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ABSTRACT

Corresponding author: Michele Fabrizio

michele.fabrizio@ssdc.asi.it
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Las Campanas Observatory, operated by Carnegie Institution
for Science. Based in part on data collected at Subaru Tele-
scope, which is operated by the National Astronomical Observa-
tory of Japan. Based partly on data obtained with the STELLA
robotic telescopes in Tenerife, an AIP facility jointly operated
by AIP and IAC. Some of the observations reported in this pa-
per were obtained with the Southern African Large Telescope
(SALT). Based on observations made with the Italian Telescopio
Nazionale Galileo (TNG) operated on the island of La Palma by
the Fundación Galileo Galilei of the INAF (Istituto Nazionale di
Astrofisica) at the Spanish Observatorio del Roque de los Mucha-
chos of the Instituto de Astrofisica de Canarias. Based on obser-
vations collected at the European Organisation for Astronomical
Research in the Southern Hemisphere.

ar
X

iv
:2

10
7.

00
91

9v
1 

 [
as

tr
o-

ph
.S

R
] 

 2
 J

ul
 2

02
1

http://orcid.org/0000-0001-5829-111X
mailto: michele.fabrizio@ssdc.asi.it


2 M. Fabrizio et al.

We discuss the largest and most homogeneous spectroscopic dataset of field RR Lyrae variables

(RRLs) available to date. We estimated abundances using both high-resolution and low-resolution (∆S

method) spectra for fundamental (RRab) and first overtone (RRc) RRLs. The iron abundances for

7,941 RRLs were supplemented with similar literature estimates available, ending up with 9,015 RRLs

(6,150 RRab, 2,865 RRc). The metallicity distribution shows a mean value of 〈[Fe/H]〉 = −1.51±0.01,

and σ(standard deviation)= 0.41 dex with a long metal-poor tail approaching [Fe/H] ' −3 and

a sharp metal-rich tail approaching solar iron abundance. The RRab variables are more metal-rich

(〈[Fe/H]〉ab = −1.48±0.01, σ = 0.41 dex) than RRc variables (〈[Fe/H]〉c = −1.58±0.01, σ = 0.40 dex).

The relative fraction of RRab variables in the Bailey diagram (visual amplitude vs period) located along

the short-period (more metal-rich) and the long-period (more metal-poor) sequences are 80% and 20%,

while RRc variables display an opposite trend, namely 30% and 70%. We found that the pulsation

period of both RRab and RRc variables steadily decreases when moving from the metal-poor to the

metal-rich regime. The visual amplitude shows the same trend, but RRc amplitudes are almost two

times more sensitive than RRab amplitudes to metallicity. We also investigated the dependence of the

population ratio (Nc/Ntot) of field RRLs on the metallicity and we found that the distribution is more

complex than in globular clusters. The population ratio steadily increases from ∼0.25 to ∼0.36 in the

metal-poor regime, it decreases from ∼0.36 to ∼0.18 for −1.8 ≤ [Fe/H] ≤ −0.9 and it increases to a

value of ∼0.3 approaching solar iron abundance.

Keywords: Stars: variables: RR Lyrae — Galaxy: halo — Techniques: spectroscopic

1. INTRODUCTION

The Oosterhoff dichotomy is one of the most interest-

ing problems in modern astrophysics. It was first de-

scribed by the seminal work of Oosterhoff (1939), where

he investigated the period distribution of cluster RR

Lyrae (RRLs) and found that Galactic globular clus-

ters (GCs) hosting RRLs can be split into two different

groups. The so-called Oosterhoff type II (OoII) clus-

ters have a mean period for fundamental mode RRLs

(RRab) of 〈Pab〉 ' 0.651 days and a mean period for

first overtone RRLs (RRc) of 〈Pc〉 ' 0.356 days, while

the Oosterhoff type I (OoI) clusters have a mean period

for RRab of 〈Pab〉 ' 0.557 days and a mean period for

RRc of 〈Pc〉 ' 0.312 days (van Agt & Oosterhoff 1959;
Cacciari & Renzini 1976; Sandage 1981; Lee et al. 1990;

Bono et al. 2016). This finding was further strength-

ened by the spectroscopic evidence that OoI GCs are

more metal-rich and cover a broad range in metal abun-

dances, while OoII GCs are more metal-poor stellar sys-

tems (Arp 1955; Sandage & Wallerstein 1960). These

empirical separations show up very clearly in the so-

called Bailey diagram (luminosity amplitude vs logarith-

mic period), indeed, OoII GCs attain, at fixed luminos-

ity amplitude, pulsation periods that are systematically

longer than OoI GCs.

Subsequent investigations brought forward that the

RRL population ratio, i.e. the ratio between the num-

ber of RRc (Nc) variables and the total number of RRLs

(Ntot = Nab + Nc)
1 is, together with mean period, the

most popular pulsation diagnostic to dictate the differ-

ence between OoI and OoII GCs (Stobie 1971; Castel-

lani & Quarta 1987). Indeed, the population ratio for

OoII GCs is Nc/Ntot ∼ 0.44, while for OoI GCs is

Nc/Ntot ∼ 0.29 (Braga et al. 2016). The values of both

mean periods and population ratios typical of OoI and

OoII GCs depend on the criteria adopted to select clus-

ter variables (Fiorentino et al. 2015), but the quoted

estimates are only marginally affected.

The literature concerning the Oosterhoff dichotomy

is vast and includes theoretical (Lee et al. 1994; Bono

et al. 1995; Cassisi et al. 2004), photometric (Lee & Car-

ney 1999) and spectroscopic (van den Bergh 1993) in-

vestigations. However, a comprehensive empirical sce-

nario concerning the Oosterhoff dichotomy in field and

cluster RRLs was built over half century by Sandage

(2010, and references therein). This is the reason why

the same problem is known in the literature as the

”Oosterhoff-Arp-Sandage” period-shift effect (Catelan

& Smith 2015, and references therein).

During the last few years the large photometric sur-

vey of nearby dwarf galaxies breathed new life into this

classical problem. RRLs in Local Group galaxies and

in their GCs have mean fundamental periods that fill

the so-called Oosterhoff gap, indeed they attain inter-

mediate values (0.58 < Pab < 0.62 days) between OoI

1 Note that in the following we are considering mixed mode vari-
ables (RRd) together with first overtone variables, because the
dominat mode is typically the first overtone.
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Figure 1. Top: selected low-resolution spectra for three
fundamental RRLs with different iron abundances (see la-
beled values) from the LAMOST (orange) and the SEGUE
(grey) datasets. The Gaia EDR3 IDs are also labelled. The
left panels display the region across the Ca II K line, while
the right ones the region across the Hβ line. Bottom: Same
as the top, but for three RRc variables.

and OoII GCs (Petroni & Bono 2003; Catelan 2009).

This circumstantial evidence indicates that the envi-

ronment affects the Oosterhoff dichotomy (Fiorentino

et al. 2015). Moreover and even more importantly, de-

tailed and comprehensive investigations of three metal-

rich clusters (NGC 6388, Pritzl et al. 2002; NGC 6441,

Pritzl et al. 2003; NGC 6569, Baker et al. 2007) and

of the most massive Galactic GC (ω Cen, Braga et al.

2016) further strengthened the possible occurrence of

additional Oosterhoff groups.

A new spin concerning this classical problem was re-

cently provided by Fabrizio et al. (2019). They provided

new metallicity estimates using low resolution spectra

collected by SEGUE (Lee et al. 2008) for more than

3,000 field RRLs. This means an increase by almost one

order of magnitude with similar data available in the lit-

erature. They found that the Oosterhoff dichotomy was

mainly caused by the fact that metal-intermediate GCs

lack of sizeable samples of RRLs. Indeed, field RRLs dis-

play a steady variation in the period distribution and in

the Bailey diagram when moving from the metal-poor to

the metal-rich regime. However, this investigation was

hampered by two limitations: i) the analysis was only

based on fundamental variables; ii) they did not investi-

gate the dependence of the population ratio on the iron

content.

In the following we address these key issues by us-

ing new homogeneous metallicity estimates (see Sect. 2)

based on high-resolution spectra and on a new calibra-

tion of the ∆S method (Crestani et al. 2021b). This

catalog was supplemented with similar metallicity esti-

mates available in the literature (see Sect. 3). As a whole

we ended up with a spectroscopic catalog including 9,015

RRLs (6,150 RRab, 2,865 RRc) with at least one metal-

licity estimate. In Section 4 we discuss the metallicity

distribution function of the spectroscopic catalog and

investigate the difference between RRc and RRab vari-

ables. Section 5 deals with the distribution of the spec-

troscopic catalog into 2D and 3D realisations of the Bai-

ley diagram. In this section are also discussed the phys-

ical mechanisms affecting the Bailey diagram, and in

particular, the role played by the Blazhko phenomenon.

Section 6 is focussed on the dependence of the pulsation

period and visual amplitude on metallicity. The rela-

tion between the population ratio and the metallicity

for field RRLs is analysed in Section 7, together with a

detailed comparison of cluster RRLs and their horizontal

branch morphology. Section 8 includes the summary of

the current findings and a few brief remarks concerning

the future developments of this project.

2. METALLICITY MEASUREMENT

The metallicity estimates of RRLs were derived by

using the most updated version of the ∆S method.

The ∆S method was originally introduced by Preston

(1959), and it is based on the comparison of the pseudo-

equivalent width (EW) of the Ca II K and hydrogen Hβ,

Hγ, Hδ lines, and it was used exclusively for the fun-

damental RRL variables by following the prescriptions

developed by Layden (1994). The use of this diagnos-
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Table 1. RR Lyrae spectroscopic datasets. The columns 3, 4, and 5 list the total number of RRLs, the number of calibrating
RRLs and the number of RRLs included in the spectroscopic catalog. The columns 6 and 7 give the zero-points and the slopes
of the linear relations adopted to transform literature iron abundances into our metallicity scale. The last column lists the
standard deviation of the fit.

Source Priority Ntot. Ncal. Nsel. a± εa b± εb σfit

HR our 1 190 . . . 190 . . . . . . . . .

HR lita 2 56 . . . 56 . . . . . . . . .

∆S 3 7928 . . . 7751 . . . . . . . . .

Zinn et al. (2020) 4 462 243 219 −0.01 ± 0.05 1.03 ± 0.03 0.23

Liu et al. (2020) 5 4805 4093 708 −0.41 ± 0.10 0.66 ± 0.07 0.23

Dambis et al. (2013) 6 399 242 10 −0.01 ± 0.05 1.03 ± 0.03 0.25

Duffau et al. (2014) 7 59 25 29 0.13 ± 0.23 0.90 ± 0.13 0.20

Sesar et al. (2013) 8 50 24 23 0.14 ± 0.33 0.93 ± 0.16 0.12

RAVE 9 21 . . . 5 . . . . . . . . .

SEGUE-SSPP 10 2781 2756 24 −0.56 ± 0.02 0.62 ± 0.01 0.24

a A compilation from Fernley & Barnes (1996), Lambert et al. (1996), For et al. (2011), Liu et al. (2013), Nemec et al.
(2013), Govea et al. (2014), Pancino et al. (2015), Sneden et al. (2017), Chadid et al. (2017), Andrievsky et al. (2018), as

collected and normalised by Crestani et al. (2021b).

tic requires transformation onto a standard EW system

by calibrating these measured calcium and hydrogens

EWs with values of a set of spectroscopic ”standards”

with the same spectrograph and instrument configura-

tion used to collect the scientific data. Such an approach

has been recently upgraded by Crestani et al. (2021b)

providing a new calibration of the ∆S method, based on

a large sample of high-resolution spectra for more than

140 RRLs. The advantages of this new calibration are i)

the extension of the ∆S also to RRc variables, ii) the in-

dependence from the transformations between different

EW systems and iii) the opportunity to use only one,

two or all three Balmer lines.

In this investigation we used the same spectroscopic

sample presented in Crestani et al. (2021b). It is

mainly based on 5,885 low-resolution (R ∼ 2000) spec-

tra collected by the Sloan Extension for Galactic Explo-

ration and Understanding Survey of the Sloan Digital

Sky Survey (SEGUE-SDSS, Yanny et al. 2009; Alam

et al. 2015)2, covering 3,004 RRab and 1,562 RRc

stars. Moreover, we took advantage of the huge spectro-

scopic dataset collected by the Large Sky Area Multi-

Object Fiber Spectroscopic Telescope DR6 (LAMOST,

Cui et al. 2012; Zhao et al. 2012) for which data with

a resolution of R ∼ 2000 are available. A sample of

5,067 spectra were downloaded from the on-line query

interface3 by using a search radius of 2.0 arcsec around

each target listed in the RRLs photometric catalogue

(see Sect.2 in Crestani et al. 2021b), and we ended up

2 https://dr16.sdss.org/optical/spectrum/search
3 http://dr6.lamost.org/search

with 2,469 RRab and 1,182 RRc variables with LAM-

OST spectra (490 in common with SEGUE). Figure 1

shows representative spectra for the LAMOST (orange)

and the SEGUE (grey) low-resolution (LR) datasets,

for three RRab (top panels) and three RRc (bottom

panels), in the region of Ca II K and Hβ lines, with dif-

ferent iron abundance. The profiles of Hγ and Hδ are

very similar to that of Hβ and therefore they are not

shown. The similarity between LAMOST and SEGUE

datasets allows us to use the same approach and wave-

length limits described in Crestani et al. (2021b) to mea-

sure the EWs involved in the ∆S method by using an

updated IDL4 version of the EWIMH5 program (Fabrizio

et al. 2019; Layden 1994). Additionally, we similarly ap-

plied this method to 178 stars with low signal-to-noise

spectra collected at higher resolution (see below) and

degraded to a spectral resolution of R ' 2000 and sam-

pling ∆ log(λ) = 0.0001, in order to mimic the native

resolution of the SEGUE data. Finally, we applied the

relation described in Eqn. 1 of Crestani et al. (2021b) to

obtain an estimate of [Fe/H]∆S for 7,928 RRL variables.

The reader interested in more a detailed discussion con-

cerning the comparison between the metallicity scale for

field RRLs, based on both high- and low-resolution spec-

tra, is refereed to Sections 4 and 6 in Crestani et al.

(2021b).

Moreover, we also extended the high-resolution (HR,

R ' 35, 000) sample — including data collected with

4 https://www.harrisgeospatial.com/Software-Technology/IDL
5 http://physics.bgsu.edu/∼layden/ASTRO/DATA/EXPORT/

EWIMH/ewimh.htm

https://dr16.sdss.org/optical/spectrum/search
http://dr6.lamost.org/search
https://www.harrisgeospatial.com/Software-Technology/ IDL
http://physics.bgsu.edu/~layden/ASTRO/DATA/EXPORT/ EWIMH/ewimh.htm
http://physics.bgsu.edu/~layden/ASTRO/DATA/EXPORT/ EWIMH/ewimh.htm
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Figure 2. Distribution in Galactic coordinates of the entire spectroscopic sample (9,015 variables). RRLs coming from different
spectroscopic datasets are marked with different symbols and/or colours (see labels and Table 1).

the echelle spectrographs at du Pont (Las Campanas

Observatory)6 and at STELLA (Izana Observatory)6,

UVES and X-shooter at VLT (Cerro Paranal Observa-

tory)7, HARPS at the 3.6m telescope and FEROS at the

2.2m telescope (La Silla Observatory)7, HARPS-N at

the Telescopio Nazionale Galileo (Roque de Los Mucha-

chos Observatory)6, the HRS at SALT (South African

Astronomical Observatory)6, and the HDS at Subaru

(National Astronomical Observatory of Japan)8 — for

154 RRab and 36 RRc, ending up with 190 RRLs in the

HR sample. The metallicity estimation of these spec-

tra was performed by following the classical approach

as described in Crestani et al. (2021b).

3. THE RRL SPECTROSCOPIC CATALOG

As described in Sect. 2, we have estimated the [Fe/H]

of 190 RRLs by means of HR spectroscopic analysis and

of 7,928 RRLs by adopting the ∆S method on LR spec-

tra. In the last 25 years, several papers providing [Fe/H]

for RRLs were published. Therefore, we have supple-

mented our own [Fe/H] estimates with those from the

literature, to build up an extended catalog of spectro-

scopic metallicities for RRLs.

To provide a clear picture of the data available in the

literature and of the priority ranking that we are going

to adopt, we have separated the [Fe/H] estimates found

6 Private communication. They will become available in a
few months, because they are associated with a PhD project
(Crestani et al. 2021, in preparation).

7 http://www.eso.org/sci/observing/phase3/data streams.html
8 https://stars2.naoj.hawaii.edu/

in the literature into those coming from either HR or

LR spectroscopy. More specifically, we have collected

[Fe/H] estimates based on HR data of 56 RRLs from

ten different papers (see the references listed in Tab. 1)

and on LR data of 1,018 RRLs from both RRL-specific

papers and from large spectroscopic surveys like RAVE

(Steinmetz et al. 2006) and SEGUE (from the Stellar

Parameter Pipeline - SSPP, Lee et al. 2008).

We ended up with metallicities for 9,015 RRLs. This

overall value is smaller than the sum of the quoted

sources for two different reasons. i) We performed a

double and in some cases a triple visual check of the

spectra for faint targets (G ≤ 19.5 mag). We found that

a few hundred of them have had spectra with signal-to-

noise ratios that were borderline for a solid metallicity

estimate. They were removed. ii) There are a few hun-

dreds of RRLs with [Fe/H] estimates from more than one

source. For this reason, we have ranked the priorities of

the different sources as indicated in Table 1.

The quoted priority rank is based on the following cri-

teria, sorted by decreasing relevance: i) the highest pri-

ority is given to HR spectroscopic measurements; sub-

sequently to ii) our own estimates based on ∆S; iii)

lowest priority to the large datasets. These criteria

were finally weighted by other factors (instrumentation,

method adopted, uncertainties, single vs multiple mea-

surements) to provide the final ranking.

Table 1 provides the number of RRLs (Ntot.) with

[Fe/H] estimates from each source and the final number

(Nsel.) adopted in our spectroscopic catalog by follow-

ing the quoted priority ranking. The sky distribution of

the final spectroscopic sample is plotted in Fig. 2 where

http://www.eso.org/sci/observing/phase3/data_streams.html
https://stars2.naoj.hawaii.edu/
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metallicity estimates coming from different sources are

plotted with different symbols and/or colours.

In order to obtain a homogeneous spectroscopic cat-

alog, we calibrated the different literature [Fe/H] esti-

mate based on LR datasets onto the same metallicity

scale used for the HR and ∆S samples. Indeed, the ”HR

our” (containing our own HR estimates), ”HR lit” (con-

taining the literature HR estimates) and ∆S estimates

are already in the same metallicity scale. Therefore

we joined them into a single group (HR+∆S) of 7,997

RRLs and we selected the RRLs in common between

(HR+∆S) and the individual LR samples (Ncal.). To

convert the LR metallicities to our scale, we have fitted

[Fe/H]HR+∆S as function of the [Fe/H]LR, for each sam-

ple with priority from 4 to 10 (see column 2 in Table 1).

The coefficients of the [Fe/H]HR+∆S = a+ b · [Fe/H]LR

fits and their total uncertainties are listed in Table 1.

Finally, we have adopted the quoted fits to convert

the metallicities from the LR samples into our scale.

Note that we could not perform this step for the RAVE

metallicities because we found only one match between

the RAVE and the HR+∆S RRLs, therefore the RAVE

metallicities were not converted. We also note that, the

fits for the Zinn et al. (2020), Dambis et al. (2013), Duf-

fau et al. (2014) and Sesar et al. (2013) samples are close

to the bisector, meaning that their metallicities are —

taking account of the uncertainties — already in a scale

very similar to our own. Additionally, we found that the

metallicity scales of Liu et al. (2020) and SEGUE-SSPP

are different to ours. The difference between our own

scale and that of Liu et al. (2020) was already found by

Crestani et al. (2021b) and is due to the different scale

of their calibrators.

Note that a similar version of the current spectroscopic

catalog, but only focussed on the radial velocity curve

templates based on different spectroscopic diagnostics

(metallic lines, Balmer lines), is discussed in the fifth

paper of this series (Braga et al. 2021, ApJ submitted).

4. THE METALLICITY DISTRIBUTION

Data plotted in the top panel of Fig. 3 display the

apparent un-reddened magnitude of the entire spectro-

scopic sample. 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 & Vanden-

Berg (2018) relation. The key advantage of the cur-

rent sample when compared with similar datasets avail-

able in the literature is that RRLs cover the entire Halo,

since their Galactocentric distances range from a few kpc

to the outskirts of the Galactic Halo (RG≥140 kpc).

Figure 3. Top: un-reddened G magnitude distributions of
the total RRL sample (grey), RRab (blue) and RRc (red)
samples with spectroscopic measurements. The small inset
displays a zoom-in of the histogram in the bright magnitude
end. The large inset shows the same magnitude distribu-
tions, but area normalised. Middle: Metallicity distribution
of the entire spectroscopic sample (grey) together with the
metallicity distribution for RRab (blue) and RRc (red) vari-
ables. The solid line shows the smoothed metallicity distri-
bution. The small insets display zoom-in of the histogram in
the metal-poor and metal-rich tails. The large inset shows
the same metallicity distributions, but area normalised. Bot-
tom: Period distribution of the entire spectroscopic sample
for RRab (blue) and RRc (red) variables.

The individual distances were estimated by using pre-

dicted optical, near-infrared and mid-infrared Period-

Luminosity-Metallicity relations (Marconi et al. 2015,

2018) and they will be discussed in a forthcoming pa-

per. The un-reddened apparent magnitude distributions

of both RRab (blue) and RRc (red) variables are quite

similar, thus suggesting similar completeness limits.

The metallicity distribution of RRab variables is sys-

tematically more metal-rich (〈[Fe/H]〉ab = −1.48 ±
0.01, σ = 0.41 dex) than that of the RRc variables

(〈[Fe/H]〉c = −1.58 ± 0.01, σ = 0.40 dex, see middle

panel of Fig. 3). This finding supports previous esti-

mates by Liu et al. (2020) and by Crestani et al. (2021b),

which were based on smaller datasets. In this context, it
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is worth mentioning that the RRc display a smooth low-

metallicity tail, while the RRab display a well defined

jump for [Fe/H] ' −1.70 followed by another small in-

crease at [Fe/H] ' −1.60. In fact, a metallicity peak for

RRc more metal-poor than RRab variables is expected

from evidence on the distribution of horizontal branch

(HB) stars across the RRL instability strip. The current

empirical and theoretical evidence indicates that metal-

licity is the main parameter driving the HB morphology.

An increase in the metal content causes the HB mor-

phology to become systematically redder (Torelli et al.

2019). Stellar evolution theory (Bono et al. 2019) and

observations (Coppola et al. 2015; Braga et al. 2018)

show that RRc populate the hottest and bluest portion

of the instability strip. The topology of the instability

strip and the dependence of the HB morphology on the

metal content provide a qualitative explanation of the

reason why RRc variables can be more easily produced

in the metal-poor than in the metal-rich regime.

The bottom panel of Fig. 3 shows the period distri-

bution of the spectroscopic sample. Note that the cur-

rent sample is covering the full period range of RRLs.

RRab have periods ranging from ∼0.4 days to almost

one day, while the RRc range from ∼0.2 days to ∼0.5

days, and the global fraction of RRc variables is roughly

1/3 of the entire sample. This finding supports theoret-

ical predictions suggesting that the temperature region

in which RRc variables attain a stable pulsation cycle

is roughly 1/3 of the entire width in temperature of the

instability strip (Bono & Stellingwerf 1994). Note that

in this plain explanation we are assuming that the cen-

tral He burning lifetime of HB stars is almost constant

across the instability strip. In passing, we note that the

inclusion of RRc variables is crucial to investigate the

topology of the instability strip and to address several

open problems concerning field and cluster RRLs. How-

ever, their inclusion brings forward the thorny problem

of short period eclipsing binaries mimicking the lumi-

nosity variation typical of RRc variables (Botan et al.

2021). To overcome the contamination of eclipsing bi-

naries we devised a new method based on the optical

(Gaia, Clementini et al. 2019) and mid-infrared (MIR

from NEOWISE, Mainzer et al. 2011) amplitude ra-

tios. The eclipsing binaries, in the amplitude ratio vs

pulsation period plane, cluster within the uncertainties

around an amplitude ratio of 1, meaning that the MIR

amplitude is similar to the the optical one. Regular

RRL variables show in the same plane amplitude ratios

ranging from ≈0.2 (RRc) to ≈0.4 (RRab). However, the

MIR amplitudes are only available for ∼1% of the RRc

variables in the spectroscopic sample. To overcome this

limitation we also used the Fourier parameters of the

optical light curves together with a visual inspection of

their light curves. This novel approach will be discussed

in detail in a forthcoming paper (Mullen et al. 2021, in

preparation).

5. THE BAILEY DIAGRAM

To further improve the analysis of the fine structure

of the Bailey diagram, the left panel of Fig. 4 shows

in a 3D plot the distribution of RRc variables in the

logarithmic period vs metallicity plane. The 3D distri-

bution was smoothed by using a Gaussian kernel with

unitary weight and σ equal to the mean error on the

metallicity estimates. The light red plane9 separate

short-period (SP) from long-period (LP) RRc variables.

The same approach was adopted to separate short- from

long-period RRab variables and the right panel of Fig. 4

shows the 3D plot of the Bailey diagram (logarithmic

period vs visual amplitude). The 3D distribution was

smoothed by using the same approach adopted for RRc

variables, but the σ is equal to the mean error on the

luminosity amplitudes. The light blue plane10 separate

SP from LP RRab variables. This plane is very similar

to the dotted–dashed line plotted in the bottom panel of

Fig. 13 in Fabrizio et al. (2019) showing the Oosterhoff

intermediate loci and defined as the ”valley” between

the two main overdensities. Note that the visual am-

plitudes (AV ) adopted in this investigation come from

two different sources: a) G-band time series photometry

collected by Gaia. The light curves were folded by using

the periods provided within Gaia DR2 and fitted with

Fourier series. The G-band amplitude was estimated

as the difference G(min)–G(max) of the analytical fit.

The G-band amplitudes were then transformed into V -

band amplitudes by using Eqn.2 from Clementini et al.

(2019). b) For RRLs with poor Gaia phase coverage, AV

estimates were collected from the literature. As before,

AV is the difference between the brightest and faintest

point of the analytical fit. It is worth mentioning that,

in the analysis of the Bailey diagram, we did not include

RRLs for which the mean magnitude was estimated by

an optical light curve template (i.e. those from Pan-

STARRS and DECam, Sesar et al. 2017; Stringer et al.

2019). In fact, despite G-band amplitudes are available

for these stars, the amplitudes come from the template

9 To separate SP and LP RRc variables we adopted the follow-
ing plane: [Fe/H] = −7.03(±2.42) − 10.80(±3.88) · logP [σ =
0.82 dex]

10 To separate SP and LP RRab variables we adopted the following
plane: AV = −1.39(±0.09)−13.76(±0.97) · logP −15.10(±2.64) ·
logP 2 [σ = 0.19 mag]
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Figure 4. Left: 3D period-metallicity distribution for RRc variables. The distribution was smoothed by using a Gaussian
kernel with unitary weight and σ equal to the mean error on the metallicity. The light red plane splits the short- from the
long-period variables. Right: same as the left, but for RRab variables in the 3D Bailey (logarithmic period vs visual amplitude)
distribution. The blue sky plane splits short from long-period RRab variables.

Table 2. Parameters of the plane fits AV = a+ b · [Fe/H] + c · logP + d · (logP )2 + e · (logP )4

a± εa b± εb c± εc d± εd e± εe σfit

RRab - Short Period −3.53 ± 0.13 −0.019 ± 0.003 −29.62 ± 1.32 −52.37 ± 3.63 +49.88 ± 7.69 0.19

Long Period −0.51 ± 0.06 −0.032 ± 0.007 −7.69 ± 0.68 −4.52 ± 1.83 . . . 0.18

RRc - Short Period −12.86 ± 3.50 −2.43 ± 0.60 −17.48 ± 4.69 . . . . . . 0.77

Long Period −5.43 ± 0.46 −1.26 ± 0.09 −8.35 ± 0.25 . . . . . . 0.58

fitting of the data, hence they are not homogeneous with

AV estimates from the previous sources a) and b).

The separation between SP and LP variables can be

further investigated with the iso-contour plots for both

RRc (red dots) and RRab (blue dots) variables in the

Figure 5. Bailey diagram of the spectroscopic sample: vi-
sual amplitude vs logarithmic period for both RRc (red) and
RRab (blue) variables. The contours display iso-density lev-
els ranging from 5 to 95% with steps of ∼10%.

canonical Bailey diagram of Fig. 5. Data plotted in this

figure show that the distribution of RRLs is, as expected,

far from being homogeneous. The iso-contours associ-

ated with RRab variables show that the bulk of RRab

variables are mainly distributed along the SP sequence,

while the LP sequence only includes a minor fraction

of RRab variables (∼80% vs ∼20%). The RRc variables

display an almost flat amplitude distribution for periods

ranging from logP = −0.57 to logP = −0.35. However,

the RRc variables display an opposite trend when com-

pared with RRab variables, indeed the fraction of SP

(logP ≤ −0.51) RRc variables is significantly smaller

than the fraction of LP ones. The current data, indeed,

are suggesting relative fractions of ∼30% and ∼70%, re-

spectively (see Sect. 7 for more quantitative details).

To summarise the observed correlation among pulsa-

tion period, visual amplitude and iron content, Fig. 6

shows the 3D distribution of the entire spectroscopic

sample. Note that the iron content is colour-coded (see

the bar on the right) and moves from dark blue (very

metal-poor) to dark red (very metal-rich). We per-

formed an analytical fit connecting the three key pa-

rameters (period, visual amplitude, metallicity) inde-
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Figure 6. Left: 3D Bailey diagram (visual amplitude, logarithmic period, metallicity) for RRc variables. The metallicity
is colour-coded as shown by the colour bar on the right. The coral and cyan planes display the analytical fits tracing more
metal-rich (short-period) and more metal-poor (long-period) sub-groups of RRL variables (see text for more details). Right:
Same as the left, but for RRab variables.

Figure 7. Bailey diagram of the spectroscopic sample. The metallicity is colour-coded as in Fig. 6 and the colour bar is plotted
on the right. The dashed line marks the relation used to separate RRc (shorter periods) and RRab (longer periods) variables
Clementini et al. (2019). The solid lines display the analytical relations tracing more metal-rich (short-period, red solid lines)
and more metal-poor (long-period, blue solid lines) overdensities for both RRab and RRc variables (see text for more details).

pendent of distance and reddening. The coefficients of

the fit, their errors and the standard deviations of the

different relations are listed in Table 2. Note that the

cyan and coral planes trace overdensities associated with

more metal-rich (SP) and more metal-poor (LP) sub-

groups of RRL variables. In passing, we also note that

the standard deviation in metal content is, at a fixed

pulsation period, too large to apply these relations to

individual RRLs. Indeed, the analytical relations shall

be applied to periods and amplitudes of sizeable RRL

samples.

Fig. 7 shows the classical Bailey diagram for the entire

spectroscopic sample, but the symbols are colour-coded

following the same metallicity scale adopted in Fig. 6.

To properly identify in the canonical Bailey diagram the

short- and the long-period sequences among the RRab
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variables, the analytical fits discussed above were cut at

fixed iron content ([Fe/H] = −1.5). The ensuing two-

dimensional relations for the short- and the long-period

sequences are the following:

SP :AV [mag] =−3.50(±0.13) +

[σ = 0.19 mag] −29.62(±1.32) · logP +

−52.37(±3.63) · (logP )2 +

+49.88(±7.69) · (logP )4 (1)

LP :AV [mag] =−0.46(±0.06) +

[σ = 0.18 mag] −7.69(±0.68) · logP +

−4.52(±1.83) · (logP )2 (2)

and they are plotted as a red and a blue solid line in the

RRab region of Fig. 7.

We have already mentioned that RRc variables dis-

play a smooth transition when moving from the short-

to the long-period range. A plausible separation can

only be attained by using the 3D distribution. How-

ever, we decided to follow the same approach adopted

for RRab variables and we cut the analytical fits at

[Fe/H] = −1.60. The two dimensional analytical re-

lations we obtained are the following:

SP :AV [mag] =−8.97(±3.55) +

[σ = 0.90 mag] −17.48(±4.69) · logP (3)

LP :AV [mag] =−3.42(±0.32) +

[σ = 0.40 mag] −8.35(±0.25) · logP (4)

and they are plotted as a red and a blue solid line in the

RRc region of Fig. 7.

Data plotted in this figure display quite clearly that an

increase in the metal content causes a systematic shift

of both RRab and RRc towards shorter pulsation pe-
riods. The adopted colour coding shows that the more

metal-rich RRLs (from yellow to red) are mainly located

in the short-period tail. We also note that the metal-

licity dependence is stronger among RRc than RRab

variables. Indeed, RRc with periods shorter than 0.25

days are systematically more metal-rich than the bulk of

RRc variables. A similar effect is also present among the

RRab, defining the so-called High Amplitude Short Pe-

riod (HASP) variables (P < 0.48 days, AV > 0.75 mag,

Fiorentino et al. 2015). Indeed, the relative fraction of

RRab variables located in the HASP region more metal-

rich than [Fe/H] = −1.5 is 75%, while their mean metal-

licity is 〈[Fe/H]〉HASP = −1.25 ± 0.02 (σ = 0.42 dex).

The current findings soundly support the estimates by

Fabrizio et al. (2019) using iron abundances based on

low-resolution spectra for ∼2,900 RRab variables and,

more recently, by Crestani et al. (2021b) using iron

abundances based on high-resolution spectra for 143

RRLs (111 RRab, 32 RRc). In passing, we also note

that a similar trend for the pulsation period as func-

tion of the metallicity was already found in the Galac-

tic Bulge by using data from the MACHO survey for a

thousand of RRab stars (Kunder & Chaboyer 2009) and

more recently by using more than 8,100 RRab variables

(Prudil et al. 2019).

6. THE DEPENDENCE OF PERIODS AND

LUMINOSITY AMPLITUDES ON

METALLICITY

To further investigate the dependence of both periods

and amplitudes on the metallicity we divided the entire

spectroscopic sample into ten different metallicity bins.

The range in metallicity of the different bins was ad-

justed in such a way that each bin includes one tenth of

the total sample. The left and the right panels of Fig. 8

display the period and the visual amplitude distributions

in the ten metallicity bins (see labeled values).

Data plotted in the left panels display very clearly that

the mean of the period distribution for both RRab (in

blue) and RRc (in red) when moving from the metal-

poor (top panels) to the metal-rich (bottom panels)

regime decreases from logP ' −0.20 to logP ' −0.26

for RRab and from logP ' −0.42 to logP ' −0.51

for RRc variables. The dashed vertical lines show the

mean periods of the entire sample (〈logP 〉ab = −0.240,

〈logP 〉c = −0.477). The variation of the mean period

among the ten metallicity bins is of the order of 23%

(∆ logP = 0.055) for RRab and of the order of 14%

(∆ logP = 0.083) for RRc variables.

The difference between the period distribution of

RRab and RRc variables becomes even more evident

if we take into account the variation of the standard de-

viations. Data plotted in the left panels show that the

period distribution becomes less and less peaked when

moving from the metal-poor to the metal-rich regime.

This trend is more relevant for RRc variables, because

the standard deviation in the most metal-rich bin is a

factor of two larger than the typical standard deviation

of the metal-poor metallicity bins, despite all bins shar-

ing the same number of objects, and although the last

bin covers a large range in metallicity.

The visual amplitudes display a similar behaviour

(right panels): an increase in metal content causes a

steady decrease in the mean visual amplitude. The

effect is more relevant for RRc than for RRab vari-

ables. Indeed, the AV for RRc variables decreases

from ∼0.44 mag to 0.32 mag (∼25%). The RRab vari-

ables show a different trend: the amplitude increases

from ∼0.75 mag to ∼0.80 mag, when moving from the
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Figure 8. Period (left panels) and visual amplitude (right panels) distributions of the spectroscopic sample. The sample was
split in ten metallicity bins (see labelled values) including a similar number of objects. The solid lines display the smoothed
distributions. The arrows mark the mean period and the mean amplitude of the individual bins for RRab (blue) and RRc (red)
variables. The dashed lines show the mean logP (−0.240 and −0.477) and mean AV (0.40 and 0.77 mag) of the total sample.



12 M. Fabrizio et al.

Figure 9. Top: Visual amplitude as function of iron abun-
dance for RRab (grey dots) and RRc (dark yellow dots).
The blue and the red solid lines display the running averages
for RRab and RRc variables and the shaded areas show the
corresponding standard deviation. The dot-dashed lines dis-
play the linear regressions and their coefficients are labelled.
Bottom: Same as the top, but with the logP on the y-axis.

metal-poor to the metal-intermediate regime, while it

decreases from ∼0.80 mag to ∼0.72 mag when moving

from the metal-intermediate to the metal-rich regime.

To investigate on a more quantitative basis the metal-

licity dependence of both periods and visual amplitudes

we performed a linear fit over the entire metallicity range

(see Fig. 9). To overcome spurious fluctuations in the

metal-poor and in the metal-rich regime we performed

a running average. The entire sample of RRab variables

(grey diamonds) was ranked as a function of the metal

content, and we estimated the mean with a running box

including 500 variables. The solid blue line plotted in

the top panel of Fig. 9 shows the running average and

the two dashed lines display the 1σ standard deviation.

The same approach was adopted for RRc variables (yel-

low diamonds), the red solid and dashed lines plotted

in the same panel show their running average and their

standard deviations.

To validate the spectroscopic sample adopted to es-

timate the dependence of the luminosity amplitude on

the metal content we performed several tests. To quan-

tify the impact that RRL with amplitude modulation

have on the global distribution we neglected candidate

Blazhko RRLs (see Sect. 6.1). Furthermore, we also

tested the dependence on the faint tail and we neglected

variables fainter than the G=17 mag (i.e. the peak

in the apparent magnitude distribution of Fig. 3). We

found that the coefficients of the analytical relations for

both the visual amplitudes and the pulsation periods

are, within the errors, identical.

To constrain on a more quantitative basis the differ-

ence between the trend of RRab and RRc variables we

performed a linear fit of the entire sample and we found:

RRab :AV [mag] = 0.716(±0.011) +

[σ = 0.24] −0.038(±0.007) · [Fe/H] (5)

and

RRc :AV [mag] = 0.312(±0.008) +

[σ = 0.10] −0.058(±0.004) · [Fe/H] (6)

Note that the number of RRLs adopted in the an-

alytical fits of the visual amplitude as a function of

the metal content is smaller than the number of RRLs

adopted in analytical fits of the pulsation periods be-

cause in the former sample we neglected the RRLs whose

mean magnitude was estimated by using an optical light

curve template, i.e. variables for which the visual am-

plitude is not available yet. The former relation soundly

supports the results obtained by Fabrizio et al. (2019)

for a smaller sample of RRLs (2,903 vs 6,150 RRab).

Moreover, the current amplitude-metallicity relation for

RRab variables further supports the modest dependence

of the visual amplitude on the metallicity. Indeed, a

variation of 3 dex in metal content would only cause a

difference in visual amplitude of ≈0.12 mag. The metal-

licity dependence is stronger for RRc variables: an in-

crease of 3 dex in metal content causes an increase in

visual amplitude that is almost a factor of two larger

(≈0.2 mag). The stronger sensitivity of RRc visual am-

plitudes to metallicity and the decrease by a factor of

two in the standard deviation (0.10 vs 0.24 mag) are

due to the fact that the region of the instability strip in

which they are pulsationally stable is at least a factor

of two narrower than the region covered by RRab vari-

ables. This means that the impact of the metallicity on

pulsation and evolutionary properties for RRc variables

is less affected by changes in their intrinsic properties.

Evolutionary effects due to off-Zero Age HB (ZAHB)

evolution at fixed stellar mass and chemical composi-

tion and for a typical red-ward evolution (see Fig. 4 in

Bono et al. 2020), causes a decrease in surface gravity,

and in turn, an increase in the pulsation period and a

decrease in the visual amplitude. This means that the

off-ZAHB evolution can have a complex pattern across

the Bailey diagram (Bono et al. 2020).

The bottom panel of Fig. 9 shows the logarithmic pe-

riod of the entire spectroscopic sample as a function of

the metal content. We estimated the same running av-

erages (blue and red solid lines) over the two subsamples

and performed the linear fits (dot-dashed lines) obtain-

ing the following results:

RRab : logP [days] =−0.293(±0.003) +
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Figure 10. Bailey diagram of candidate Blazhko RRLs. The light grey symbols display the entire spectroscopic sample plotted
in Fig. 7. The Blazhko RRLs for which the iron abundance is available are marked with coloured symbols, while those for which
it is not available are marked with dark grey symbols. The numbers of RRab and RRc candidate Blazhko RRLs are labelled,
the numbers in parentheses display the numbers of candidate Blazhko RRLs with iron abundances. The small inset shows the
metallicity distribution of candidate Blazhko RRLs.

[σ = 0.06] −0.036(±0.002) · [Fe/H] (7)

and

RRc : logP [days] =−0.558(±0.004) +

[σ = 0.06] −0.051(±0.003) · [Fe/H] (8)

As expected, the dependence of the pulsation period

for both RRab and RRc variables on the metallicity

are similar to the dependence on the visual amplitude,

but their standard deviations are systematically smaller.

Moreover, preliminary evidence indicates that the dis-

persion of the logP -metallicity relation for RRc vari-

ables in the metal-rich regime is larger than for RRab.

In this context it is worth mentioning that the two

sub-samples are well populated for [Fe/H] ≥ −0.7 (218

RRab; 90 RRc). We still lack a quantitative explanation

for this effect. The global properties of RRab and RRc

variables will be addressed in the next section.

6.1. Physical mechanisms affecting the Bailey diagram

Together with the evolutionary effects already men-

tioned in Sect. 6 the distribution of the variables in the

Bailey diagram is also affected by two independent phys-

ical mechanisms: a) the Blazhko effect and b) non-linear

phenomena. The Blazhko phenomenon mainly affects

the RRab variables (∼40%, Prudil & Skarka 2017) and

the modulation in amplitude is more relevant for shorter

than for longer period RRLs. Indeed, the modulations

change from ∼0.7 mag, close to the fundamental blue

Figure 11. Top: Apparent G-band distribution of RRLs
in the spectroscopic sample. The red histogram shows the
distribution of RRc variables, while the grey one the global
(RRab+RRc) sample. Bottom: Relative difference between
RRc distribution and the global sample.

edge, to ∼0.05 mag, close to the fundamental red edge

(see Fig. 10 in Skarka et al. 2020, and also Jurcsik et al.

2011; Benkő et al. 2014; Braga et al. 2016). The RRc

variables are also affected by the Blazhko phenomenon,

but the fraction is significantly smaller (∼6%, Netzel

et al. 2018) and the amplitude modulation is, at most,

of the order of ∼0.2 mag.

To further investigate the impact that the Blazhko

effect has on the trends visible in the Bailey diagram,
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Figure 12. Top: The population ratio as a function of the iron abundance (solid black line), i.e. the ratio between the number
of RRc and the total number (Nc/(Nc + Nab)) of RRL variables. The grey hatched area shows the 1σ uncertainty. Coloured
symbols display the population ratio of Galactic GCs (see labelled names) hosting at least 33 RRLs. The GCs hosting RRLs
with pulsation properties typical of OoI stellar systems are marked with an open red circle, while those with pulsation properties
typical of OoII systems are marked with an open blue circle. Three peculiars clusters (NGC 6388, NGC 6441, ω Cen) are marked
with an open green circle. The blue dashed line shows the analytical fit of Eqn.9. Bottom: Iron distribution for RRc (red) and
total (RRab+RRc, grey) RRL variables. The solid lines show the same distribution, but smoothed using a Gaussian kernel with
unitary weight and σ equal to the individual errors on the iron abundances.

Fig. 10 shows the candidate Blazhko Halo RRLs11. They

are plotted using their mean visual amplitude and we are

showing the entire sample of candidate Blazhko RRLs,

i.e. RRLs with amplitude modulations ranging from

a few hundredths to a few tenths of magnitude. The

candidate Blazhko RRLs for which the iron abundance

11 https://www.physics.muni.cz/∼blasgalf/

is available are marked with coloured symbols (see the

bar on the right side), while those lacking of a metal-

licity estimate are plotted with dark grey symbols. The

metallicity distribution of candidate Blazhko RRLs (see

the inset in Fig. 10) is quite similar to the global RRL

metallicity distribution. Although, the sample of can-

didate Blazhko RRLs with iron abundances is at least

forty times smaller of the entire spectroscopic sample,

both the peak and the standard deviation agree within

https://www.physics.muni.cz/~blasgalf/
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the errors. We cannot exclude possible biases in the

metallicity distribution, because the candidate Blazhko

RRLs, as noted by the anonymous referee, are mainly re-

stricted to the solar neighbourhood. However, the tails

of the RRab metallicity distribution appear to be prop-

erly sampled, while for RRc variables the metallicity

distribution is still too limited. Data plotted in the Bai-

ley diagram display that the Blazhko phenomenon for

RRab variables appears to be mainly associated either

with metal-intermediate or with metal-rich RRLs. In-

deed, in agreement with the global trend (see Sect. 5)

the bulk of the candidate Blazhko RRab variables are

mainly distributed across the SP sequence (92% vs 8%

across the LP sequence), while the candidate Blazhko

RRc are mostly located across the LP sequence (78% vs

22% across the SP sequence). The relative fractions for

RRc variables need to be cautiously treated, since they

are roughly two dozen. In passing, we also note that the

current findings support recent results by Skarka et al.

(2020) based on a large sample (more than 3,300) of

Galactic Bulge and cluster Blazhko RRLs.

Non-linear phenomena like the formation and propa-

gation of strong shocks are mainly affecting RRab vari-

ables and, in particular, the RRab located close to the

blue edge of the instability strip. These variables are

characterised by very large amplitudes and light curves

showing a saw-tooth shape. The occurrence of non-

linear phenomena is strongly supported by the presence

of a dip along the rising branch of the light curve and by

solid spectroscopic evidence (Gillet 2013; Sneden et al.

2017; Gillet et al. 2019). The RRc variables are also af-

fected by shocks, but the current evidence indicate that

the shocks marginally affect their properties (Duan et al.

2020; Benkő et al. 2021).

The current circumstantial evidence indicates that the

Blazhko effect and non-linear phenomena can only par-

tially account for the typical dispersion of the luminosity

amplitudes, at fixed pulsation period, and in particu-

lar, the difference between the RRab and the RRc when

these parameters are considered.

7. THE DEPENDENCE OF THE POPULATION

RATIO ON METALLICITY

The population ratio (Nc/Ntot) is a solid parameter to

trace the topology of the instability strip, i.e. the region

of the instability strip in which fundamental and first

overtone RRLs attain a stable limit cycle. The depen-

dence of the population ratio on metallicity provides not

only quantitative clues on the topology of the instability

strip, but also on the dependence of the HB morphology

on the metal content.

The accuracy of the population ratio relies on the com-

pleteness limits of both RRab and RRc variables. The

RRc variables are more affected by an observational bias

than RRab variables. The RRLs obey to well defined

Period-Luminosity relations for wavelengths longer than

the R-band and the RRc variables are typically fainter

than RRab variables. Moreover, the RRc luminosity

amplitudes are on average smaller than the RRab vari-

ables. To investigate on a more quantitative basis this is-

sue, Fig. 11 shows the comparison between the apparent

magnitude distribution of RRc variables (red histogram)

and the total number of RRLs. The two histograms dis-

play the same trend when moving from the bright to the

faint limit of the distribution. Thus suggesting that the

completeness of both RRab and RRc variables is similar

over the entire magnitude range.

The top panel of Fig. 12 shows the population ratio

(solid black line) as a function of the iron content for

Galactic RRLs, by using the running average algorithm

described in Sect. 6, together with its standard deviation

(grey hatched area). Data plotted in this figure bring

forward several new features worth being discussed in

detail.

Continuous variation – The variation of the popula-

tion ratio over the entire metallicity range is continu-

ous and does not show evidence of a dichotomic distri-

bution. Indeed, the population ratio steadily increases

in the metal-poor regime and it approaches a well de-

fined plateau with Nc/Ntot∼0.36 for −2.15 ≤ [Fe/H] ≤
−1.70. The trend is opposite in the metal-intermediate

regime, with the population ratio steadily decreasing

and it attains its absolute minimum (Nc/Ntot∼0.18) for

−0.9 ≤ [Fe/H] ≤ −0.8. Note that the standard devia-

tion in this metallicity regime is systematically smaller

than in the metal-poor/metal-rich regime because the

mean of the metallicity distributions of both RRab and

RRc (see the bottom panel of the same figure) is lo-

cated at [Fe/H] ' −1.48 and ' −1.58, respectively. The

population ratio shows, once again, a steady increase

in the metal-rich regime and it attains values close to

its mean value (Nc/Ntot∼0.29) at solar iron abundance.

Note that the increase in the population ratio for iron

abundances larger than −0.8 dex cannot be explained

by plain evolutionary arguments. Indeed, an increase in

the metal content causes a systematic drift of the HB

morphology towards redder colours. This means that

the RRL instability strip is going to be mainly popu-

lated in its redder region where only RRab variables

attain a stable limit cycle. The consequence is that the

population ratio in the metal-rich regime should display

either a steady decrease or approaching an almost con-

stant value. To further constrain the behaviour of the
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Figure 13. Top: The population ratio Nc/Ntot as function of the HBR parameter. The symbols are the same as Fig. 12.
Bottom: Same as the top, but as function of τHB parameter.

population ratio as function of metallicity, we also pro-

vide a continuous analytical fit (blue dashed line) by

combining a linear plus a sinusoidal function:

Nc

Ntot
= 0.212(±0.004)− 0.047(±0.002) · [Fe/H] +

+0.073(±0.003) · sin (2.19(±0.08) +

+3.78(±0.04) · [Fe/H]) [σ = 0.0002] (9)

The variation of the population ratio described above

could be affected by an observation bias: the number of

RRL variables increases when approaching the Galactic

plane. However, these regions are also severely affected

by high extinction. This means that the current RRL

sample is far from being complete at low Galactic lat-

itudes (Preston et al. 1991). Moreover, the fraction of

metal-rich RRLs increases in approaching the Galactic

plane (Layden 1994). This means that the continuous

variation shown in Fig. 12 is not affected by this bias,

but the accuracy concerning the metal-rich sub-sample

will improve once more complete RRL sample will be-

come available.

Global trend – According to the Oosterhoff dichotomy

we would expect to have a population ratio of ≈0.44

for more metal-poor stellar systems (OoII) and a value

close to ≈0.3 for more metal-rich stellar systems (OoI).

However, data plotted in the top panel of Fig. 12 are

far from being representative of the quoted dichotomic

trend. The population ratio attains, within the errors,

relative maxima (Nc/Ntot∼0.36), both in the metal-poor

and in the metal-rich regime.

Comparison with globular clusters – To further con-

strain possible similarities between field and cluster

RRLs we compared the current population ratio with

similar estimates for Galactic globulars hosting more
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Table 3. Galactic Globular Clusters hosting more than 33 RR Lyrae stars. From left to right the different columns give
the cluster name(s), the iron abundance, the number of RRab and RRc variables, the population ratio, the horizontal branch
morphology indices and the Oosterhoff type (see text for more details).

Cluster [Fe/H]a Nab
b Nc

b Nc/Ntot HBRc τHB
c Ooster.Type

IC 4499 −1.53 63 35 0.36 −0.10 2.65 OoI

NGC 1851 −1.18 23 10 0.30 −0.05 3.51 OoI

NGC 2419 −2.15 38 36 0.49 0.76 . . . OoII

NGC 3201 −1.59 77 7 0.08 −0.04 2.80 OoI

NGC 4590 (M68) −2.23 14 28 0.67 0.58 4.43 OoII

NGC 5024 (M53) −2.10 28 35 0.56 0.89 6.67 OoII

NGC 5139 (ω Cen) −1.53e 90 101 0.53 0.87 . . . Pecul.d

NGC 5272 (M3) −1.50 177 59 0.25 0.21 4.13 OoI

NGC 5286 −1.69 31 23 0.43 0.80 6.17 OoII

NGC 5904 (M5) −1.29 89 38 0.30 0.42 5.04 OoI

NGC 6121 (M4) −1.16 32 15 0.32 −0.02 1.96 OoI

NGC 6229 −1.47 42 15 0.26 0.24 . . . OoI

NGC 6266 (M62) −1.18 144 81 0.36 0.32 . . . OoI

NGC 6362 −0.99 18 17 0.49 −0.35 2.24 OoI

NGC 6388 −0.59 11 15 0.58 −0.70 1.88 Pecul.d

NGC 6401 −1.02 23 11 0.32 . . . . . . OoI

NGC 6402 (M14) −1.28 52 59 0.53 0.65 . . . OoI

NGC 6441 −0.46 47 20 0.30 −0.74 1.55 Pecul.d

NGC 6584 −1.50 49 16 0.25 −0.10 2.81 OoI

NGC 6715 (M54) −1.49 153 34 0.18 0.75 . . . OoI

NGC 6723 −1.10 35 8 0.19 −0.15 3.38 OoI

NGC 6864 (M75) −1.29 25 12 0.32 . . . . . . OoI

NGC 6934 −1.47 68 9 0.12 0.13 3.41 OoI

NGC 6981 (M72) −1.42 37 7 0.16 0.14 3.61 OoI

NGC 7006 −1.52 55 7 0.11 −0.08 3.12 OoI

NGC 7078 (M15) −2.37 65 92 0.59 0.64 6.63 OoII

NGC 7089 (M2) −1.65 23 15 0.39 0.92 8.23 OoII

aHarris (1996). bClement et al. (2001). cTorelli et al. (2019). dBraga et al. (2016). eThe metallicity range covered by RRLs is
−2.58 ≤ [Fe/H] ≤ −0.85 on the basis of spectroscopic measurements (Magurno et al. 2019) and photometric indices (Bono

et al. 2019).

than 33 RRLs (Clement et al. 2001). We arbitrarily

selected this number of cluster RRLs to limit statis-

tical fluctuations in the population ratio. The pop-

ulation ratios of the globulars are plotted in Fig. 12

with different symbols (see labelled names and values

listed in Tab. 3) and their trend is far from being ho-

mogeneous. Cluster RRLs in the metal-poor regime

([Fe/H] ≤ −1.6) either agree within the errors or display

population ratios typical of OoII stellar systems (marked

with blue open circles) that are systematically larger

than field RRLs. The comparison between cluster and

field RRLs is more complex in the metal-intermediate

regime (−1.5 ≤ [Fe/H] ≤ −1.0), because the population

ratio for typical OoI stellar systems (marked with red

open circles) ranges from less than 0.1 for NGC 3201

to more than 0.5 for M14. In this metallicity regime

the field RRLs display a steady decrease from ∼0.3 to

∼0.2 and the smallest dispersion. The comparison in the

metal-rich ([Fe/H] ≥ −1) regime is hampered by the

limited number of Galactic globulars hosting sizeable

RRL samples. One out of the three globulars present

in this metallicity regime (NGC 6441) agrees quite well

with field RRLs, but NGC 6388 (with a similar iron

abundance), and in particular, NGC 6362 (∼0.3 dex

more metal-poor) attain population ratios that are sys-

tematically larger than field ones. Note that the two

metal-rich globulars have HB morphologies dominated

by an extended blue tail and by a sizeable sample of

red HB stars. In this context it is worth mentioning

ω Cen, since it hosts a sizeable sample of RRLs (191)

and they display a well defined spread in iron abun-

dance (−2.58 ≤ [Fe/H] ≤ −0.85, Magurno et al. 2019)
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with a population ratio of 0.53. ω Cen is the most mas-

sive globular and its HB morphology is dominated by

an extended blue tail.

To investigate on a more quantitative basis the pos-

sible correlation between the population ratio and the

HB morphology, the top panel of Fig. 13 shows the

population ratio as a function of the HB morphology

index [HBR=(B − R)/(B + V + R)] introduced more

than 35 years ago by Lee (1989, see also Lee et al.

1994). In the HBR index the parameter B, R and

V take accounts for the number of HB stars that are

either hotter (B) or cooler (R) than the RRL insta-

bility strip, while V is the number of RRLs. As ex-

pected OoI/OoII stellar systems attain population ra-

tios that are on average smaller/larger than the mean

Halo value (dotted line). The current data do not dis-

play a global trend when moving from globulars with

HB morphologies dominated by red HB stars (on av-

erage more metal-rich and with negative HBR values)

and globulars with HB morphologies dominated by blue

HB stars (on average more metal-poor and with posi-

tive HBR values). There is evidence that the bulk of

OoI clusters distribute along a redder/bluer sequence

departing from HBR ' −0.15 and HBR ' 0.15, re-

spectively. The two sequences show modest variations in

the HBR parameter, but the population ratio changes

by more than a factor of four. Indeed, two globulars

of the redder sequence, namely NGC 3201 and IC 4499

have similar HBR values (HBR=−0.04 vs −0.10), but

the former one only host a few RRc variables (7 out

of 84, Nc/Ntot=0.08) variables while the latter includes

35 RRc variables out of 98 RRLs (Nc/Ntot=0.36). The

same outcome applies to the bluer sequence: the two

globulars NGC 6934 and M62 have HBR values of 0.13

and 0.32, while the population ratio changes from 0.12

to 0.36. A similar sequence is also present among OoII

clusters, indeed, the two globulars M2 and M53 have

similar HBR values (HBR=0.92 vs 0.89), but the for-

mer one only host a few RRc variables (15 out of 38,

Nc/Ntot=0.39) while the latter includes more RRc than

RRab variables (35 out of 63, Nc/Ntot=0.56).

The morphology index HBR presents several pros and

cons when compared with the morphology index τHB re-

cently introduced by Torelli et al. (2019). This new τHB

parameter is defined as the ratio between the areas sub-

tended by the cumulative number distribution in magni-

tude and in colour of all the stars distributed along the

HB. The bottom panel of Fig. 13 shows the population

ratio as a function of τHB for a sub-sample of the globu-

lars adopted in the top panel. The current data indicate

a mild preliminary evidence of a steady increase in the

population ratio when moving from globulars with in-

termediate HB morphologies (the horizontal portion of

the HB, i.e., blue HB, red HB and the instability strip

are well populated) to globulars with HB morphologies

dominated by blue stars. The spread among the OoI

clusters is still quite large, and indeed, the two peculiar

clusters with HB morphologies dominated by red HB

stars (smaller τHB values), but with extended blue tails,

attain larger population ratios. This sub-group also in-

cludes four metal-intermediate clusters (M4, IC 4499,

NGC 6362, NGC 6584) with intermediate HB morpholo-

gies. The degeneracy of these two sub-groups in the

population ratio vs τHB plane needs to be investigated

in more detail.

It bears mentioning that the number of OoII globulars

for which the τHB is available is still too limited to inves-

tigate in detail their properties. Finally, we note that the

two globulars with HB morphologies dominated by blue

HB stars include a metal-poor (M15, [Fe/H] = −2.37)

and a metal- intermediate (M2, [Fe/H] = −1.65) cluster

with population ratios that agree quite well with field

RRLs with similar iron abundances.

The current circumstantial evidence further support

that globulars played a subdominant role in the build-

up of the stellar Halo, also in agreement with the results

of recent observational surveys (Hanke et al. 2020) and

Galactic simulations (Reina-Campos et al. 2020).

8. SUMMARY AND FINAL REMARKS

We performed a new and homogeneous spectroscopic

analysis of field Halo RRLs, with iron abundances esti-

mated using both low- and high-resolution spectra col-

lected at random phases. The iron abundances based

on high-resolution spectra include 190 RRLs Crestani

et al. (2021a), while those based on low-resolution spec-

tra include more than 7,700 RRLs. The latter sample is

based on the new calibration of the ∆S method recently

provided by Crestani et al. (2021b). These abundances

were complemented with iron abundances based on both

low- and high-resolution spectra available in the litera-

ture and brought to our metallicity scale. To provide

a homogeneous metallicity scale, special attention was

paid in the inclusion of the different datasets. The trans-

formations into our metallicity scale were estimated by

using the objects in common between our catalog and

the datasets available in the literature.

We ended up with the largest spectroscopic catalog

ever collected for both fundamental and first overtone

RRLs. The current sample includes 9,015 RRLs (6,150

RRab, 2,865 RRc) with at least one metallicity estimate.

Moreover and even more importantly, the current spec-

troscopic catalog covers the extent of the Galactic stellar

Halo, with Galactocentric distances ranging from ≈5 to
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more than 140 kpc. This spectroscopic catalog was used

to address several pending issues concerning the pulsa-

tion properties of field RRLs and their use as tracers of

old stellar populations:

Metallicity distribution function – The cumulative

metallicity distribution function (MDF) shows a mean

value at 〈[Fe/H]〉 = −1.51 ± 0.01 with a standard

deviation σ=0.41 dex. The current estimates agree

with similar estimates available in the literature and

bring forward a clear asymmetry. Indeed, the MDF

shows a long tail in the metal-poor regime approach-

ing [Fe/H] ∼ −3 and a sharp metal-rich tail approach-

ing solar iron abundance. The large sample of spectro-

scopic measurements allows us to investigate in detail

the MDF of both RRab and RRc variables. We found

that RRab variables are systematically more metal-rich

(〈[Fe/H]〉ab = −1.48 ± 0.01, σ = 0.41 dex) than RRc

variables (〈[Fe/H]〉c = −1.58 ± 0.01, σ = 0.40 dex).

This finding fully supports preliminary estimates by Liu

et al. (2020) and by Crestani et al. (2021b) using smaller

datasets.

A preliminary qualitative explanation of the difference

in the MDF of RRab and RRc variables can be provided

by using plain evolutionary and pulsation arguments.

The topology of the instability strip and the dependence

of the HB morphology on the metal content indicate that

RRc variables can be more easily produced in the metal-

poor than in the metal-rich regime. However, it is worth

mentioning that the MDF of RRc variables displays a

metal-rich tail that is more significant than the metal-

rich tail of RRab variables.

Bailey Diagram – The distribution of field RRLs in

the Bailey diagram (visual amplitude vs logarithmic pe-

riod) shows several interesting features. An increase in

the metal content causes a smooth and systematic shift

towards shorter periods for both RRab and RRc vari-

ables. The analysis of the iso-contour across the Bai-

ley diagram indicates that the relative fraction of RRab

variables located along the short-period sequence (more

metal-rich) and the long-period sequence (more metal-

poor) is 80% and 20%. Interestingly enough, the rela-

tive fractions for RRc variables have an opposite trend,

namely 30% (short-period) and 70% (long-period), re-

spectively.

Dependence of pulsation periods and visual amplitudes

on metallicity – The large sample of spectroscopic mea-

surements allowed us to investigate on a quantitative

basis, for the first time, the dependence of pulsation pe-

riods and visual amplitudes on metallicity. We found

that the pulsation period of both RRab and RRc vari-

ables shows a steady decrease when moving from the

metal-poor to the metal-rich regime. We derived new

analytical relations and we found that an increase of

1 dex in iron content causes on average a decrease of

≈0.04 dex in the logarithmic period. The trend con-

cerning the visual amplitudes is similar. The analyti-

cal relations indicate that the visual amplitude of RRab

variables is almost a factor of two less sensitive to the

metal content than for RRc variables, indeed, the coef-

ficient of the metallicity term decreases from –0.038 to

–0.058. The difference might be associated to a stronger

impact of non-linear phenomena on RRab than on RRc

luminosity amplitudes. In spite of this difference vi-

sual amplitudes and periods for both RRab and RRc

variables do show smooth distributions over the entire

metallicity range. This evidence fully supports the pre-

liminary results concerning the nature of the Oosterhoff

dichotomy obtained by Fabrizio et al. (2019) using a

smaller dataset of only RRab variables. Indeed, they

showed that the Oosterhoff dichotomy is an a natural

consequence of the lack of metal-intermediate Galactic

globular clusters hosting a sizeable sample of RRL stars.

Impact of the metallicity on the Blazhko effect – The

large and homogeneous spectroscopic dataset allowed

us to investigate the impact that the iron abundance

has on the occurrence of the Blazhko phenomenon. We

found that candidate Blazhko RRLs pulsating in the

fundamental mode (177 RRab) appear to be distributed

across the OoI sequence, i.e. they seem to be either

metal-intermediate or metal-rich objects. The candidate

Blazhko RRLs pulsating in the first overtone (25 RRc)

seem to show an opposite trend, because they seem to be

mainly located across the OoII sequence. The fraction

of candidate Blazhko RRab variables more metal-rich

than [Fe/H] = −1.5 is 28% while for RRc variables is

9%. However, the number of RRc variables with spec-

troscopic iron abundances is still too limited to reach

a firm conclusion concerning their dependence on the

metallicity.

Dependence of the population ratio (Nc/Ntot) on

metallicity – We investigated the dependence of the pop-

ulation ratio on the metal content and we found that the

trend of field RRLs is more complex than expected on

the basis of similar estimates for globular clusters avail-

able in the literature. We found that the population

ratio steadily increases from ∼0.25 to ∼0.36 when mov-

ing from the very metal-poor regime to [Fe/H] ' −1.8.

Moreover, the population ratio shows a decrease by a

factor of two (0.36 vs 0.18) and a smaller dispersion,

at fixed iron content, in the metal-intermediate regime

(−1.8 ≤ [Fe/H] ≤ −0.9). Finally, it shows once again a

steady increase when moving into the metal-rich regime,

approaching a value of ∼0.3 at solar iron abundance.

The current findings appear to be at odds with pulsa-
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tion and evolutionary predictions, because the number

of RRc variables should steadily decreases when moving

from the metal-poor/metal-intermediate regime into the

metal-rich regime.

Concerning cluster RRLs, we also investigated the oc-

currence of a possible correlation between the popula-

tion ratio and the HB morphology. We adopted two

different HB morphology indices (HBR, τHB) and se-

lected clusters hosting roughly three dozen of RRLs. We

found that globulars distribute along several sequences

in which the HBR index shows either minimal or mod-

est variations, but the population ratio changes by more

than a factor of two/four. These sequences appear both

in OoI and in OoII clusters. Furthermore, the τHB mor-

phology index shows a mild correlation with the popula-

tion ratio when moving from globulars characterised by

intermediate HB morphologies typical of OoI clusters to

globulars dominated by extended blue HB tails, typical

of OoII clusters. Once again, OoI clusters with similar

τHB values display variations in the population ratio by

more than a factor of two.

The analysis of field and cluster RRLs provides two

interesting findings: a) the population ratio is a promis-

ing diagnostic to further investigate the fine structure

of the HB even for clusters with similar HB morphology

indices; b) the different trends between field and cluster

RRLs in the population ratio vs metallicity plane indi-

cate that globular clusters played a minor role, if any,

in building up the Halo. The early formation and evo-

lution of the Halo and the role played by nearby stellar

systems will be addressed by using pulsation properties,

kinematics and metallicity distributions of field RRLs in

a forthcoming paper.

A famous motto suggests that novel approaches to at-

tack, and possibly explain, longstanding astrophysical

problems open up more problems than they are able to

solve. The results of this investigation concerning the

Oosterhoff dichotomy and the population ratio moves

along this path.
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