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A B S T R A C T 

We use 3653 (2661 RRab, 992 RRc) RR Lyrae stars (RRLs) with 7D (3D position, 3D velocity, and metallicity) information 

selected from Sloan Digital Sky Survey, Large Sky Area Multi-Object Fiber Spectroscopic Telescope, and Gaia EDR3, and 

divide the sample into two Oosterhoff groups (Oo I and Oo II) according to their amplitude–period behaviour in the Bailey 

diagram. We present a comparative study of these two groups based on chemistry, kinematics, and dynamics. We find that Oo I 
RRLs are relatively more metal-rich, with predominately radially dominated orbits and large eccentricities, while Oo II RRLs 
are relatively more metal-poor, and have mildly radially dominated orbits. The Oosterhoff dichotomy of the Milky Way’s halo is 
more apparent for the inner-halo region than for the outer-halo region. Additionally, we also search for this phenomenon in the 
haloes of the two largest satellite galaxies, the Large and Small Magellanic clouds, and compare o v er different bins in metallicity. 
We find that the Oosterhoff dichotomy is not immutable, and varies based on position in the Galaxy and from galaxy to galaxy. 
We conclude that the Oosterhoff dichotomy is the result of a combination of stellar and galactic evolution, and that it is much 

more complex than the dichotomy originally identified in Galactic globular clusters. 

K ey words: stars: v ariables: RR Lyrae – Galaxy: e volution – Galaxy: halo – Galaxy: kinematics and dynamics. 
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 I N T RO D U C T I O N  

R Lyrae stars (RRLs) are large-amplitude radially pulsating variable 
tars, populating the intersection of the instability strip with the 
orizontal branch (HB; Kolenberg et al. 2010 ; Catelan & Smith 
015 ; Wang et al. 2021 ). The majority of RRLs are classified based
n their periods of oscillation and the amplitude and skewness of
heir light curves. The RRab stars have longer periods ( ∼0.45–∼1 d)
nd larger amplitude, are pulsating in the radial fundamental mode, 
nd exhibit asymmetric light curves. In contrast, RRc stars have 
horter periods ( ∼0.25–∼0.45 d) and generally lower amplitudes; 
hey oscillate in the first-overtone mode and exhibit sinusoidal 
ariations (Aerts, Christensen & Kurtz 2010 ; Catelan & Smith 2015 ;
onelli & Fiorentino 2022 ). 
The Oosterhoff dichotomy is one of the most discussed long-term 

strophysics problems, ever since Oosterhoff ( 1939 ) pointed out that 
 E-mail: gcliu@ctgu.edu.cn (GL); huangyang@ucas.ac.cn (YH) 
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he RRLs in Galactic globular clusters can be split into two different
roups: Oosterhoff I (Oo I) and Oosterhoff II (Oo II). The Oo I RRLs
ave mean periods of 〈 P ab 〉 � 0.56 d for RRab stars and 〈 P c 〉 � 0.31 d
or RRc stars. The mean periods of Oo II RRLs are longer than for the
o I class; 〈 P ab 〉 � 0.66 d and 〈 P c 〉 � 0.36 d. Arp ( 1955 ) and Preston

 1959 ) carried out spectroscopic studies for both classes, and found
hat Oo I RRLs are associated with globular clusters that are more

etal-rich and slightly younger than for Oo II RRLs. 
Numerous investigations have been carried out over the past five 

ecades to quantify the differences between the Oosterhoff groups, 
nd attempt to explain the origin of its dichotomy. We summarize
he leading explanations of the dichotomy here. 

One possible origin is linked to stellar evolution and the nature
f the pulsations. Early studies showed that physical parameters, 
uch as ef fecti ve temperature, luminosity, mass, and the mode of
he pulsation, can significantly influence the periods of RRLs. van 
lbada & Baker ( 1973 ) conjectured that the temperature difference

nduced by the ‘hysteresis effect’ is the reason for the Oosterhoff
ichotomy. Sandage ( 1981a , b ) disco v ered a period shift at fixed
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emperature, which led him to conclude that the dichotomy is caused
y differences in luminosity. Using synthetic models of the HB, Lee,
emarque & Zinn ( 1990 ) showed that the evolution away from the

ero-age HB can explain the luminosity difference, which plays a
ole in the Oo II-group RRLs by increasing the mean luminosity and
mplifying the dichotomy. 

The second interpretation is related to the formation history of
he two Oosterhoff groups. According to the relative age estimation
nd the kinematics of RRLs (van den Bergh 1993 ; Lee & Carney
999 ), it has been suggested that the Oo II group was formed very
arly in the proto-Galaxy, while the Oo I group was formed at a later
ime and may be connected with merger events. Jang & Lee ( 2015 )
roposed that the population-shift effect within the instability strip
nduced the period dichotomy for the globular clusters in the inner-
alo and outer-halo regions (IHRs, OHRs), and that the origin of
he Oosterhoff dichotomy could arise from two or three distinct star
ormation episodes. 

A third possibility is that the dichotomy is primarily an environ-
ental effect. Bono et al. ( 1994 ), Catelan ( 2009 ), Smith, Catelan &
uehn ( 2011 ), and Fiorentino et al. ( 2014 ) investigated nearby dwarf
alaxies, and found that RRLs in Local Group galaxies and their
lob ular clusters ha ve intermediate Oosterhoff properties – filling
n the Oosterhoff gap with mean periods of 0.58 ∼ 0.62 d. This
uggests that the Oosterhoff dichotomy found in the Milky Way
MW) does not exist in dwarf galaxies and their globular clusters.
abrizio et al. ( 2019 ) collected a large data set of field RRLs
ith homogeneously determined metallicities, and concluded that

he Oosterhoff dichotomy is mainly the consequence of the lack
f intermediate-metallicity globular clusters in the MW. It follows
hat the Oosterhoff dichotomy is not importantly connected with any
RL hysteresis effect (Castellani 1983 ; Renzini 1983 ). Fabrizio et al.
 2021 ) enlarged their data set and also analysed the first-o v ertone
ariables. The smooth distributions o v er the entire metallicity range
ound for the pulsation periods and amplitudes of both RRab and
Rc stars provided supporting evidence for this view. 
RRLs, low-mass core helium-burning stars, undergo significant

hanges in ef fecti ve temperature and surface gravity during their
volution (Catelan & Smith 2015 ; Bono et al. 2020 ; Monelli &
iorentino 2022 ). These changes result in variations in both pulsation
eriod and luminosity amplitude, leading to discernible differences
n periods between the two Oosterhoff groups. Here, we propose
hat the Oosterhoff dichotomy is more complicated than the original
efinition based on MW globular clusters. Differences in the metal
bundance of RRLs in the halo field of the MW primarily arise from
he nature of the environment in which they form, prior to being
eposited into the halo field through merger events and/or stripping
ue to tidal interactions. 
Recent studies (Lancaster et al. 2019 ; Liu et al. 2022 ; Wu

t al. 2022 ) have shown that the Gaia–Sausage–Enceladus (GSE;
elokurov et al. 2018b ; Helmi et al. 2018 ) substructure dominates

he IHR of the MW, and has little effect on the OHR or satellite dwarf
alaxies (Fabrizio et al. 2021 ). As a result, the Oosterhoff dichotomy
s apparent in the IHR, while it is not found in the OHR. We also
xplore this dichotomy for the Large and Small Magellanic Clouds
LMC and SMC), the largest two satellite galaxies of the MW, and
nd that the presence of the Oosterhoff dichotomy varies across
ifferent galaxies. In addition, the dichotomy apparently differs for
tars of different metallicity in the MW halo. Moreo v er, there e xist
o significant differences in the basic properties of the Oo I and Oo II
roups, such as their velocity distrib ution, spatial distrib ution, etc.
ence, we fa v our the hypothesis that the Oosterhoff dichotomy is

he result of a combination of stellar evolution and galaxy evolution.
NRAS 525, 5915–5927 (2023) 
In this paper, we present the kinematics, dynamics, and chemistry
f the Oosterhoff groups in the Galactic halo using RRLs collected
rom large-scale spectroscopic and photometric surv e ys. In Section 2 ,
e describe the RRL sample and separate it into the two Oosterhoff
roups using the Bailey diagram. The properties of the Oosterhoff
roups are described in Section 3 . Section 4 presents a discussion
nd comparison with recent results published in the literature. We
ummarize in Section 5 . 

 DATA  

.1 The RR Lyrae sample 

e assemble our sample of RRLs from two previously published
atalogues. The majority of our sample is drawn from the cat-
logue of Liu et al. ( 2020 ), who collected 6268 unique RRLs
y combining the Sloan Digital Sky Survey / Sloan Extension for
alactic Understanding and Exploration (SDSS/SEGUE; Yanny

t al. 2009 ) and the Large Sky Area Multi-Object Fiber Spectroscopic
elescope (LAMOST; Deng et al. 2012 ; Zhao et al. 2012 ; Liu et al.
014 ) spectroscopic data with photometric data from the literature.
hey measured metallicities of 5290 RRLs using a least- χ2 fitting

echnique. By fitting empirical template radial velocity curves of
RLs, they estimated the systemic radial velocity for 3642 RRLs,
nd using the period, absolute magnitude, metallicity or M V –[Fe/H]
elations, they obtained distance estimates for 4919 RRLs. 

The second catalogue is from Wang et al. ( 2022 ), who enlarged
heir data set by combining the recently published RRL catalogue
rom photometric surv e ys, such as Gaia (Clementini et al. 2019 ),
he All-Sky Automated Survey for SuperNovae (Jayasinghe et al.
018 ), Pan-STARRSI (Chambers et al. 2019 ; Sesar et al. 2017 ),
nd spectroscopic data from LAMOST and SDSS (Alam et al.
015 ). They employed the same methods as Liu et al. ( 2020 ) to
stimate systemic radial velocities, metallicities, and distances for
he RRLs. Both data sets use the shape of the light curve obtained
rom photometry to distinguish between RRab and RRc stars. 

The total number of RRLs we have for this study is 8172. By
ross-matching with Gaia EDR3 (Gaia Collaboration 2021 ), we
btain proper motions and G -band amplitudes for these stars. In
rder to study the Oosterhoff dichotomy of the Galactic halo, we
elect sources with [Fe/H] ≤ −1.0, and | Z | ≥ 2 kpc (which excludes
otential contaminators from the Galactic disc and bulge). We then
xclude the stars without radial velocity , metallicity , proper motions,
nd amplitude measurements, and obtain a final sample of 2661
Rab stars and 992 RRc stars with full 7D information (3D position,
D velocity, and metallicity). 

.2 Coordinate system 

e adopt two coordinate systems for this work. One is a right-handed
oordinate system ( X , Y , Z ), where X points in the direction opposite
he Sun, Y is in the direction of Galactic rotation, and Z is towards the
orth Galactic Pole. The other is the Galactocentric spherical system

 r , θ , φ), where r is the Galactocentric distance, θ increases from 0
o π from the North Galactic Pole to the South Galactic Pole, and

represents the azimuthal angle. Moreo v er, we adopt the distance
rom the Sun to the Galactic Centre as 8.34 kpc (Reid et al. 2014 ),
he solar motion as ( U �, V �, W �) = (9.58, 10.52, 7.01) km s −1 (Tian
t al. 2015 ), and the circular speed of the local standard of rest as
40 km s −1 (Reid et al. 2014 ). We note that the choices of other values
f the solar motions and circular speed (e.g. Huang et al. 2015 , 2016 ;
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1 To separate RRab variables into Oo I and Oo II classes, they adopted the 
following relation: A V = −1.39( ± 0.09) − 13.76( ± 0.97) · log P –15.10( ±
2.64) · log P 

2 [ σ = 0 . 19 mag ]. 
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hou et al. 2023 ) at the solar position have minor effects on our main
esults. 

.3 Bailey diagram 

he Bailey diagram (luminosity amplitude versus period) is a useful 
iagnostic to investigate the properties of RRLs for two crucial 
easons (Fabrizio et al. 2019 ). One is that the Bailey diagram relies
n two observables that are independent of distance and reddening. 
he other is that globular cluster RRLs can be divided into two
roups, Oo I [short periods (SPs) and metal-rich] and Oo II [long
eriods (LPs) and metal-poor]. The Oo II stars have slightly larger 
eriods than Oo I stars when compared at similar amplitude. We note
 possible exception that, in the case of the two metal-rich globular
lusters NGC 6388 and NGC 6441, they are characterized by higher 
etallicity and longer mean periods. They are inconsistent with the 

ypical pattern of decreasing periods with increasing metallicities 
f the Galactic globular clusters, and have thus been considered as
he prototype of the third Oosterhoff (Oo III) groups (Pritzl 2000 ;
atelan 2009 ; Bhardwaj 2020 ; Bhardwaj et al. 2022 ). Ho we ver, this

s beyond the scope of this study, since we mainly focus on the
etal-poor RRLs with [Fe/H] ≤ −1.0. 
The Bailey diagram enables one to split fundamental and first- 

 v ertone RRLs. The RRc variables are located in the low-amplitude,
P region and their amplitude–period relationship exhibits a 
bell-shaped’ or ‘hairpin’ distribution (Petroni & Bono 2003 ; 

cWilliam 2011 ; Fiorentino et al, 2017 ). The RRab variables 
ominate the large-amplitude, LP region, and exhibit a steady 
ecrease in amplitude (Bono et al. 2020 ). The transition period 
etween RRc and RRab stars co v ers a range log P ∼ [ −0.35, −0.30].
he RRL distribution in the Bailey diagram mainly depends on their 

ntrinsic parameters (stellar mass, luminosity, ef fecti ve temperature, 
nd chemical composition; Bono, Caputo & Criscienzo 2018 ; Bono 
t al. 2020 ). The lo wer panel of Fig. 1 sho ws the Bailey diagram
or our final sample colour-coded by metallicity (increasing [Fe/H] 
rom blue to red). The RRab stars are located on the right side of
his panel, and the RRc stars are on the left. We can clearly observe
hat RRab and RRc stars become more metal-rich when moving 
rom the LP to the SP regime, at fixed amplitude. 

To delineate the salient characteristics of the Bailey diagram, 
e perform an analytical fit connecting the key parameters using 
olynomial regression, a machine learning algorithm based on 
upervised learning. First, we choose the period P and amplitude A V 

f RRLs as the independent and dependent v ariables, respecti vely, 
nd split them into training and testing sets. Then, we pre-process
he data and apply the polynomial regression algorithm to the data 
et and build the model. Following that, we use the training data to fit
he model and find the regression coefficients. We need to choose the
 

2 (which lies in the range between 0 and 1, and measures the degree
f fit for a model to the data; the closer to 1, the better the model can
pproximate the data) to e v aluate the performance of the model using
est data, and adjust the model based on the e v aluation results. Finally,
e use the trained model to make predictions based on the data, and
btain the predicted values of the dependent variable. Through the 
bo v e steps, we determine the correlation between period and ampli-
ude for RRab and RRc stars. The analytical relations are as follows:

Rab : A V = −1 . 45( ±0 . 082) − 12 . 29( ±0 . 713) · log P 

−13 . 62( ±1 . 501) · log P 

2 , (1) 

Rc : A V = −12( ±4 . 604) − 43 . 04( ±19 . 918) · log P 

−35 . 46( ±21 . 046) · log P 

2 . (2) 
he uncertainties of the coefficients in the polynomial models 
re properly estimated from the covariance matrix. We note that 
he luminosity amplitude is taken from two different sources. 
or 1857 stars, we use the G -band time-series photometry from
aia EDR3 (Gaia Collaboration 2021 ). The G -band amplitude 

s then transformed into a V -band amplitude using equation (2)
f Clementini et al. ( 2019 ). For the remaining 1796 stars with
oor Gaia phase co v erage, the V -band amplitude is collected from
iterature sources (Vi v as et al. 2004 ; Watkins et al. 2009 ; Sesar et al.
010 ; Mateu et al. 2012 ; Drake et al. 2013 , 2014 ). 
Fabrizio et al. ( 2019 ) produced a histogram of A V and log P for

tars in their RRab sample. They traced the local maxima and minima
etween the two main o v erdensities as the Oosterhoff-intermediate 
oci, and obtained a relation (Fabrizio et al. 2021 ) 1 for dividing
osterhoff groups. They did not provide an explicit relation between 
 V and log P for RRc stars. Fig. 1 compares our relation with that

rom Fabrizio et al. ( 2021 ). The grey solid line represents the division
or RRab stars from Fabrizio et al. ( 2021 ), which we shift by 0.06
nits to the left to better fit the dichotomy of our sample. We note that
his small shift is within the observational error, and it is possibly
aused by the different metallicity and period distributions of the 
dopted samples. The red dotted line is also an RRab division line, but
btained from polynomial regression. The consistency of the results 
btained by the two different methods suggests that polynomial 
egression is a feasible method to separate the Oosterhoff groups. 

e employ the same method to separate RRc stars into two groups.
he RRc variables are more sensitive to metallicity compared with 
Rab variables (Fabrizio et al. 2021 ), which leads RRc stars to
xhibit a smooth transition over the period range, and thus they are
ifficult to separate accurately. 

 RESULTS  

e identify 3653 RRLs (2661 RRab, 992 RRc) in the Galactic
alo. The numbers of stars we assign to Oo I and Oo II groups
or RRab / RRc types are 1899 / 524 and 762 / 468, respectively,
s derived by polynomial regression [equations ( 1 ) and ( 2 )]. In
his section, we use the period distribution, metallicity distribution, 
elocity distribution, anisotropy parameter β, orbital parameters, 
nd action space of our sample to explore differences between the
osterhoff groups and possible causes of the Oosterhoff dichotomy. 
In order to quantify the differences between the Oosterhoff groups, 

e employ a two-sample Kolmogoro v–Smirno v (KS) test to estimate
he significance of the differences between Oo I and Oo II stars.
he KS test returns the probability p ks under the null hypothesis

hat they have identical parent populations; the null hypothesis is 
ejected if p ks < 0.05. We adopt the bootstrapping technique to create
ultiple simulated samples. After resampling 80 per cent of our 
osterhoff samples, and perform the KS test and iterating 1000 times,

he resulting p ks value was obtained from the mean of the resulting
istribution. 

.1 P eriod distrib ution 

e first consider the mean periods for the two types of RRLs and
heir Oosterhoff groups. The mean period for RRab / RRc stars is
 . 58 / 0 . 33 d, respectiv ely. F or Oo I / Oo II RRab stars, the mean
MNRAS 525, 5915–5927 (2023) 
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M

Figure 1. Period distribution of the Oosterhoff groups in the MW halo. The Bailey diagram (visual amplitude versus logarithmic period) is shown, colour-coded 
by metallicity as indicated by the colour bar. The grey solid line for RRab stars is from Fabrizio et al. ( 2021 ). The red and purple dashed lines are used to divide 
the Oo I and Oo II groups for RRab and RRc stars from the polynomial regression method described in the text. The top histograms show the distribution of 
log P for the Oo I stars (blue) and Oo II stars (red). 
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eriod is 0 . 55 / 0 . 64 d, respectiv ely. F or the Oo I / Oo II RRc stars, the
ean period is 0 . 31 / 0 . 36 d, respectively. These results are consistent
ith the literature referred to in the introduction. 

.2 Metallicity distribution 

ig. 2 compares the metallicity distribution of the Oo I and Oo II
roups for our RRab and RRc samples. For RRab stars, we find the
ean metallicity of Oo I type stars is 〈 [Fe/H] 〉 = −1.59; the Oo II

ype stars have a more metal-poor mean value, 〈 [Fe/H] 〉 = −1.87.
he means of the metallicity distribution for RRc stars (Oo I types:
 [Fe/H] 〉 = −1.65; Oo II types: 〈 [Fe/H] 〉 = −1.96) is more metal-poor
han for the RRab stars. We note that the abrupt drop around [Fe/H]
 −1 for both RRab and RRc stars are not caused by our metallicity

ut ([Fe/H] < −1.0). This drop is also noted by previous studies
e.g. Fabrizio et al. 2019 ). The metallicity differences between RRab
nd RRc stars mainly arises because the morphology of RRc stars
n the HB is bluer and hotter than that of RRab stars, which also
upports previous ideas that the distribution of stars along the HB
ainly depends on metal content (Renzini 1983 ; Torelli 2019 ). 
Early studies proposed that the Oosterhoff dichotomy in globular

lusters is mainly a consequence of the deficit of metal-intermediate
NRAS 525, 5915–5927 (2023) 
W globular clusters hosting RRLs (Castellani 1983 ; Renzini 1983 ).
hey found that blue-HB clusters with [Fe/H] ≈ −1.8 fill the gap
etween these types, and thus attributed the metallicity gap to the
B behaviour. Since the disco v ery of the Oosterhoff dichotomy,
an y attempts hav e been made to find relationships between period,

mplitude, and metal abundance (Kunder et al. 2009 ; Smith et al.
011 ; Fabrizio et al. 2019 ; Bono et al. 2020 ) in order to explain
his phenomenon from the perspective of stellar evolution (Sandage
981a , b ; Lee, Demarque & Zinn 1990 ; Clement & Shelton 1999 ;
mith et al. 2011 ). More recently, Fabrizio et al. ( 2019 ) collected
 large data set of field RRLs, and found that both period and
mplitude display a linear anticorrelation with metallicity – an
ncrease in the metal content causes a steady decrease in pulsation
eriod and visual amplitude (see fig. 9 of Fabrizio et al. 2021 ). Thus,
e cannot neglect the impact of stellar evolution on the Oosterhoff
ichotomy. 

.3 Velocity distribution 

e now consider the space velocities of the Oosterhoff groups. Fig. 3
hows the radial and rotational velocity distributions. Both groups
entre around V φ � 0. 
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Figure 2. Panel (a): The metallicity distribution of RRab variables is shown 
in the grey histogram ( 〈 [Fe / H] 〉 ab = −1 . 67). The blue and red histograms 
represent the metallicity distribution of Oo I and Oo II groups ( 〈 [Fe / H] 〉 Oo I = 

−1 . 59, 〈 [Fe / H] 〉 Oo II = −1 . 87). Panel (b): The metallicity distribution of 
RRc variables ( 〈 [Fe / H] 〉 c = −1 . 80, 〈 [Fe / H] 〉 Oo I = −1 . 65, 〈 [Fe / H] 〉 Oo II = 

−1 . 96). 
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We can quantify the difference of the cylindrical velocity distribu- 
ions between the Oosterhoff groups. The KS test comparing each of
he Oo I and Oo II velocity components ( V r , V θ , V φ) for RRab stars
ields p ks of (0.045, 0.002, 0.001), respectively. The same test for
he Cartesian velocity components ( U , V , W ) yields p ks of (0.536,
.001, 0.123), respectiv ely. The v elocity components of RRc stars
re also tested in the same way. The p ks of the cylindrical velocity
omponents and the Cartesian velocity components are (0.126, 0.001, 
.013) and (0.184, 0.025, 0.123), respectively . Statistically , the V θ

nd V φ components for the both RRab and RRc stars all reject the
ull hypothesis; these components differ between Oo I types and 
o II types. 

.4 Anisotropy parameter 

o further investigate the dynamical properties of the Oosterhoff 
roups, we describe the orbits using the anisotropy parameter β: 

( r) = 1 − σθ ( r) 2 + σφ( r) 2 

2 σr ( r) 2 
, (3) 
hich represents the shape of the velocity ellipsoid as predominantly 
adial, tangential, or isotropic. The velocity dispersions ( σ θ , σφ , σ r )
re in the Galactocentric spherical polar coordinate system. As β
epresents the ratio of tangential to radial motion, and measures the
ature of orbits in the halo, it places restrictions on the merger history
f the MW (Rashkov et al. 2013 ; Bird & Flynn 2015 ; Hattori et al.
017 ; Belokurov et al. 2018b ; Loebman et al. 2018 ; Lancaster et al.
019 ). 
In order to check for differences between the Oosterhoff groups 

sing the β parameter, we divide our sample into seven bins according 
o Galactocentric distance, from 3 to 78 kpc in 5 kpc bins, with the
rst (3 kpc ≤ r < 10 kpc) and the last two (30 kpc ≤ r < 40 kpc,
 ≥ 40 kpc) bins being exceptions. We obtain the mean velocity
ispersion and errors for the individual velocity ellipsoid components 
sing the bootstrap technique. We resample 80 per cent of the sample
or each bin, calculate the mean velocity and dispersion, and repeat
000 times. The velocity dispersion σ and its error for each bin
re the mean and standard deviation of the distribution yielded 
y resampling. The intrinsic velocity dispersion for each bin is a
ombination of two estimates: one is from the estimated velocity 
ispersion from resampling; the other is based on the mean velocity
ncertainty. 
Fig. 4 profiles the velocity anisotropy β( r ) as a function of

alactocentric radius for RRab and RRc stars. The Oo I RRab stars
n panel (a) have high β values, nearly ∼0.9, at 10 kpc, remain
lmost the same to 20 kpc, then drop past 25 kpc. Within the same
istance range where the IHR transitions to the OHR (25 −30 kpc),
he profile continues to decline. For Oo II RRab stars, β declines in
 relatively flat and continuous manner, and then increases to nearly
.8 at 25 kpc. At the distance where the IHR and OHR transition
ccurs β drops rapidly. Panel (b) presents the trend of β( r ) for RRc
tars. From inspection, the RRc stars do not exhibit a distinct change
n β between the Oosterhoff groups in the IHR compared with the
Rab stars. One possible reason is that it is due to the mixture of

he two populations, given the current measurement errors. This is 
articularly true for Oo II RRc stars, given its limited sample size.
oth Oo I and Oo II RRc stars exhibit high and nearly constant β
alues within 10 kpc, and the velocity anisotropy of Oo I type stars
s systematically higher than that of the Oo II type stars before about
5 kpc. Then, β value drops quickly at the IHR / OHR transition
adius. Regardless of whether a star is classified as RRab or RRc,
his result shows that the Oo I-group stars possess higher β values
han that of the Oo II-group stars in the IHR. 

A number of previous studies have analysed the halo’s velocity 
nisotropy as a function of metallicity and distance, and shown that
he metal-rich components exhibit strong radial anisotropy (0.6 ≤ β

0.9) for the IHR stars, and a milder radial anisotropy ( β ∼ 0.5) for
he OHR stars (Belokurov et al. 2018b ; Bird et al. 2019 , 2021 ; Iorio &
elokurov 2021 ; Liu et al. 2022 ). The strongly radial components
re regarded as arising from the debris cloud of the ancient massive
erger GSE substructure, which not only hosts a large fraction 

f Oo I RRLs (Belokurov et al. 2018a ), but its contribution to the
alactic halo also decreases with increasing Galactocentric distance 

Iorio & Belokurov 2021 ). 
Our results are in agreement with the abo v e studies. We find

hat, between 5 and 25 kpc, the velocity anisotropy of Oo I stars
s relatively high (0.75 < β < 0.90), while that of Oo II stars is
elati vely lo w (0.65 < β < 0.75). The fractions of the two groups
etween 5 and 25 kpc are 70 per cent and 30 per cent for Oo I and
o II types for RRab stars, respectively, while for RRc stars the

ractions are 60 per cent and 40 per cent, respecti vely. Gi ven the high
adial motions and high fraction of Oo I stars in the IHR, we conclude
MNRAS 525, 5915–5927 (2023) 
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Figure 3. Panels (a) and (b) show the velocity components for RRab and RRc stars, respectively. The blue points and red crosses represent the Oo I and Oo II 
types, respectively. 
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hat the Oo I type is mainly a relic associated with the GSE merger
vent. 

.5 Action space 

he action-space coordinates for Galactic dynamics is considered
n ideal plane to analyse halo stars, and identify substructures and
ebris from accretion events (Binney et al. 1984 ). Fig. 5 shows the
istribution of Oosterhoff groups in action space; the upper panels
a)–(f) and lower panels (g)–(l) show the distribution for RRab and
Rc stars, respectively. 
Panels (a) and (d) show the action-space maps for Oo I and Oo II

tars, respectively. The horizontal axis is the azimuthal action J φ ; the
ertical axis is the difference between the vertical and radial actions
 Z − J R . Both axes are normalized by the total action J tot = J R +
 Z + | J φ | . Each star is colour-coded according to its eccentricity.
yeong et al. ( 2019 ) identified that GSE-debris stars character-

stically have e ∼ 0 . 9 , | J φ / J tot | and ( J Z − J R ) / J tot < −0 . 3 . We
dopt the same membership criteria, and indicate GSE loci in the
ed box in panel (a) of Fig. 5 . We find that 80 per cent of Oo I
Rab stars lie in the GSE loci. Panel (b) shows the distribution of
nergy versus azimuthal action for Oo I stars, normalized by the
olar values ( J φ, � = 2009 . 92 kpc km s −1 , J Z, � = 0 . 35 kpc km s −1 ,
nd E � = −64943 . 61 km 

2 s −2 ; Sestito et al. 2019 ). There is a
ompact distribution around J φ � 0 kpc km s −1 , which indicates an
ncreased number of stars moving on radial orbits. Retrograde orbits
av e ne gativ e J φ , while prograde orbits hav e positiv e J φ . Objects with
igher energy retrograde stars were merged in the past (Myeong et al.
018a ). Panel (c) presents the radial action versus vertical action for
o I stars. Myeong et al. ( 2018a ) analysed the local stellar halo in

ction space, and found that the metal-rich and high-eccentricity
opulation is more extended towards higher radial actions, while the
ample with radial orbits at low J R is related to merger events. 

Panels (d)–(f) in Fig. 5 show the same plots, but for RRab stars
elonging to the Oo II group. From panel (d), we calculate that
0 per cent of Oo II RRab stars lie in the GSE loci. From the panels
b) and (e) of the Oo I and Oo II groups, respectively, we find that the
elative fraction of Oo I stars occupying the high-energy retrograde
egion is much higher than for stars in the Oo II group. From panel
f) for Oo II stars, our result suggests that Oo II stars exhibit a lower
pread towards highly radial actions, and are nearly evenly distributed
n the three actions, while the Oo I stars in panel (c) have a tendency
o have high J R . The distribution of Oo I stars for J R is broader than
hat for Oo II-group stars, indicating that stars in the Oo I-group stars
NRAS 525, 5915–5927 (2023) 
re a flattened population, while the stars in the Oo II group are from
 rounder population. 

We perform the same analysis as abo v e for the RRc stars, and
how the results in the lower set of panels (g)–(l) in Fig. 5 . The Oo I
nd Oo II dichotomies are not as evident for RRc stars as for RRab
tars; this may be due to their smaller numbers. From the action-
pace analysis, we know that the Oo I stars are relatively metal-
ich, have highly radial actions, and are mostly distributed around
 φ � 0 kpc km s −1 . The Oo II stars are relatively more metal-poor,
nd featured no obvious radial action compared with Oo I; they are
ore evenly distributed in the three actions. 
Taking the analyses carried out in this section as a whole, we

nd that there exist significant differences between the Oosterhoff
roups in their metallicity distributions, anisotropy parameters, and
n action space. The Oo I group is associated with a relatively more
etal-rich component, with a strong trend towards radial motions

nd high eccentricity, zero angular momentum, and high-energy
etrograde orbits. The Oo II group is associated with a relatively
ore metal-poor component, which has mild radial motions, and

ower eccentricity prograde orbits. The features of the Oo I stars
re in accord with those of GSE, which is thought to be the last
ajor merger experienced by the MW about 10 Gyr ago. Many

tudies have investigated the GSE substructure, and found that it has
tars with high-energy, eccentric radial orbits, and exhibits a high
nisotropy, reaching up to β = 0.9 (Belokurov et al. 2018b ; Helmi
t al. 2018 ; Feuillet et al. 2020 ; Liu et al. 2022 ). We conclude that the
osterhoff groups have different star formation histories, with Oo I

tars originating from the GSE substructure, while the Oo II stars
ormed in situ at an early epoch. 

 DI SCUSSI ON  

.1 The inner-halo / outer-halo dichotomy 

oes the Oosterhoff dichotomy exhibit variations based on location
n the MW halo? We take r = 25 kpc as the division to compare the
osterhoff dichotomy in the IHR and OHR, shown in panels (a) and

b) of Fig. 6 , respectively. It is clear that, in the IHR, Oo I-group
tars with metal-rich components occupy the SP region, while the
o II-group stars with metal-poor components are located in the LP

egion. In the OHR, the dichotomy is not as evident as in the IHR. 
The IHR has a large contribution from the stellar debris associated

ith GSE (Belokurov et al. 2018b ; Helmi et al. 2018 ; Myeong et al.
018b ; Lancaster et al. 2019 ), which explains why the dichotomy
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Figure 4. Velocity anisotropy β trends and corresponding uncertainties as 
a function of Galactocentric distance r . Panel (a): The blue and red lines 
represent the trends in β for Oo I and Oo II RRab stars, respectively. The top 
histograms show the distribution of r for the Oo I stars (blue) and Oo II stars 
(red). Panel (b): The same as in the upper panel, but for RRc stars. 
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s more apparent than in the OHR. Liu et al. ( 2022 ) analysed the
inematics and chemistry of the Galactic halo RRLs, and also found 
hat the inner-halo population mainly comprises stars deposited from 

his ancient merged satellite, and the outer-halo population exhibits 
nly a mildly radial anisotropy. The influence of GSE results in a
uildup in the number of stars in the metal-rich regions, and we
an observe a valley in the transition region. The outer halo does
ot change so significantly, because it is not affected by the GSE,
o it exhibits a gradual transition. In addition, we have noticed that
he proportion of stars in the Oo I and Oo II groups varies between
he inner and outer haloes. In the IHR, the ratio of Oo I-group stars
s significantly greater than that of Oo II-group stars, while in the
HR, the ratio of Oo I and Oo II stars are roughly equal. Hence,

he Oosterhoff dichotomy is more apparent for the IHR than for the
HR. 

.2 The Oosterhoff dichotomy of Local Group dwarf galaxies 

oes the Osterhoff dichotomy exist in MW satellites, such as 
ornax, Sagittarius, and the LMC and SMC? Catelan ( 2009 ) found

hat the RRLs in dwarf galaxies and their globular clusters have
ntermediate periods, between the two Oosterhoff groups, and fill 
he gap with 0.58 d < P < 0.62 d. Smith et al. ( 2011 ) found that
RLs in dwarf galaxies around the MW appeared to be genuinely
osterhoff-intermediate, rather than a mixture of Oo I- and Oo II-
roup stars. Soszy ́nski et al. ( 2016 ) e xplored fiv e LMC clusters,
nd validated that the Oosterhoff dichotomy observed in Galactic 
lobular clusters is not present among the globular clusters in this
alaxy. 

We explore the Magellanic Clouds in more detail, as they provide
n important piece of the puzzle to help us better understand galaxy
nteractions, as well as the dynamical and star formation history of
ur Galaxy (Tepperr 2019 ; Wang, Hammer & Yang 2022 ). Soszy ́nski
t al. ( 2016 ) collected o v er 45 000 RRLs, of which 39 082 were
etected towards the LMC and 6369 towards the SMC, during 
he fourth phase of the Optical Gravitational Lensing Experiment. 
rom a cross-match with Li et al. ( 2023 ), who presented more-
recise metallicity and distance estimates for o v er 135 000 RRLs
y calibrating the P –φ31 –[Fe/H] and G -band absolute magnitude–
etallicity relations, we obtain a final sample including 19 078 RRLs

n the LMC and 4022 RRLs in the SMC. 
Panels (c) and (d) in Fig. 6 show the Bailey diagrams for the LMC

nd SMC, respectively. Neither exhibit as obvious an Oosterhoff 
ichotomy as seen in the MW halo, which shows a clear metallicity
radient when moving from LPs to SPs at a fixed amplitude; they
re more mixed together. In the metal-abundance / period transition 
egion, the LMC and SMC appear continuous, without the valley 
egion that appears in the MW halo. The LMC and SMC are located
ar from the Galaxy (48.84 and 61.38 kpc away from the Galactic
entre, respectively; Li et al. 2023 ), and were likely unaffected by

he GSE merger event in the MW. Rather, they are influenced by
he environment in each galaxy. By comparing the Bailey diagrams 
f the LMC and SMC, we clearly see that LMC sho ws relati vely
ontinuous variations in both in its period and metallicity, without 
n y ob vious dichotomy, and appears to be a gradual transition. There
re more metal-poor stars in the SMC, and we observe a distinct
ifference in the nature of the dichotomy with respect to that found
n the LMC. 

This confirms our conclusion that the Oosterhoff dichotomy is a 
omplex phenomenon that varies across different galaxies, and even 
ithin different locations in the same galaxy, due to the fact that each

ocation in different galaxies has undergone a unique star formation 
istory. 

.3 Different metallicity bins 

yeong et al. ( 2018a ) proposed that the kinematics of the metal-rich
alo stars with [Fe/H] between −1.9 and −1.1 provide evidence for
ecent accretion events, and that the Oosterhoff dichotomy itself is 
orrelated with metallicity (Smith et al. 2011 ). To investigate the
ependence of the nature of the observed Oosterhoff dichotomy 
MNRAS 525, 5915–5927 (2023) 
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Figure 5. Action and energy results for RRab stars [panels (a)–(f)] and RRc stars [panels (g)–(l)]. Panels (a)–(c) show the results for Oo I stars. Panel (a) is the 
projected-action map for Oo I stars; each star is colour-coded by eccentricity as indicated by the colour bar. The red box encloses Oo I stars that lie in the GSE 

loci (Myeong et al. 2019 ); ratios of Oosterhoff groups that lie in the GSE loci are also marked. Panel (b) shows the energy ( E ) as a function of azimuthal action 
( J φ ), normalized by solar values. Panel (c) shows the vertical action ( J Z ) as a function of radial action ( J R ). The second row in each set of panels are the same, 
but for Oo II stars. 
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Figure 6. Panels (a) and (b) are Bailey diagrams for the MW IHR ( r < 25 kpc) and OHR ( r > 25 kpc), respectively. The top histograms show the distribution 
of log P for the Oo I stars (blue) and Oo II stars (red). Panels (c) and (d) are Bailey diagrams for the LMC and SMC, respectively. The top histograms show the 
distribution of log P for the RRab stars (blue) and RRc stars (red). All sample stars are colour-coded by metallicity as indicated by the colour bar. 
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n metallicity, and the cause of the metallicity differences be- 
ween the groups, we divide our sample at [Fe/H] = −1.7, and
onsider the kinematic characteristics of the individual Oosterhoff 
roups. 
Fig. 7 shows the velocity ellipsoids for the RRLs in two separate
etallicity bins. Panels (a) and (b) in this figure apply to RRLs
ith [Fe/H] ≥ −1.7, which exhibit a remarkable ‘sausage-like’ 
tructure. Both Oosterhoff groups are centred around V φ � 0 and
re extended in V r . Belokurov et al. ( 2018b ) initially pointed out
he GSE substructure in the V φ versus V r space; Helmi et al. ( 2018 )
oncluded that it is the result of a head-on collision with the MW
hat deposited stellar debris on highly radial orbits, giving rise to the
haracteristic shape of the velocity ellipsoid, which becomes weaker 
nd rounder with decreasing metallicity. As seen in panels (c) and
MNRAS 525, 5915–5927 (2023) 
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Figure 7. Velocity ellipsoid distribution in Galactocentric spherical coordinates for Oo I stars (blue points) and Oo II stars (red crosses). Panels (a) and (b) show 

the results for stars with [Fe/H] ≥ −1.7. Panels (c) and (d) are for stars with [Fe/H] < −1.7. RRab stars are shown in panels (a) and (c), while the RRc stars are 
shown in panels (b) and (d). The top histograms show the distribution of V r for the Oo I stars (blue) and Oo II stars (red). 
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d) of this figure, for the RRLs with [Fe/H] < −1.7, the strong
adial character of the distribution is not as evident as for the more
etal-rich sample. 
Fig. 8 shows the variation of the anisotropy parameter β with

alactocentric radius r from 3 to 30 kpc. The metal-rich RRL sample
ossesses a high β, especially around 15 kpc, and the anisotropy
arameter for stars in the Oo I group is higher than for those in
he Oo II group, as mentioned in Section 3.4 . The top histograms
n these panels show the proportion of stars in the Oo I and Oo II
roups. It is clear that stars in the Oo I group represent a much larger
roportion than in the Oo II group in the metal-rich bins, while the
roportion of Oo I and Oo II stars are nearly equal in the metal-poor
ins. These differences between the kinematics and proportions of
o I and Oo II stars for different metallicity bins confirm that the
etal-rich component is dominated by stars from GSE, and that the

ifferences in metal abundance are mainly due to the evolution of
he Galaxy. 
NRAS 525, 5915–5927 (2023) 
.4 Comparison with the results of Fabrizio et al. ( 2019 ) 

abrizio et al. ( 2019 , 2021 ) discussed the largest and most homo-
eneous spectroscopic data set of 9015 RRLs (6150 RRab, 2865
Rc), and found a linear correlation between mean periods and
etallicity, which strongly indicates that the long-standing problem

f the Oosterhoff dichotomy among Galactic globular clusters is a
onsequence of the lack of metal-intermediate clusters hosting RRLs.

Our results, based on the large spectroscopic sample of halo RRLs
rom Liu et al. ( 2020 ) and the photometric sample from Wang et al.
 2022 ), indicate that the Oosterhoff groups in the MW have different
inematical and dynamical properties, which largely correspond to
heir different origins. From newly measured metallicity and distance
stimates for RRLs in the LMC and SMC, we find there is no
lear Oosterhoff dichotomy in these dwarf galaxies; the Oosterhoff
ichotomy is not the same in different galaxies. Meanwhile the
tudies of Fabrizio et al. ( 2019 ) suggested that the mean period
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Figure 8. Velocity anisotropy parameter β, as a function of Galactocentric radius, for Oo I stars (blue) and Oo II stars (red) in different metallicity bins. Panels 
(a) and (b) show the trends for RRab stars. Panels (c) and (d) show the trends for RRc stars. Panels (a) and (c) are for stars with [Fe/H] ≥ −1.7, while panels (b) 
and (d) are for stars with [Fe/H] < −1.7. The top histograms show the distribution of r for the Oo I stars (blue) and Oo II stars (red). 
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f RRL variables is a continuous function of metallicity. All of these
ndings indicate that it is not feasible to explain the Oosterhoff
ichotomy based on stellar physical mechanisms alone. 
We also want to clarify differences in our reported fractions 

ompared with the work of Fabrizio et al. ( 2019 ). We calculate the
elative proportions of RRLs in the Bailey diagrams according to a 
ivision line obtained from polynomial regression. The proportions 
f RRab stars in the SP sequence and the LP sequence are 70 per cent
nd 30 per cent, respectively. The RRc stars have proportions in 
he LP and SP sequences that are 50 per cent and 50 per cent,
espectiv ely. In contrast, F abrizio et al. ( 2021 ) used contours to
btain the sequence proportions. The RRab stars in the SP and LP
equences are 80 per cent and 20 per cent, respectively, comparable 
o our results. Their RRc stars exhibit an opposite trend between the
P and LP sequences, 30 per cent and 70 per cent, respectively. We
elieve this results from the different definitions of the SP and LP
 O
equences. We consider the A V −log P correlation to separate the two
equences, while Fabrizio et al. ( 2021 ) separated them on the basis
f density in their data space. 

 SUMMARY  

n this work, we employ 2661 RRab and 992 RRc variables with
vailable 7D (3D position, 3D velocity, and metallicity) information 
o investigate the Oosterhoff dichotomy from the perspective of 
etallicity , velocity , anisotropy , and action space. 
For RRab stars, both the Oo I and Oo II groups have high β (0.85)

 v er Galactocentric radii 5 kpc < r < 25 kpc; the proportion of
osterhoff groups within r = 25 kpc is 70 per cent for the Oo I stars

nd 30 per cent for the Oo II stars, respectiv ely. F or RRc stars within
 = 25 kpc, the proportion is 60 per cent and 40 per cent for types
o I and Oo II, respectively. 
MNRAS 525, 5915–5927 (2023) 
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From consideration of the action space, we find that stars in the
o I group have highly radial and eccentric orbits, and are mostly
istributed around the null azimuthal-momentum region. The stars
n the Oo II group have only mildly radial and eccentric orbits. These
esults suggest that the Oosterhoff groups in the MW halo originated
n different ways. The Oo I group is associated with a relatively
etal-rich component with highly radial, eccentric, and retrograde

rbits and β reaching values as high as 0.9 o v er 5 kpc < r < 25 kpc.
tars in the Oo I group likely originate from the GSE substructure,
hile stars in the Oo II group may have formed in situ during early

pochs, and were later accreted. 
The relative contributions of Oo I and Oo II stars in the Galactic

alo varies with Galactocentric distance, and the dichotomy in the
HR is more apparent than for the OHR. We have also inspected the
ature of the Oosterhoff dichotomy in the LMC and SMC, and find
ifferences in the phenomenon compared with the halo of the MW. 
We conclude that the Oosterhoff dichotomy is the result of both

tellar evolution and galactic evolution, and therefore varies with
osition and environment. 

C K N OW L E D G E M E N T S  

Z and GL acknowledge the Hubei Provincial Natural Science Foun-
ation with grant no. 2023AFB577, the Key Laboratory Fund of Min-
stry of Education under grant no. QLPL2022P01 and the National
cience Foundation of China (NSFC) with grant no. U1731108.
H acknowledges the National Key R&D Program of China with
rant no. 2019YFA0405503 and the NSFC with grant nos 11903027
nd 11833006. HZ acknowledges the National Key R&D Program
f China with grant no. 2019YFA0405504 and the NSFC with grant
os 11973001, 12090040, and 12090044. TCB acknowledges partial
upport for this work from grant PHY 14-30152; Physics Frontier
enter / JINA Center for the Evolution of the Elements (JINA-CEE),
nd OISE-1927130: The International Research Network for Nuclear
strophysics (IReNA), awarded by the US National Science Founda-

ion. HT acknowledges NSFC with grant no. 11873034 and the Hubei
rovincial Outstanding Youth Fund with grant no. 2019CFA087.
he Guoshoujing Telescope [the Large Sky Area Multi-Object Fiber
pectroscopic Telescope (LAMOST)] is a National Major Scientific
roject built by the Chinese Academy of Sciences. Funding for the
roject has been provided by the National Development and Reform
ommission. LAMOST is operated and managed by the National
stronomical Observatories, Chinese Academy of Sciences. This
ork has made use of data from the European Space Agency

ESA) mission Gaia ( ht tps://www.cosmos.esa.int /gaia ), processed
y the Gaia Data Processing and Analysis Consortium (DPAC; https:
/ www.cosmos.esa.int/web/gaia/ dpac/consortium ). Funding for the
PAC has been provided by national institutions, in particular the

nstitutions participating in the Gaia Multilateral Agreement. This
ork also has made use of data products from the SDSS, 2MASS,

nd WISE. 

ATA  AVAILABILITY  

he data supporting this article will be shared upon reasonable
equest sent to the corresponding authors. 

E FERENCES  

erts C. , Christensen-Dalsgaard J., Kurtz D. W., 2010, Asteroseismology,
Springer-Verlag, Berlin 

lam S. et al., 2015, ApJS , 219, 12 
NRAS 525, 5915–5927 (2023) 
rp H. C. , 1955, AJ , 60, 317 
elokurov V. , Deason A. J., Koposov S. E., Catelan M., Erkal D., Drake A.

J., Evans N. W., 2018a, MNRAS , 477, 1472 
elokurov V. , Erkal D., Evans N. W., Koposov S. E., Deason A. J., 2018b,

MNRAS , 478, 611 
hardwaj A. , 2020, JA&A , 41, 23 
hardwaj A. , Kanbur S. M., Rejkuba M., Marconi M., Catelan M., Ripepi V.,

Singh H. P., 2022, A&A , 668, A59 
inney J. , Spergel D., 1984, MNRAS , 206, 159 
ird S. A. , Flynn C., 2015, MNRAS , 452, 2675 
ird S. A. , Xue X.-X., Liu C., Shen J., Flynn C., Yang C., 2019, AJ , 157, 104
ird S. A. , Xue X.-X., Liu C., Shen J., Flynn C., Yang C., Zhao G., Tian

H.-J., 2021, ApJ , 919, 66 
ono G. , Caputo F., Stellingwerf R. F., 1994, ApJ , 423, 294 
ono G. , Caputo F., Di Criscienzo M., 2007, A&A , 476, 779 
ono G. et al., 2020, ApJ , 896, L15 
astellani V. , 1983, Mem. Soc. Astron. Ital., 54, 141 
atelan M. , 2009, Ap&SS , 320, 261 
atelan M. , Smith H. A., 2015, Pulsating Stars, Wiley-VCH, Weinheim 

hambers K. C. et al., 2019, The Pan-STARRS1 Surveys, preprint
( arXiv:1612.05560 ) 

lement C. M. , Shelton I., 1999, ApJ , 515, L85 
lementini G. et al., 2019, A&A , 622, A60 
eng L. C. et al., 2012, Res. Astron. Astrophys. , 12, 735 
rake A. J. et al., 2013, ApJ , 763, 32 
rake A. J. et al., 2014, ApJS , 213, 9 
abrizio M. et al., 2019, ApJ , 882, 169 
abrizio M. et al., 2021, ApJ , 919, 118 
euillet D. K. , Feltzing S., Sahlholdt C. L., Casagrande L., 2020, MNRAS ,

497, 109 
iorentino G. et al., 2014, ApJ , 798, L12 
iorentino G. et al., 2017, A&A , 599, A125 
aia Collaboration , 2021, A&A , 649, A1 
attori K. , Valluri M., Loebman S. R., Bell E. F., 2017, ApJ , 841, 91 
elmi A. , Babusiaux C., Koppelman H. H., Massari D., Veljanoski J., Brown

A. G. A., 2018, Nature , 563, 85 
uang Y. , Liu X.-W., Yuan H.-B., Xiang M.-S., Huo Z.-Y., Chen B.-Q., Zhang

Y., Hou Y.-H., 2015, MNRAS , 449, 162 
uang Y. et al., 2016, MNRAS , 463, 2623 

orio G. , Belokurov V., 2021, MNRAS , 502, 5686 
ang S. , Lee Y.-W., 2015, ApJS , 218, 31 
ayasinghe T. et al., 2018, MNRAS , 477, 3145 
olenberg K. , Fossati L., Shulyak D., Pikall H., Barnes T. G., Kochukhov O.,

Tsymbal V., 2010, A&A , 519, A64 
under A. , Chaboyer B., 2009, AJ , 138, 1284 
ancaster L. , Koposov S. E., Belokurov V., Evans N. W., Deason A. J., 2019,

MNRAS , 486, 378 
ee J.-W. , Carney B. W., 1999, AJ , 118, 1373 
ee Y.-W. , Demarque P., Zinn R., 1990, ApJ , 350, 155 
i X.-Y . , Huang Y ., Liu G.-C., Beers T. C., Zhang H.-W., 2023, ApJ , 944, 88
iu C. et al., 2014, ApJ , 790, 110 
iu G.-C. et al., 2020, ApJS , 247, 68 
iu G. , Huang Y., Bird S. A., Zhang H., Wang F., Tian H., 2022, MNRAS ,

517, 2787 
oebman S. R. et al., 2018, ApJ , 853, 196 
cWilliam A. , 2011, preprint ( arXiv:1109.1324 ) 
ateu C. , Vi v as A. K., Do wnes J. J., Brice ́no C., Zinn R., Cruz-Diaz G.,

2012, MNRAS , 427, 3374 
onelli M. , Fiorentino G., 2022, Universe , 8, 191 
yeong G. C. , Evans N. W., Belokurov V., Sanders J. L., Koposov S. E.,

2018a, ApJ , 856, L26 
yeong G. C. Evans N. W. Belokurov V. Sanders J. L. Koposov S. E. et al.,

2018b, ApJ , 863, L28 
yeong G. C. , Vasiliev E., Iorio G., Evans N. W., Belokurov V., 2019,

MNRAS , 488, 1235 
osterhoff P. T. , 1939, Observatory, 62, 104 
etroni S. , Bono G., 2003, Mem. Soc. Astron. Ital, 74, 915 preprint

( arXiv:0302480 ) 

https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
http://dx.doi.org/10.1088/0067-0049/219/1/12
http://dx.doi.org/10.1086/107232
http://dx.doi.org/10.1093/mnras/sty615
http://dx.doi.org/10.1093/mnras/sty982
http://dx.doi.org/10.1007/s12036-020-09640-z
http://dx.doi.org/10.1051/0004-6361/202244728
http://dx.doi.org/10.1093/mnras/206.1.159
http://dx.doi.org/10.1093/mnras/stv1448
http://dx.doi.org/10.3847/1538-3881/aafd2e
http://dx.doi.org/10.3847/1538-4357/abfa9e
http://dx.doi.org/10.1086/173806
http://dx.doi.org/10.1051/0004-6361:20078206
http://dx.doi.org/10.3847/2041-8213/ab9538
http://dx.doi.org/10.1007/s10509-009-9987-8
http://arxiv.org/abs/1612.05560
http://dx.doi.org/10.1086/311981
http://dx.doi.org/10.1051/0004-6361/201833374
http://dx.doi.org/10.1088/1674-4527/12/7/003
http://dx.doi.org/10.1088/0004-637X/763/1/32
http://dx.doi.org/10.1088/0067-0049/213/1/9
http://dx.doi.org/10.3847/1538-4357/ab3977
http://dx.doi.org/10.3847/1538-4357/ac1115
http://dx.doi.org/10.1093/mnras/staa1888
http://dx.doi.org/10.1088/2041-8205/798/1/L12
http://dx.doi.org/10.1051/0004-6361/201629501
http://dx.doi.org/10.1051/0004-6361/202039657
http://dx.doi.org/10.3847/1538-4357/aa71aa
http://dx.doi.org/10.1038/s41586-018-0625-x
http://dx.doi.org/10.1093/mnras/stv204
http://dx.doi.org/10.1093/mnras/stw2096
http://dx.doi.org/10.1093/mnras/stab005
http://dx.doi.org/10.1088/0067-0049/218/2/31
http://dx.doi.org/10.1093/mnras/sty838
http://dx.doi.org/10.1051/0004-6361/201014471
http://dx.doi.org/10.1088/0004-6256/138/5/1284
http://dx.doi.org/10.1093/mnras/stz853
http://dx.doi.org/10.1086/301008
http://dx.doi.org/10.1086/168370
http://dx.doi.org/10.3847/1538-4357/acadd5
http://dx.doi.org/10.1088/0004-637X/790/2/110
http://dx.doi.org/10.3847/1538-4365/ab72f8
http://dx.doi.org/10.1093/mnras/stac2666
http://dx.doi.org/10.3847/1538-4357/aaa0d6
http://arxiv.org/abs/1109.1324
http://dx.doi.org/10.1111/j.1365-2966.2012.21968.x
http://dx.doi.org/10.3390/universe8030191
http://dx.doi.org/10.3847/2041-8213/aab613
http://dx.doi.org/doi:10.3847/2041-8213/aad7f7
http://dx.doi.org/10.1093/mnras/stz1770
http://arxiv.org/abs/0302480


Probing the Galactic halo with RR Lyrae stars 5927 

P
P
R  

R
R
S
S
S
S
S
S
S
T  

T
T

v
V
V
W
W  

W
W
W
Y
Z  

Z

T

©
P

D
ow

nloaded from
 https
reston G. W. , 1959, ApJ , 130, 507 
ritzl B. , Smith H. A., Catelan M., Sweigart A. V., 2000, ApJ , 530, L41 
ashkov V. , Pillepich A., Deason A. J., Madau P., Rockosi C. M., Guedes J.,

Mayer L., 2013, ApJ , 773, L32 
eid M. J. et al., 2014, ApJ , 783, 130 
enzini A. , 1983, Mem. Soc. Astron. Ital., 54, 335 
andage A. , 1981a, ApJ , 244, L23 
andage A. , 1981b, ApJ , 248, 161 
esar B. et al., 2010, ApJ , 708, 717 
esar B. et al., 2017, AJ , 153, 204 
estito F. et al., 2019, MNRAS , 484, 2166 
mith H. A. , Catelan M., Kuehn C., 2011, 17 preprint ( arXiv:1106.4809 ) 
oszy ́nski I. et al., 2016, Acta Astron., 66, 131 
epper-Garc ́ıa T. , Bland-Hawthorn J., P a wlowski M. S., Fritz T. K., 2019,

MNRAS , 488, 918 
ian H.-J. et al., 2015, ApJ , 809, 145 
orelli M. et al., 2019, A&A , 629, A53 
2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
an Albada T. , Baker N., 1973, ApJ , 185, 477 
an den Bergh S. , 1993, AJ , 105, 971 
i v as A. K. et al., 2004, AJ , 127, 1158 
ang J. , Fu J.-N., Zong W., Wang J., Zhang B., 2021, MNRAS , 506, 6117 
 ang F . , Zhang H.-W., Xue X.-X., Huang Y., Liu G.-C., Zhang L., Yang

C.-Q., 2022a, MNRAS , 513, 1958 
ang J. , Hammer F., Yang Y., 2022b, MNRAS , 515, 940 
atkins L. L. et al., 2009, MNRAS , 398, 1757 
u W. , Zhao G., Xue X.-X., Bird S. A., Yang C., 2022, ApJ , 924, 23 

anny B. et al., 2009, AJ , 137, 4377 
hao G. , Zhao Y.-H., Chu Y .-Q., Jing Y .-P., Deng L.-C., 2012, Res. Astron.

Astrophys. , 12, 723 
hou Y. , Li X., Huang Y., Zhang H., 2023, ApJ , 946, 73 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 525, 5915–5927 (2023) 

://academ
ic.oup.com

/m
nras/article/525/4/5915/7263262 by Beijing N

orm
al U

niversity user on 22 Septem
ber 2023

http://dx.doi.org/10.1086/146743
http://dx.doi.org/10.1086/312482
http://dx.doi.org/10.1088/2041-8205/773/2/L32
http://dx.doi.org/10.1088/0004-637X/783/2/130
http://dx.doi.org/10.1086/183471
http://dx.doi.org/10.1086/159140
http://dx.doi.org/10.1088/0004-637X/708/1/717
http://dx.doi.org/10.3847/1538-3881/aa661b
http://dx.doi.org/10.1093/mnras/stz043
http://arxiv.org/abs/1106.4809
http://dx.doi.org/10.1093/mnras/stz1659
http://dx.doi.org/10.1088/0004-637X/809/2/145
http://dx.doi.org/10.1051/0004-6361/201935995
http://dx.doi.org/10.1086/152434
http://dx.doi.org/10.1086/116485
http://dx.doi.org/10.1086/380929
http://dx.doi.org/10.1093/mnras/stab1705
http://dx.doi.org/10.1093/mnras/stac874
http://dx.doi.org/10.1093/mnras/stac1640
http://dx.doi.org/10.1111/j.1365-2966.2009.15242.x
http://dx.doi.org/10.3847/1538-4357/ac31ac
http://dx.doi.org/10.1088/0004-6256/137/5/4377
http://dx.doi.org/10.1088/1674-4527/12/7/002
http://dx.doi.org/10.3847/1538-4357/acadd9

	1 INTRODUCTION
	2 DATA
	3 RESULTS
	4 DISCUSSION
	5 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

