusters is
mainly an observational bias. The next Gaia data release,
including accurate estimates of both proper motion and
geometrical distances, will allow us to shed new light on the
possible occurrence of metal-rich cluster RRLs.

Figure 17. Period distribution (left panels) and Bailey diagrams (right panels) of the halo RRab sample compared with different stellar systems. The gray contours and
histograms show the location and distribution (normalized by the total area) of the halo spectroscopic sample (2354).
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The agreement between the current sample and Large
Magellanic Cloud (LMC) RRLs (panels (c) and (h)) is quite
interesting and fully supports the results obtained by Fiorentino
et al. (2015, 2017) based on the entire sample of halo RRLs
known at that time (∼45,000). They found a strong similarity
in both the period distribution and the Bailey diagram between
halo and LMC RRLs and suggested that this is a sound
independent support for the major merging scenario (Zolotov
et al. 2009; Tissera et al. 2014). It is worth mentioning that the
metallicity distribution of LMC RRLs has been investigated by
Clementini et al. (2003). They found an average metal
abundance of [Fe/H]∼ –1.48, and the metallicity distribution
ranges from –2.1 to –0.5dex. The current similarity between
halo and LMC RRLs is suggesting that the latter sample might
cover a broader metallicity range.

The comparison between the spectroscopic sample and the
Small Magellanic Cloud (SMC) RRLs (panels (d) and (i))
shows quite clearly that the former sample includes a tail of
metal-rich RRLs that is not present at all in the SMC. Indeed,
the lack of HASPs is evident both in the period distribution and
in the Bailey diagram. There is only one SMC globular with
an age greater than 10 Gyr hosting RRLs, NGC121 (Walker
& Mack 1988; Fiorentino et al. 2008), and it is once again
metal-intermediate ([Fe/H]∼ –1.28; Dalessandro et al. 2016).
The difference between the SMC and LMC is expected, since
the former stellar system is significantly less massive than the
latter. This means that the chemical enrichment has been less
efficient in the SMC than in the LMC. This is a consequence of
the mass–metallicity scaling relation (Chilingarian et al. 2011).

The role played by the total baryonic mass in the chemical
evolution becomes even more relevant in the comparison with
RRLs in nearby gas-poor dwarf galaxies (panels (e) and (j);
purple shaded area). The RRLs in gas-poor dwarf galaxies
adopted in the current investigation come from the same
sample selected by Braga et al. (2016). These stellar systems
only include a handful of HASPS, i.e., RRab with periods
shorter than ≈0.5 days. The lack of a sizable sample of long-
period, metal-poor RRLs is also quite clear. This is the double
circumstantial evidence causing gas-poor dwarf galaxies to be
“Oosterhoff intermediate.” We have already discussed in
Section 1 the metallicity distribution of nearby dwarf galaxies,
but we would like to add a few words of caution in using it.
Current spectroscopic measurements mainly rely on high-/
medium-resolution spectroscopy of red giants (APOGEE,
Majewski et al. 2017; GALAH, Buder et al. 2018). The
spectroscopic measurements for the stellar systems with
multiple star formation episodes are an average of old- and
intermediate-age stellar populations. This is a consequence of
the so-called age–metallicity degeneracy along the red giant
branch. The consequence is that red giant stars with old/
intermediate-age progenitors and different metallicities attain
similar magnitudes and colors along the red giant branch. A
novel approach to overcome this problem was recently
suggested by Monelli et al. (2014) based on a photometric
index cU,B,I= [(U – B)–(B – I)], but it has only been applied to
the Carina dwarf spheroidal galaxy (Fabrizio et al. 2016) and
indicates that the peak of the old stellar population associated
with RRLs is systematically more metal-poor than the
intermediate-age one associated with red clump stars. New
and accurate spectroscopic measurements are required to fully
investigate the RRLs in gas-poor dwarf galaxies. In passing, we
also note that nearby dwarf galaxies always host RRLs, and the

morphology of the HB is dominated by neither hot/extreme
HB stars nor red HB stars (Bono et al. 2016). Moreover, there
is no evidence of the occurrence of a “second-parameter”
problem among gas-poor dwarf galaxies.

8. Conclusions

The last 20 yr have been quite crucial for the understanding
of stellar populations and evolutionary properties of low-,
intermediate-, and high-mass stars. This relevant step forward
applies not only to Galactic stellar populations but also to
resolved stellar populations in Local Group and Local Volume
galaxies. In spite of these indisputable advantages, several
long-standing astrophysical problems still await a quantitative
explanation of the different physical mechanisms and input
parameters driving their occurrence. The Oosterhoff dichotomy
is among them. Several working hypotheses have been
suggested in the literature, but the lack of accurate and
homogeneous metal abundances hampered a solid explanation
for the occurrence of this phenomenon. In particular, we were
lacking firm clues concerning the role that the environment
plays in explaining the basics of the Bailey diagram. In this
investigation, we estimated new and homogeneous iron
abundances for a sample of 2382 field RRLs by using
medium-resolution SDSS-SEGUE spectra. They were comple-
mented with estimates available in the literature and based on
either high, intermediate, or low spectral resolutions. We ended
up with a sample of 2903 RRLs, the largest and most
homogenous sample of iron abundances ever estimated for
fundamental RRLs. The results we found are summarized in
the following.

1. The ΔS approach adopted to derive the iron abundances
was also validated for a fundamental field RRL (V Ind)
for which we collected X-shooter spectra covering the
entire pulsation cycle. The iron estimates agree, within
the errors, on the whole pulsation period, including the
critical part of the rising branch.

2. We found a metallicity distribution slightly skewed
toward the metal-poor regime, with a mean iron
abundance of [Fe/H]=−1.59±0.01 and a dispersion
of 0.43dex.

3. The RRLs plotted in the period–amplitude plane (Bailey
diagram) allow us to define the period–amplitude
relations for the three Oosterhoff sequences (OoI, OoII,
and OoInt) and to confirm the differences in metal
content among these groups. Indeed, the OoI show an
iron distribution more metal-rich ([Fe/H]=−1.46) than
the OoInt (–1.69) and OoII (–1.88).

4. We were able to find a continuous and linear correlation
between the metallicity and the period, confirming the
theoretical and empirical evidence brought forward in the
literature, indicating that the long-standing problem of
the Oosterhoff dichotomy among GGCs is the consequence
of the lack of metal-intermediate clusters hosting RRLs.

5. We compared the halo RRL period distribution and
Bailey diagram with those of the nearby stellar systems.
In particular, the Galactic bulge and dwarf galaxies differ
from the halo, suggesting a metallicity distribution more
metal-rich for bulge stars against a more metal-poor
distribution for dwarf galaxies.

In this context, it is worth mentioning that the analytical
relations we are providing for OoI, OoII, and OoInt groups
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shall be applied to the mean period of sizable RRL samples.
The standard deviation in metal content at a fixed pulsation
period is too large to be applied to individual RRLs. The above
findings indicate that the new spectroscopic sample is crucial to
address a long-standing astrophysical problem. However, they
should be cautiously treated; indeed, the current analysis is
only based on fundamental RRab variables. A more compre-
hensive empirical scenario awaits for spectroscopic abundances
of first-overtone RRc variables.
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