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ABSTRACT
We present a RR Lyrae (RRL) catalogue based on the combination of the third data release of the Zwicky Transient Facility
(ZTF DR3) and Gaia EDR3. We use a multi-step classification pipeline relying on the Fourier decomposition fitting to the
multi-band ZTF light curves and random forest classification. The resulting catalogue contains 71,755 RRLs with period and
light curve parameter measurements and has completeness of 0.92 and purity of 0.92 with respect to the SOS Gaia DR2 RRLs.
The catalogue covers the Northern sky with declination ≥ −28◦, its completeness is & 0.8 for heliocentric distance ≤ 80 kpc,
and the most distant RRL at 132 kpc. Compared with several other RRL catalogues covering the Northern sky, our catalogue
has more RRLs around the Galactic halo and is more complete at low Galactic latitude areas. Analysing the spatial distribution
of RRL in the catalogue reveals the previously known major over-densities of the Galactic halo, such as the Virgo over-density
and the Hercules-Aquila Cloud, with some evidence of an association between the two. We also analyse the Oosterhoff fraction
differences throughout the halo, comparing it with the density distribution, finding increasing Oosterhoff I fraction at the elliptical
radii between 16 and 32 kpc and some evidence of different Oosterhoff fractions across various halo substructures.

Key words: catalogues – stars: variables: RR Lyrae – Galaxy: structure

1 INTRODUCTION

RR Lyrae (RRL) stars are pulsating variables with periodic light
curves of a period ranging from 0.2 to 0.9 days (Smith 1995), found
primarily in the horizontal branches of old stellar systems (age >
10 Gyr). These old, metal-poor ([Fe/H] < −0.5), bright (𝑀V =

0.59 at [Fe/H] = −1.5; Cacciari & Clementini (2003)) variable
stars follow a well-understood period-luminosity-metallicity (PLZ)
relation (e.g. Cáceres & Catelan 2008; Marconi 2012). This relation
makes RRLs excellent distance indicators for old, low-metallicity
stellar populations in the outer halo of the Milky Way (e.g. Catelan
et al. 2004; Vivas et al. 2004; Cáceres & Catelan 2008; Sesar et al.
2010; Stetson et al. 2014; Fiorentino et al. 2015). Besides, RRLs are
sufficiently luminous to be detected at large distances so that they can
be the tracer of the halo substructures with a good spatial resolution
(e.g. Vivas & Zinn 2006; Sesar et al. 2010; Sesar et al. 2014; Baker &
Willman 2015; Torrealba et al. 2015; Martínez-Vázquez et al. 2019).
Proposed by Sesar et al. (2014) (see also Baker & Willman 2015),
the fact that almost every Milky Way dwarf satellite galaxy has at
least one RRL star opens up a gate of locating the Milky Way dwarf
satellites even for the ones that are very faint by using distant RRL
stars, for example, Antlia 2 (Torrealba et al. 2019).
Being beneficial to many Galactic studies, there have been several

RRL catalogues classified from existing surveys over the years, e.g.
SDSS Stripe 82 (Sesar et al. 2010), CRTS (Drake et al. 2014), PS1
(Sesar et al. 2017), nTransits:2+ Gaia DR2 (Holl et al. 2018), SOS
Gaia DR2 (Clementini et al. 2019a), ZTF DR2 (Chen et al. 2020),

★ E-mail: kuanweih@andrew.cmu.edu

and DES Y6 (Stringer et al. 2021). The quality of the catalogues has
progressed from being either deep with limited sky coverage (e.g.
the SDSS Stripe 82 catalogue) or wide-coverage but not as deep (e.g.
the CRTS catalogue) to having decent depth and wide sky cover-
age at the same time (e.g. the PS1 catalogue), pushing the Galactic
studies furthermore. However, large-coverage and deep surveys usu-
ally suffer from significant incompleteness and contamination due
to the low number of epochs in the light curves. This motivates us
to identify a RRL catalogue from the ZTF survey thanks to its uni-
formly high number of observation epochs of light curves across the
Northern sky while having decent depth. Another challenge of the
catalogues is to cover the Galactic plane; the PS1, Gaia DR2, and
ZTF DR2 catalogues do cover this area though the Gaia catalogue
suffers the completeness issue here. The PS1 data suffer the issues
of sparse temporal coverage, cadence, and asynchronous multi-band
observations where they overcame them by the multi-stage classi-
fication in Hernitschek et al. (2016). Compared to the ZTF DR2
catalogue (Chen et al. 2020), the more recent data release used in
this work provides more observation epochs which is beneficial for
the light curve fitting to achieve more accurate period measurement.
Also in this work for the period determination, we used all the bands
simultaneously during the light curve fitting stage.

In this paper, we utilize the joint set of the Gaia early third data
release (Gaia EDR3; Gaia Collaboration et al. 2020) and the third
data release of the Zwicky Transient Facility (ZTF DR3; Masci et al.
2019) to classify RRL stars in the Northern sky. Thanks to the high
angular resolution ofGaia and the fast cadence of ZTF observations,
the sources in the joint set thus have high spatial resolution and
multi-band light curves with large observation epochs. Assisted with
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ar
X

iv
:2

11
2.

06
01

7v
1 

 [
as

tr
o-

ph
.G

A
] 

 1
1 

D
ec

 2
02

1



2 K.-W. Huang et al.

150 120 90 60 30 0 330 300 270 240 210

l [ ]-75°
-60°

-45°
-30°

-15°

0°

15°

30°
45°

60°
75°

b 
[

]

50 75 100 125 150 175 200 225 250
nG + nBP + nRP

SOS Gaia DR2 RRLs in ZTF DR3

Figure 1. The spatial distribution of 48,365 SOS Gaia DR2 RRLs with
detected ZTF DR3 light curves by the closest separation within one arcsec on
the sky, colour-coded by the total number of Gaia epochs.

the Specific Objects Study (SOS) Gaia DR2 RRL catalogue as the
label, we process the dataset following the pipeline we come up with,
which includes data labelling, feature building, and classifier training,
to obtain the predicted RRL catalogue. In Section 2, we describe the
datasets above in more detail. In Section 3, we explain the pipeline
step by step. In Section 4, we demonstrate the classification results
and present the predicted RRL catalogue. In Section 5, we conclude
the paper.

2 DATASETS

To identify RRLs in the Northern sky, we utilize three datasets in
this work: ZTF DR3, Gaia EDR3, and the SOS Gaia DR2 RRL
catalogue. The joint set of ZTF DR3 and Gaia EDR3 is the main
dataset and the SOSGaiaDR2 RRL catalogue serves as the label for
training models.

ZTF DR3 (Bellm et al. 2019): As a time-domain survey using the
48-inch Schmidt telescope equippedwith a 47 squared degree camera
at PalomarObservatory, ZTF started scanning the entireNorthern sky
in March 2018, covering the area of ∼ 3𝜋 steradians. In the Northern
sky of declination > −31◦, ZTF has conducted two surveys: the
Galactic Plane Survey with a one-day cadence of all visible fields
at |𝑏 | < 7◦ and the Northern Sky Survey with a three-day cadence
at all fields with centres at |𝑏 | > 7◦. Released in June 2020, ZTF
DR3 contains the data collected during the first 21.4 months of the
survey and has approximately 2.5 billion light curves constructed
from the single-exposure extractions, with limiting magnitudes at
about 𝑔 = 20.8, 𝑟 = 20.6, and 𝑖 = 19.9, and the angular resolution of
about one arcsec.

Gaia EDR3 (Gaia Collaboration et al. 2020): The space-based as-
trometric missionGaiawas launched by the European Space Agency
in 2013 and started thewhole-sky survey in 2014 (Gaia Collaboration
et al. 2016). Released in December 2020, Gaia EDR3 contains the
data collected during the first 34 months of the mission and has ap-
proximately 1.8 billion sources with 1.5 billion parallaxes and proper
motions, down to the magnitude limit ofG = 20.7. The angular sepa-
ration limit, below which two sources are considered duplicates, has
been lowered to 180 mas in EDR3, while it was 400 mas in DR2.

The SOS Gaia DR2 RRL catalogue: Using the Specific Objects

Study (SOS) pipeline, Clementini et al. (2019a) presented 140,784
RRL stars in Gaia DR2 using the Gaia multi-band time-series pho-
tometry of all-sky candidate variables. We note that there are two
RRL catalogues from Gaia DR2, the SOS catalogue and the nTran-
sits:2+ catalogue (Holl et al. 2018), which is expected to be of lower
quality due to a significantly smaller number of epochs per source.
To start the data preparation, we first create the joint dataset of ZTF

DR3 andGaia EDR3 by cross-matching the closest sources from the
two surveys with an angular separation smaller than one arcsec. The
resulting dataset contains 675,640,523 sources in the Northern sky
down to the magnitude of about 20.5. The sources in the dataset thus
are clearly identified but notmismatched single sources becauseGaia
has a higher angular resolution than ZTF. Each source in the joint set
thus not only has the astrometric and photometricmeasurements from
Gaia but also has the light curves in the 𝑔𝑟𝑖 bands from ZTFwhich in
particular are essential for the classification pipeline explained in the
following paragraphs.We note that we lose about 800million sources
from the original 1,471,263,267 sources in the ZTF DR3 dataset by
this cross-match mainly because ZTF is slightly deeper than Gaia
in some regions, despite the similar limiting magnitudes of the two
surveys. However, the majority of the missing objects are very faint
with magnitudes > 21 and have extremely large photometric errors.
Besides Gaia EDR3 and ZTF DR3, we use the SOS Gaia DR2

RRLs as the label for the binary classification task; we label each
source in the joint dataset as true if it is classified as a RRL in the
SOS Gaia DR2 RRL catalogue and as false otherwise. Amongst
the 140,784 RRLs in the SOS Gaia DR2 RRL catalogue, 48,365
RRLs have ZTF light curves when cross-matched by the clos-
est separation within one arcsec. In Figure 1, we show the dis-
tribution of these 48,365 Gaia RRLs in the Galactic coordinate
colour-coded by the total number of Gaia epochs, where 𝑛𝐺 , 𝑛𝐵𝑃 ,
and 𝑛𝑅𝑃 are num_clean_epochs_g, num_clean_epochs_bp, and
num_clean_epochs_rp respectively. Figure 1 illustrates the incom-
pleteness issue that the SOS Gaia DR2 RRL catalogue suffers in the
low-epoch areas due to the scanning trajectory of Gaia, which we
will take into account during the classification pipeline.

3 THE CLASSIFICATION PIPELINE

With the dataset of 600 million sources in the joint set of Gaia
EDR3 and ZTF DR3 and the label of the SOS Gaia DR2 RRLs, we
then proceed to the supervised classification of RR Lyrae candidates
through the multi-step process summarized below and described in
detail in later sections.

The initial variability selection: To make the period fitting pro-
cess computationally feasible, in Section 3.1, we first reduce the size
of the dataset to 155,095,514 sources by applying an initial variabil-
ity selection based on the residuals of constant flux fits to the ZTF
light curves.

The broad selection of RRL candidates: Since the computational
cost of the full Fourier period fitting for 155 million sources is still
prohibitive, in Section 3.2, we perform a further filtering step by
doing a discretised single sinusoidal fit to characterize the periodic
variability of the sources. Together with the results from the previous
step, we further rule out the unlikely variable sources using a random
forest classifier and end up with 3,041,677 sources.

The final classification of RRLs: In Section 3.3, we build features
for the dataset of 3 million sources using the parameters obtained
by fitting truncated Fourier Series to each light curve in multiple
bands. Then we train another random forest classifier to predict the

MNRAS 000, 1–14 (2015)
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Figure 2. The distribution of SOS Gaia RRLs in terms of b defined in
Equation 4. The blue and orange histograms are before and after the selection
of Equation 5 respectively.

probability of a source being a RRL and generate a catalogue of
71,755 RRLs.
Since we employ the ZTF light curves for every step, we here lay

out the data we use before diving into the detail of the classification
process. For each band 𝑘 = 𝑔, 𝑟, 𝑖 in ZTF, 𝑛𝑘 is the number of ZTF
detection with catflags < 32768, which flags bad or generally un-
usable observation epochs (Masci et al. 2019). For the 𝑖-th detection
for 𝑖 ∈ {1, 2, ..., 𝑛𝑘 }, 𝑡𝑘,𝑖 is the observed time mjd_k, 𝑚𝑘,𝑖 is the ob-
served magnitude mag_k, and 𝜎𝑘,𝑖 is the uncertainty of the observed
magnitude magerr_k.

3.1 The initial variability selection

We start to process the 600 million sources in the joint set of Gaia
EDR3 and ZTF DR3 by two selections to make the size of the dataset
feasible for variable light curve fittings in the following steps. The
first selection is

𝑛𝑘 ≥ 10 (1)

for any ZTF band 𝑘 = 𝑔, 𝑟, 𝑖. The reason is to keep the sources with at
least 10 light curve data points in any given band such that the single
sinusoidal fitting and the truncated Fourier fitting in the following
steps are reasonable. After the selection of Equation 1, 47,380 out of
the total 48,365 SOS Gaia RRLs in ZTF DR3 survive.
The second selection is based on the variability inferred by the

residuals of constant light curve fits. The constant light curve model
for band 𝑘 is defined as

𝑚C𝑘 (𝑡) = 𝐶𝑘 . (2)

The estimator of the parameter 𝐶𝑘 is the mean of the observed light
curve data points; 𝐶𝑘 = 1

𝑛𝑘

∑𝑛𝑘
𝑖=1 𝑚𝑘,𝑖 . For each light curve, we

evaluate the sum of squared residuals as

𝜒2C𝑘 =

𝑛𝑘∑︁
𝑖=1

(
𝑚𝑘,𝑖 − 𝑚C𝑘

(
𝑡𝑘,𝑖

)
𝜎𝑘,𝑖

)2
. (3)

Using the 𝑔 and 𝑟 band statistics, we characterize the significance of
variability as a scalar quantity

b =

𝜒2C𝑔
+ 𝜒2C𝑟

+ a

√
2a

(4)

Table 1. The features we use to train the random forest classifier I. The total
ZTF epoch 𝑛tot = 𝑛𝑔 + 𝑛𝑟 + 𝑛𝑖 . �̄� and �̃� are the mean and median of the
𝑘-band magnitude with 𝑘 = 𝑔 and 𝑟 .𝑄 𝑗 (𝑘) is the 𝑗th quartile of the 𝑘-band
magnitude with 𝑘 = 𝑔 and 𝑟 .

symbol explanation range

log10 𝑛tot log of total ZTF epochs
(�̄� − 𝑟 )0 �̄� − 𝑟 − 𝐸 (𝐵 − 𝑉 )
(�̃� − 𝑟 )0 �̃� − 𝑟 − 𝐸 (𝐵 − 𝑉 )
𝜌𝑔𝑟 correlation of 𝑔 and 𝑟 light curves [−1, 1]
𝜌𝑔𝑔 auto-correlation of 𝑔 light curves [−1, 1]
𝜌𝑟𝑟 auto-correlation of 𝑟 light curves [−1, 1]
𝑄12 (𝑔) 𝑄1 (𝑔) −𝑄2 (𝑔)
𝑄12 (𝑟 ) 𝑄1 (𝑟 ) −𝑄2 (𝑟 )
𝑄32 (𝑔) 𝑄3 (𝑔) −𝑄2 (𝑔)
𝑄32 (𝑟 ) 𝑄3 (𝑟 ) −𝑄2 (𝑟 )
𝛿𝜒2S,C normalized delta chi-square in Equation 8
𝑃sin best fitting period from single sinusoidal fit [0.1, 30]

where a = 𝑛𝑔+𝑛𝑟 −2 is the degrees of freedom, similar to Equation 1
in Hernitschek et al. (2016). We exclude the 𝑖 band because ∼ 96%
of the ZTF sources have < 10 epochs in their 𝑖-band light curves.
The blue histogram in Figure 2 shows the distribution of the 47,380
SOS Gaia RRLs in terms of b. To keep as many SOS Gaia RRLs
as possible while shrinking the size of the overall dataset as small as
possible, we decide to have the cut of

b > 10 (5)

as the second selection. As shown in the orange histogram in Figure 2,
this selection keeps 45,615 from the 47,380 SOS Gaia RRLs.
After the selections of Equation 1 and Equation 5, 155,095,514

out of the 600 million sources in the joint set of Gaia EDR3 and
ZTF DR3 survive, entering the next step in the following section.
The completeness of the SOS Gaia RRLs after the two selections of
Equation 1 and Equation 5 is 0.94.

3.2 The broad selection of RRL candidates

Because it is still too computationally expensive to perform higher-
order Fourier fitting of all 155million sources selected in the previous
step, we need an extra step to further select a smaller subset of
sources. Utilizing two simple and computationally feasible models
of the multiple-band ZTF light curves described in Section 3.2.1, we
obtain features to characterize the periodicity and variability of the
sources and train the random forest classifier I to broadly select the
possible RRL candidates in Section 3.2.2.

3.2.1 Constant and single sinusoidal light curve fitting

The first of the two simple and computationally feasible models is
the constant light curve fit mentioned in the previous section. The
other model is a single discretized sinusoidal light curve formulated
as

𝑚S𝑘,𝑖 = 𝐴𝑘 cos∗
(
2𝜋
𝑃
𝑡𝑘,𝑖 + 𝜙𝑘

)
+ 𝐵𝑘 (6)

where cos∗ is the discretized cosine and the parameters 𝐴𝑘 and 𝐵𝑘

are the amplitudes, 𝜙𝑘 is the phase, and 𝑃 is the period. For each
band 𝑘 , the sum of squared residuals for the single sinusoidal model
is defined as

𝜒2S𝑘 =

𝑛𝑘∑︁
𝑖=1

(
𝑚𝑘,𝑖 − 𝑚S𝑘,𝑖

𝜎𝑘,𝑖

)2
. (7)

MNRAS 000, 1–14 (2015)
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Figure 3. The relation between the completeness and the number of selected
sources according to different probability thresholds ranging between 0 and
1. The orange mark shows the threshold of 0.01 which is the one we use for
the random forest classification I in our pipeline.

Fitting the period ranging between 0.1 and 30 days for the
light curve in each band with more than 10 ZTF detections with
catflags < 32768, we have the best fits with the residual sums of
squares in the multiple bands for each source for each trial period.
Then we pick the fit with the best period 𝑃S that minimizes the total
residual sum of squares 𝜒2S in the multiple bands as the best fit of the
single discretized sinusoidal light curve. This fitting process for the
155 million sources took about 300k CPU hours to complete (one
month onmachines of 420 cores of Intel Haswell E5-2695 v3 CPUs).
From the fits of the two models, we select a set of features sum-

marized in Table 1 for the broad selection in the following step. The
selected features are the total number of epochs, the de-reddened
colour index 𝑔 − 𝑟 based on the mean and the median observed light
curves, the difference of the magnitudes between quartiles, the corre-
lations, the best period of the single sinusoidal fit, and the difference
of the residual sum of squares 𝛿𝜒2S,C defined as

𝛿𝜒2S,C =
𝜒2C − 𝜒2S√︃
2𝜒2C

, (8)

where the total residual sums of squares 𝜒2C = 𝜒2C𝑔
+ 𝜒2C𝑟

+ 𝜒2C𝑖
and 𝜒2S = 𝜒2S𝑔

+ 𝜒2S𝑟
+ 𝜒2S𝑖

according to Equation 3 and Equation 7

respectively, the term of
√︃
2𝜒2C is the approximate uncertainty from

the variance of the chi-square distribution. Ideally, given a number
of epochs, a source with a higher 𝛿𝜒2S,C is more periodically variable
than a source with a lower 𝛿𝜒2S,C.

3.2.2 Random forest classification I

With the features listed in Table 1 and the label from the SOS Gaia
DR2 RRLs, we train a 10-fold cross-validation random forest classi-
fier on the 155 million sources to identify periodic variable sources
that are likely to be RRLs by predicting the probability of a source
being a possible RRL candidate. Utilizing the random forest classifier
in Scikit-Learn (Pedregosa et al. 2011), we employ the default pa-
rameters from the module but customize the objective function to be
the cross-entropy function and the weights to be adjusted inversely
proportional to class frequencies in the input data. For details of

Table 2.The features of the training set we use for the random forest classifier.
Note that 𝑘 denotes 𝑔 or 𝑟 bands.

symbol explanation range

𝑃best best fitting period [0.1, 1]
(𝑔 − 𝑟 )0 𝐴𝑔,0 − 𝐴𝑟,0 − 𝐸 (𝐵 − 𝑉 )
ln 𝐴𝑘,1 log of the first Fourier amplitude
ln 𝐴𝑘,2 log of the second Fourier amplitude
ln 𝐴𝑘,3 log of the third Fourier amplitude
𝜙𝑘,21 the second relative phase [−𝜋, 𝜋 ]
𝜙𝑘,31 the third relative phase [−𝜋, 𝜋 ]
𝛿𝜒2F,C normalized delta chi square in Equation 12

random forests and the module, we refer readers to Breiman (2001)
and Pedregosa et al. (2011). The 10-fold cross-validation is done
by randomly shuffling the 155 million entries and partitioning them
into 10 subsets. For each subset, we train a classifier using the other
nine subsets as the training set and use the classifier to compute the
predicted probability for the subset. Repeating this for all 10 subsets,
we accomplish the cross-validation prediction for all the 155 million
sources.
Based on the cross-validation prediction, we show the complete-

ness versus the number of selected sources with different probability
thresholds between 0 and 0.1 in Figure 3. Limited by our computa-
tional resources, we can only afford to fit at most roughly 3 million
sources with higher-order Fourier Series in the next step, so we de-
cide to use the probability threshold of 0.01 for the selection. With
the probability larger than 0.01, there are 3,041,677 selected sources,
whose completeness is 0.95 and purity is 0.014. This dataset of 3
million sources then enters the final step of the pipeline described in
the following sections.

3.3 The final RRL classification step

Using the 3 million sources selected previously as the dataset, we are
ready to process the last step in the pipeline to identify RRLs. We
first fit each ZTF light curve with the third order of Fourier Series to
find the best period and select a set of features that characterizes the
shape of light curves in Section 3.3.1. With the selected feature set,
we train the random forest classifier II to predict the probability of
each source being a RRL in Section 3.3.2.

3.3.1 Fourier Series fitting

We model each ZTF light curve in band 𝑘 using the third order of
the Fourier Series as

𝑚F𝑘 (𝑡) = 𝐴𝑘,0 +
3∑︁
𝑗=1

𝐴𝑘, 𝑗 cos( 𝑗𝜔𝑡 + 𝜙𝑘, 𝑗 ) (9)

with the parameters of the angular frequency 𝜔 = 2𝜋
𝑃
, the period 𝑃,

the Fourier amplitudes 𝐴𝑘,0, 𝐴𝑘, 𝑗 and phases 𝜙𝑘, 𝑗 for 𝑗 = {1, 2, 3}.
We note that for the objects with a large number of light curve points,
the accurate description of the light curve might require more high-
order Fourier terms than three. To fit a light curve using the model
if there is more than 10 detection with catflags < 32768 for the
light curve, we use a uniform grid in 1

𝑃
with 105 points of the period

between 0.1 and 1 days. Given a period, we fit each light curve using
the model with the lowest residual sum of squares computed as

𝜒2F𝑘 =

𝑛𝑘∑︁
𝑖=1

(
𝑚𝑘,𝑖 − 𝑚F𝑘

(
𝑡𝑘,𝑖

)
𝜎𝑘,𝑖

)2
. (10)
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For each trial period we perform fits to data in every band and then
sum their resulting chi-squares as 𝜒2F = 𝜒2F𝑔 + 𝜒2F𝑟 + 𝜒2F𝑖 to be the
indicator for determining the best fitting result, that is, the fit with
the best period 𝑃best that minimizes 𝜒2F. We note that practically we
fit light curves using the model (Eq. 9) for each period by doing
linear regression with respect to the 1, [sin ( 𝑗𝜔𝑡), cos ( 𝑗𝜔𝑡)] for
𝑗 = {1, 2, 3}, which can be done with one single matrix operation.
This Fourier fitting process for the 3 million sources took about 600k
CPU hours to complete (two months on machines of 420 cores of
Intel Haswell E5-2695 v3 CPUs).
With the fitted parameters

(
𝑃best, 𝐴𝑘,0, 𝐴𝑘, 𝑗 , 𝜙𝑘, 𝑗

)
for 𝑗 =

{1, 2, 3}, to choose features for the classifier, we aim to use the
parameters that characterize the shape of light curves because of the
unique shape of RRL light curves. The terms of the zeroth amplitude
𝐴𝑘,0 and the first phase 𝜙𝑘,1 are essentially the mean magnitude
and the phase shift respectively for the light curve so they contribute
no meaningful information about the shape of light curves. Thus we
exclude them. Because 𝜙𝑘,1 does affect the other phase terms, we
rewrite Equation 9 in the form of

𝑚𝑘 (𝑡) = 𝐴𝑘,0 + 𝐴𝑘,1 cos(𝜔𝜏𝑘 )
+ 𝐴𝑘,2 cos(2𝜔𝜏𝑘 + 𝜙𝑘,21) + 𝐴𝑘,3 cos(3𝜔𝜏𝑘 + 𝜙𝑘,31)

(11)

to take care of the time shift caused by 𝜙𝑘,1, where 𝜏𝑘 = 𝑡 + 𝜙𝑘,1
𝜔 ,

𝜙𝑘,21 = 𝜙𝑘,2 − 2𝜙𝑘,1, and 𝜙𝑘,31 = 𝜙𝑘,3 − 3𝜙𝑘,1. Unlike 𝜙𝑘,1,
these relative phases 𝜙𝑘,21 and 𝜙𝑘,31 do characterize the shape of
light curves so we include them in the feature set. It is worth noting
that there is a correlation between metallicity and 𝜙𝑘,31 (Simon &
Clement 1993; Jurcsik & Kovacs 1996; Sandage 2004; Sesar et al.
2010).
Besides the shape of light curves, the difference in the goodness

of the Fourier fit and that of the constant light curve fit is essential
to the classification because it indicates the goodness of the two
competing models. Similar to Equation 8 in Section 3.2.1, we define
the normalized delta chi-square as

𝛿𝜒2F,C =
𝜒2C − 𝜒2F√︃
2𝜒2C

(12)

and include it in the feature set, where 𝜒2F and 𝜒2C are the residual
sums of squares of the best Fourier fit and that of the constant fit. For
example, for the light curve of a true RRL, the Fourier light curve
tends to fit it better than the constant light curve does, resulting in
low 𝜒2F, high 𝜒

2
C, and thus a large value of 𝛿𝜒

2
F,C.

To sum up, the features that we decide to use for the final classifier
are the best fitting period 𝑃best, the de-reddened colour index 𝑔−𝑟, the
amplitudes 𝐴𝑘, 𝑗 for 𝑗 = {1, 2, 3} and the relative phases 𝜙𝑘,21 and
𝜙𝑘,31 in the 𝑔 and 𝑟 bands, and 𝛿𝜒2F,C, summarized in Table 2. With
these features and the label from the SOS Gaia DR2 RRL catalogue,
we have prepared all the ingredients for the final classification of the
RRL stars among the dataset of 3 million sources.

3.3.2 Random forest classifier II

To carry out the last step of the binary classification task, we again
utilize the random forest classifier in Scikit-Learn (Pedregosa et al.
2011) and describe the detail of the process below. First, we partition
the dataset of 3 million sources into two subsets, the high-quality
set and the low-quality set, due to the incompleteness of the SOS
Gaia DR2 RRLs in the low galactic latitude areas and the low Gaia
epoch areas. Based on HEALPix (Górski et al. 2005) pixels with
nside = 128, if a source is at the pixel with the galactic latitude
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Figure 4. Completeness versus purity of the predicted RRL catalogue with
probability thresholds between 0 and 1. The orange mark shows the proba-
bility threshold of 0.15.

at |𝑏 | > 10◦ and at the pixel with a number of Gaia epochs larger
than the global mean of 250, we assign the source to the high-quality
set, otherwise, it goes into the low-quality set. The reasoning for
this partition is to only train models in the following steps using the
high-quality set because the incompleteness of the SOS Gaia DR2
RRLs on the HEALPix pixels that do not satisfy the above criteria is
expected to cause some miss-labelled samples in the low-quality set.
For the high-quality set of 1,273,760 sources, we randomly shuffle

the rows and partition the set into 10 subsets such that we can perform
a 10-fold cross-validation prediction by training 10 classifiers. That
is, we train a random forest classifier using all the sources that are not
in the 𝑘 th subset as the training data to predict the probability of each
source in the 𝑘 th subset for 𝑘 = {1, 2, ..., 10} to be a RRL. For the
low-quality set of 1,767,917 sources, we use the entire high-quality
set as the training data to train a random forest classifier and predict
the probability of each source in the low-quality set to be a RRL. For
each random forest classifier, the classifier parameters are the same
as the ones used for the random forest classifier I in Section 3.2.2. In
the end, we concatenate both sets back together to a single set and
thus have the predicted probability for each of the 3 million sources
being a RRL from the result of the final random forest classification.

3.3.3 Determination of the probability threshold

Using the predicted probability for each source being a RRL in the
dataset of 3 million sources from Section 3.3.2, we investigate the
completeness and purity for different probability thresholds to de-
termine the threshold for our RRL catalogue. Given a probability
threshold, to compute the completeness and purity of the predicted
RRLs, we compare our predicted RRLs to the SOS Gaia DR2 RRL
samples in the high galactic latitude areas with |𝑏 | > 10◦ and in the
high Gaia epoch areas with the number of Gaia epochs > 250 as the
high-quality set explained in Section 3.3. The reason for applying
these two conditions to the calculation of completeness and purity is
that the SOS Gaia DR2 RRL samples in these areas are supposed to
be more complete compared to the other areas. We show the com-
pleteness and purity of the predicted RRLs for different probability
thresholds in Figure 4, choosing the probability threshold of 0.15
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Table 3. The description of our catalogue of 71,755 RRLs. Note that 𝑘 =

𝑔, 𝑟 , 𝑖 band in ZTF in the description.

column description

objid ZTF DR3 objid
source_id Gaia EDR3 source_id
ra right ascension [deg]
dec declination [deg]
prob_rrl predicted probability for being a RRL
best_period best fitting period [day]
amp_1_𝑘 𝐴𝑘,1, first Fourier amplitudes [mag]
amp_2_𝑘 𝐴𝑘,2, second Fourier amplitudes [mag]
amp_3_𝑘 𝐴𝑘,3, third Fourier amplitudes [mag]
phi_1_𝑘 𝐴𝑘,1, first Fourier phases [rad]
phi_2_𝑘 𝐴𝑘,1, second Fourier phases [rad]
phi_3_𝑘 𝐴𝑘,1, third Fourier phases [rad]
mean_𝑘 𝐴𝑘,0, mean 𝑘-band magnitude [mag]
ngooddet_𝑘 number of ZTF epochs
phot_g_mean_mag Gaia EDR3 mean G magnitude [mag]
ebv 𝐸 (𝐵 − 𝑉 ) [mag]
distance heliocentric distance [pc]

which maximizes the 𝐹1 score1 defined as

𝐹1 = 2 ·
completeness · purity
completeness + purity (13)

as the orange cross mark shows. The probability threshold of 0.15
results in a RRL catalogue of 71,755 predicted RRLswith 0.92 purity
and 0.92 completeness, which contains 39,502 out of the original
labels of 48,365 SOS Gaia DR2 RRLs.

4 THE RRL CATALOGUE

4.1 Overview of the catalogue

In this section, we give an overview of the RRL catalogue produced
by the pipeline described in Section 3. Covering the Northern sky,
this catalogue containing 71,755 RRLs in the joint set ofGaia EDR3
and ZTF DR3 will be the main RRL catalogue of the paper. A
detailed description of the catalogue contents is provided in Table 3.
The catalogue is released in electronic form with the paper at DOI
10.5281/zenodo.5774017 (Huang & Koposov 2021) with a short
snippet of the table provided in Table 4.
To evaluate the heliocentric distances in the catalogue, we first

derive the absolute magnitudes of the RRLs according to the PS1
period-luminosity relations in Sesar et al. (2017) assuming a halo
metallicity of [Fe/H] = −1.5 (Ivezić et al. 2008)

𝑀𝑔 = −1.7 log10
(
𝑃best
0.6

)
+ 0.69

𝑀𝑟 = −1.6 log10
(
𝑃best
0.6

)
+ 0.51

𝑀𝑖 = −1.77 log10
(
𝑃best
0.6

)
+ 0.46.

(14)

Together with the mean ZTF magnitudes as the zeroth-order fitted
Fourier amplitude 𝐴𝑘,0 for 𝑘 = 𝑔, 𝑟, 𝑖 corrected by the extinction in

1 We note that completeness and purity are the synonyms of recall and
precision respectively.

Schlafly & Finkbeiner (2011), we evaluate the distance moduli `𝑘 as

`𝑔 = 𝐴𝑔,0 − 3.17𝐸 (𝐵 −𝑉) − 𝑀𝑔

`𝑟 = 𝐴𝑟 ,0 − 2.27𝐸 (𝐵 −𝑉) − 𝑀𝑟

`𝑖 = 𝐴𝑖,0 − 1.68𝐸 (𝐵 −𝑉) − 𝑀𝑖

(15)

and then derive the heliocentric distance by averaging the distance
moduli.
As a first look at the catalogue, we show the sky distribution of

the 71,755 predicted RRLs in the Galactic coordinates in Figure 5,
observing the Galactic halo and the Sagittarius Stream despite the
lack of coverage of the Southern sky. Compared to the SOSGaiaDR2
RRLs which serves as the label in our classification pipeline, there
are several facts about our RRL catalogue which are worth noting.
Our RRL catalogue contains more sources than the 48,365 SOSGaia
RRL samples in the Northern sky coverage with the completeness
of 0.92 and purity of 0.92 globally. Colour-coded by the total ZTF
observation epochs, Figure 5 shows that our RRL catalogue is more
complete in the areas where Gaia suffers incompleteness due to its
scanning trajectory as the patcheswith fewerRRLs shown in Figure 1,
and in the low galactic latitude areas, e.g. 3◦ < |𝑏 | < 10◦.
To show the robustness of our fitting period, we compare our best-

fitting periods to the periods provided in the ASAS-SN catalogue
(Jayasinghe et al. 2020), for the 18,854 RRLs that are in both cat-
alogues by matching the Gaia EDR3 source_id provided in both
catalogues. The reason to choose the ASAS-SN catalogue to com-
pare with is due to its high number of epochs (each ASAS-SN field
in the V-band has roughly 100 – 600 epochs Jayasinghe et al. 2018)
and thus its reliable period determination. Figure 6 shows the align-
ment on the one-to-one line on the period plane and indicates the
goodness of our period fitting result. We note that 97% of the 18,854
RRLs have a period percentage difference smaller than 0.1%, though
several objects suffer the aliasing period issue during the Fourier
fitting process (Lomb 1976; Scargle 1982; VanderPlas 2018). More-
over in Figure 7, we display an example of ZTF light curves from
our RRL catalogue in the 𝑔𝑟𝑖 bands, folded by its best-fitting period
𝑃best. Demonstrating a typical shape of a folded RRL light curve,
this furthermore shows the robustness of our Fourier Series fitting
described in Section 3.3.1 and the resulting period in the catalogue.
To further investigate the RRL catalogue, we will look into the

completeness of the catalogue in Section 4.2, compare the catalogue
with other existing catalogues in Section 4.3, and study the Galactic
halo profile in Section 4.4

4.2 Completeness of the catalogue

As mentioned in Section 3.3.3, our RRL catalogue has overall com-
pleteness of 0.92 compared to the SOS Gaia DR2 RRLs grouped
by the HEALPix pixels with nside = 128 with the number of Gaia
epochs> 250 globally. In this section, wewill look into the complete-
ness in more detail and we begin by investigating the completeness
as a function of heliocentric distance in Figure 8. Using the SOS
Gaia DR2 RRLs grouped by the same HEALPix pixels to compute
the completeness in heliocentric distance bins, we find that the com-
pleteness is higher than ∼ 0.8 at the regions with distance smaller
than 80 kpc, is roughly 0.5 at 100 kpc, and drops drastically to 0
at 130 kpc. We note that the most distant RRL in our catalogue is
at a distance of 132 kpc. Thanks to the deeper RRL catalogue from
DES Y6 with the most distant RRL at ∼ 300 kpc (Stringer et al.
2021), we cross-match the closest RRL within one arcsec at the areas
above −20◦ declination and evaluate the completeness, finding that
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Table 4. A snippet of the machine-readable table for the RRL catalogue (split into three parts below due to space limitation). The detailed description of the
columns is in Table 3.

objid source_id ra dec prob_rrl best_period ebv distance
[deg] [deg] [day] [mag] [pc]

245101100001850 2323207596351730304 4.34881 -26.732536 0.95 0.621282 0.017800 35202.500000
245101200001823 2323151181956812672 3.44762 -26.736970 0.89 0.363568 0.022338 20908.599609

phot_g_mean_mag ngooddet_r ngooddet_g ngooddet_i mean_r mean_g mean_i
[mag] [mag] [mag] [mag]

18.278099 76 74 0 18.263773 18.448895
17.573000 81 80 0 17.580330 17.662470

amp_1_r amp_1_g amp_1_i amp_2_r amp_2_g amp_2_i amp_3_r amp_3_g amp_3_i
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag]

0.310712 0.429619 0.136991 0.186742 0.077740 0.111422
0.214430 0.310684 0.025369 0.049442 0.029519 0.016883

phi_1_r phi_1_g phi_1_i phi_2_r phi_2_g phi_2_i phi_3_r phi_3_g phi_3_i
[rad] [rad] [rad] [rad] [rad] [rad] [rad] [rad] [rad]

-0.420907 -0.554002 1.119307 1.172803 2.935552 2.603256
2.610607 2.676576 0.784964 0.691132 -1.650670 -1.853666
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Figure 5. The distribution of our 71,755 RRLs in the Galactic coordinates, color-coded by the total number of ZTf observation epochs in the 𝑔𝑟𝑖 bands. There
are some visible stripes associated with the ZTF fields along declination.
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Figure 6. Our best fitting period 𝑃best versus the period provided by the
ASAS-SN catalogue (Jayasinghe et al. 2020) for the common 18,854 RRLs
in both datasets.
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𝑃best, whose Gaia EDR3 source_id = 2294134898301488640.
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Figure 8.The completeness of ourRRLcatalogue as a function of heliocentric
distance compared to the SOS Gaia DR2 RRL catalogue and the DES Y6
RRL catalogue.

Table 5. The completeness of our catalogue compared to some external RRL
catalogues. For each catalogue, we apply the selections of declination> −20◦,
|𝑏 | > 10◦, and magnitude between 15 and 20. After the selections, 𝑁 is the
number of RRLs in the external catalogues, and 𝑁x is the number of RRLs
from each external catalogue that have a match in our catalogue.

catalogue 𝑁 𝑁x 𝑁x/𝑁 reference(s)

ZTF DR2 28883 27993 0.96 Chen et al. (2020)
DES Y6 769 665 0.86 Stringer et al. (2021)
ASAS-SN 12765 10704 0.83 Jayasinghe et al. (2018)
PS1 32045 25862 0.80 Sesar et al. (2017)
SOS 30002 24090 0.80 Clementini et al. (2019b)
OGLE 701 567 0.80 Soszyński et al. (2019)
CRTS 6917 5473 0.79 Drake et al. (2014)

the completeness is consistent with the one compared to the SOS
Gaia RRLs for distance smaller than 80 kpc. However, at distance
larger than 100 kpc, the completeness drastically drops to 0.2 and
then 0.
Wemove on to investigate the influence of several quantities on the

completeness of our RRL catalogue, including the distance, the am-
plitudes, the magnitudes, and the numbers of epochs, again utilizing
the SOSGaiaDR2 RRLs on theHEALPix pixels with nside = 128
with the number ofGaia epochs > 250. In the left and the middle-left
panels of Figure 9, we show the completeness as a function of 𝑟 and
𝑛𝑟 and that of 𝑔 and 𝑛𝑔 respectively, where 𝑟 and 𝑔 are the mean
magnitudes corrected by the extinction and 𝑛𝑟 and 𝑛𝑔 are the num-
bers of ZTF detection with catflags < 32768 in 𝑟 and 𝑔 bands. We
find that the completeness is lower when there is less detection for a
source given a magnitude and when the luminosity is fainter given
a number of detection. The middle-right and the right panels show
the completeness as a function of the 𝑟-band amplitude 𝐴𝑟 and the
heliocentric distance 𝐷 and that of 𝑔-band amplitude 𝐴𝑔 and 𝐷 re-
spectively. The amplitudes 𝐴𝑟 and 𝐴𝑔 defined from the combination
of multiple Fourier terms

𝐴𝑟 =

√︃
𝐴2
𝑟 ,1 + 𝐴2

𝑟 ,2 + 𝐴2
𝑟 ,3

𝐴𝑔 =

√︃
𝐴2
𝑔,1 + 𝐴2

𝑔,2 + 𝐴2
𝑔,3

(16)

are the best fitting amplitudes from the third-order Fourier Series in
the 𝑔 and 𝑟 bands. We find that the completeness gradually decreases
as the distance increases given an amplitude, meaning that our cat-
alogue is less complete at more distant regions, which is consistent
with Figure 8. When given a distance, the completeness drops faster
at the small-amplitude ends than at the large-amplitude end.

4.3 Comparison with other catalogues

We start this section by comparing our RRL catalogue to several
recent RRL catalogues covering the entire Northern sky. Figure 10
shows the RRL distributions of different catalogues in the Galactic
coordinate, colour-coded by the number of RRLs 𝑁RRL on each
HEALPix pixel of nside = 16. The catalogues plotted are the RRL
catalogue from this work, the PS1 catalogue (Sesar et al. 2017), the
ZTFDR2 catalogue (Chen et al. 2020), the SOSGaiaDR2 catalogue
(Clementini et al. 2019a), and the nTransits:2+ Gaia DR2 catalogue
(Holl et al. 2018). In particular, we apply the score thresholds of 0.8
and 0.55 for types ab and c RRLs according to Sesar et al. (2017)
when utilizing the PS1 catalogue.
Overall, our catalogue, the PS1 catalogue, and the nTransits:2+

Gaia DR2 catalogue illustrate the Galactic halo and the Sagittarius
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Figure 9. Left and middle-left: the completeness as functions of the mean magnitudes 𝑟 and 𝑔 and the ZTF numbers of epochs in 𝑟 and 𝑔 bands 𝑛𝑟 and 𝑛𝑔 .
Middle-right and right: the completeness as functions of the amplitudes 𝐴𝑟 and 𝐴𝑔 and the heliocentric distance 𝐷.
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Figure 10. The RRL distributions in the Galactic coordinate of the catalogue from this work, the PS1 catalogue (Sesar et al. 2017), the ZTF DR2 catalogue (Chen
et al. 2020), the SOS Gaia DR2 catalogue (Clementini et al. 2019a), and the nTransits:2+ Gaia DR2 catalogue (Holl et al. 2018), colour-coded by the number
of RRLs on each grid 𝑁RRL. The top-right panel illustrates the extra RRLs from this work that are not in any external catalogues mentioned in Section 4.3.

Stream better than the ZTF DR2 catalogue and the SOS Gaia DR2
catalogue do. Even though the nTransits:2+ Gaia DR2 catalogue
covers the whole sky, it is generally more contaminated than the
SOS RRL catalogue (see Holl et al. 2018; Clementini et al. 2019a,
for more detail) and it does not provide periods and light curve fits
for the RRL samples. Compared to the SOS Gaia DR2 catalogue

which serves as our training label, our RRL catalogue outperforms
at the incomplete areas caused by the Gaia scanning trajectory and
has more RRLs in the Northern sky coverage. Compared to the PS1
catalogue of 61,144 RRLs, our catalogue has more RRL samples, es-
pecially around the Galactic halo, and covers the low galactic latitude
areas better. Compared to the ZTF DR2 catalogue of 46,358 RRLs,
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our catalogue has more RRLs globally, especially near the Galactic
halo and the Sagittarius Stream, and tends to have more numbers of
observed epochs due to the usage of ZTF DR3.
Besides the above five catalogues covering the entire Northern sky,

we also compare our catalogue to other existing RRL catalogues, in-
cluding the DES Y6 catalogue (Stringer et al. 2021), the CRTS cata-
logue (Drake et al. 2014), the ASAS-SN catalogue (Jayasinghe et al.
2018), the OGLE catalogue (Soszyński et al. 2019), and the NSVS
catalogue (Wils et al. 2006). For the comparison, we apply three se-
lections on every catalogue, the selection of declination > −20◦ due
to the sky coverage of the ZTF survey, the selection of |𝑏 | > 10◦ to
exclude the region near the Galactic disc, and the selection of mag-
nitude between 15 and 20 based on our RRL magnitude distribution
because the depth of the catalogues varies. After the selections, we
count the number of RRLs in each catalogue 𝑁 , amongst them we
count the number of RRLs from each catalogue that have a match in
our table as 𝑁x, and from that we calculate the overall completeness
of our catalogue as 𝑁x/𝑁 . The cross-matching is done by selecting
the closest objects based on the angular separation within 1 arcsec
for most of the catalogues, except for the CRTS and ASAS-SN cata-
logues. When cross-matching the CRTS catalogue to our catalogue,
we use the angular separation of 2.5 arcsec as it is the pixel size
for CRTS (Drake et al. 2009). For the ASAS-SN catalogue, it has
already provided the Gaia EDR3 source_id, which our catalogue
also provides, so we directly utilize the source_id to cross-match
the two catalogues.
The results of the comparison are summarized in Table 5. We note

that there are only 8 stars left in the NSVS catalogue after the selec-
tions, so we exclude NSVS from the table. Our catalogue achieves
high completeness of 96% compared to the ZTF DR2 catalogue,
which is expected to be the highest as these two catalogues are based
on the same survey but different data releases. For all the other cat-
alogues, DES Y6, ASAS-SN, PS1, Gaia SOS, OGLE, and CRTS,
our catalogue has the completeness & 80%. We note that our cata-
logue is possibly less complete for distant RRLs, for small-amplitude
RRLs, for type c RRLs, or for the RRLs located on the field boundary
regions.
We end the section by identifying the extra RRLs from our cat-

alogue when cross-matched with all the external RRL catalogues
mentioned in the section. In total, we have 6547 extra RRLs, and we
visualize them in the top-right panel in Figure 10. This panel indi-
cates the extra RRLs in our catalogue concentrate around theGalactic
halo and near the Galactic disk. When making this panel, we mask
out 844 RRLs with the period within 0.5 ± 0.01 days because they
are most likely contaminated objects due to the aliasing period issue.

4.4 The Galactic halo profile

Knowing that our catalogue contains more RRLs around the Galactic
halo and near the low Galactic latitude areas compared to the other
catalogues in Section 4.3, we study the Galactic halo profile using
our RRL catalogue in the Galactocentric coordinate in this section.
Focusing on the Galactic halo profile, we mask out the RRLs in
the Milky Way dwarf galaxies and globular clusters with declination
above−28◦ due to the coverage of ZTF andwith heliocentric distance
smaller than 100 kpc due to the completeness of our catalogue. This
criterion includes 90 globular clusters from Harris (1996, 2010) and
17 dwarf galaxies of Bootes I and II, Cetus II, Coma Berenices,
Draco, Draco II, Sagittarius II, Segue I and II, Sextans I, Triangulum
II,UrsaMajor I and II,UrsaMinor, andWillman I fromMcConnachie
(2012), and Bootes III (Massari & Helmi 2018) and Virgo I (Homma
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Figure 11. The 2D histogram of the RRL distribution in the cylindrical
galactocentric coordinates (𝑅𝑋𝑌 − 𝑍 ) colour-coded by the RRL number
density 𝜌RRL on each grid. The black curves are the contours of 𝜌RRL =

100, 100.5, 101, 101.5, 102, 102.5, 103 kpc−3. The white elliptical contours
are the single power law density profile with 𝑞 = 0.6 and power of -2.7 from
Iorio et al. (2018).

et al. 2016). After the selection, there are 70950 RRLs for the study
of the Galactic halo profile in this section.
We briefly lay out the Galactocentric coordinate adopted in this

section. The right-handed Cartesian coordinate (𝑋,𝑌, 𝑍) is com-
puted by the Galactic longitude, Galactic latitude, and heliocentric
distance (𝑙, 𝑏, 𝐷) as
𝑋 = 𝐷 cos 𝑙 cos 𝑏 − 𝑅�
𝑌 = 𝐷 sin 𝑙 cos 𝑏
𝑍 = 𝐷 sin 𝑏

(17)

where 𝑅� = 8 kpc is the distance between the Galactic Centre and
the Sun. This coordinate is centred at the Galactic Centre with the
Galactic disk on the (𝑋,𝑌 ) plane, the 𝑍-axis pointing to the north
Galactic pole, and the 𝑋-axis pointing from the Sun at 𝑋 = −8 kpc
to the Galactic Centre at 𝑋 = 0 kpc. We define the cylindrical radius
𝑅𝑋𝑌 and the elliptical radius 𝑟e as

𝑅𝑋𝑌 =

√︁
𝑋2 + 𝑌2

𝑟e =

√︄
𝑋2 + 𝑌2 +

(
𝑍

𝑞

)2 (18)

where the flattening 𝑞 ∼ 0.6 for the spheroidal stratification accord-
ing to literature about the Galactic density profile fitting (e.g. Iorio
et al. 2018). We further define the Galactocentric longitude Φ and
latitude Θ as

Θ = arctan
𝑍

𝑅𝑋𝑌

Φ = arctan
𝑌

𝑋
.

(19)

To study the density profile of the Galactic halo from different
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Figure 12. Left column: The RRL number density 𝜌RRL on spheroidal shells of different elliptical radii 𝑟e in the coordinate of the Galactocentric longitude
Φ and latitude Θ. Right column: The Oosterhoff type I fraction 𝑓1 on each spheroidal shell in Φ and Θ. For the grids on each panel, the edges from left to
right are Φ = 180◦, 150◦, 120◦, 90◦, 60◦, 30◦, 0◦, 330◦, 300◦, 270◦, 240◦, 210◦, 180◦ and from top to bottom are Θ = 90◦, 60◦, 30◦, 0◦, −30◦, −60◦, −90◦.
The annotations HAC, VOD, and Sgr are the Hercules-Aquila Cloud, the Virgo over-density, and the Sagittarius Stream respectively.
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Figure 13. The distribution of detected RRLs on the period-amplitude dia-
gram, where 𝑃best is the period and 𝐴 =

√︃
𝐴2𝑟 + 𝐴2𝑔 is the total amplitude

of the best fit in 𝑔 and 𝑟 bands. The dash-dotted line of 𝑃best = 0.45 days
is the boundary to roughly separate RRab and RRc stars. The dashed curve
is the boundary we adopt to separate Oosterhoff I and II for RRab stars in
Equation 20.

perspectives in the Galactocentric coordinate, we need to evaluate
the RRL number density 𝜌RRL based on our RRL catalogue. The
calculation of 𝜌RRL is the number of RRLs per volume, where we
take into account two factors when evaluating the volume: the ZTF
coverage of declination > −28◦ and the completeness as a function
of ZTF epoch and magnitude. Given a grid at (𝑋,𝑌, 𝑍), we compute
its declination and count the grid if it is above −28◦. Based on the
position of the grid, we calculate the mean 𝑟-band epoch utilizing
HEALPix with nside = 8 for all ZTF sources. Besides, knowing
the heliocentric distance of the grid and using the 𝑟-band absolute
magnitude of 𝑀𝑟 = 0.54mag which maximizes the histogram of 𝑀𝑟

of all 71,755 RRLs, we evaluate the 𝑟-band magnitude of RRLs for
the grid. With the mean 𝑟-band epoch and the 𝑟-band magnitude of
RRLs for the given grid, we compute the completeness on the grid
by interpolating the value from the completeness matrix shown in
the left panel of Figure 9.
To visualize the spheroidal stratification of the Galactic halo den-

sity profile and to look for Galactic disk RRLs, we show the RRL
number density 𝜌RRL around the Galactic halo on the 𝑅𝑋𝑌 −𝑍 plane
in Figure 11, assuming the density profile is cylindrically symmetric.
The black contours of 𝜌RRL = 100, 100.5, 101, 101.5, 102, 102.5, 103
kpc−3 verify the roughly spheroidal density profile with the flatten-
ing 𝑞 ∼ 0.6 for 𝑟e in Equation 18, as indicated by the white dashed
elliptical contours. The change of the exponent if modelled by the
power-law models, indicated by the distance of any two neighbored
contours getting larger as the radius increasing, is consistent with
the findings of the single power-law in Iorio et al. (2018). We note
that some recent works have found a break in the radial profile of
the halo at the Galactocentric distances of 25-30 kpc (e.g. Medina
et al. 2018; Stringer et al. 2021). Despite having more RRLs near
the disk compared to other catalogues as discussed in Section 4.3,
our catalogue still lacks some RRLs at the regions near the disk with
roughly |𝑍 | < 2 kpc, which can be seen at the regions with roughly
|𝑏 | < 3◦ in Figure 5 as well.
As the Galactic halo stellar density profile is potentially triaxial

(Iorio et al. 2018), to study the substructure in the Galactic halo,
we also look at the RRL density distribution in the coordinate of
Galactocentric longitude Φ and latitude Θ defined in Equation 19.

The left panels in Figure 12 illustrate the RRL number density 𝜌RRL
on the spheroidal shells of different elliptical radii 0 < 𝑟e < 128 kpc
with the flattening 𝑞 = 0.6, each of which demonstrates the density
on the sky view withΦ = 180◦ pointing to the Sun andΦ increasing
towards the left in the figure. We observe and annotate some known
over-densities of the Galactic halo, including the Sagittarius Stream
(Hernitschek et al. 2017), the Virgo over-density (Vivas et al. 2001;
Newberg et al. 2002; Duffau et al. 2006; Jurić et al. 2008; Bonaca
et al. 2012), and the Hercules-Aquila Cloud (Belokurov et al. 2007;
Simion et al. 2014, 2018). An interesting point from the panels of
16 < 𝑟e < 64 kpc is that the Northern part of the Hercules-Aquila
Cloud is very close to the Virgo over-density, where the possible
association of the two over-densities has been discussed in recent
literature (e.g. Li et al. 2016; Simion et al. 2019; Balbinot & Helmi
2021), as well as the Eridanus–Phoenix over-density which however
is not in ZTF coverage. It is worth noting that there are over-densities
in the Northern and the Southern hemispheres with Φ roughly from
30◦ to 120◦ in the outer halo in the bottom panel of 64 < 𝑟e < 128
kpc, where the south onemay be the local wake and the north onemay
be the collective halo response due to the dynamical reaction of the
Galactic halo to the Large Magellanic Cloud (e.g. Garavito-Camargo
et al. 2019; Erkal et al. 2020; Conroy et al. 2021).
Apart from the density profile, the composition of RRLs, particu-

larly for the observed over-densities mentioned above, is interesting
to study because it is likely related to their birth environment (van Al-
bada&Baker 1973; Lee&Carney 1999; Sandage 2004). The period-
amplitude diagram is typical to study the composition of RRLs and
to verify the quality of a RRL catalogue, so we show the distribution
of our RRLs in Figure 13, where the amplitude 𝐴 =

√︃
𝐴2𝑟 + 𝐴2𝑔 with

𝐴𝑟 and 𝐴𝑔 defined in Equation 16, and 𝑃best is the best fitting period.
We note that the location of a star in this diagram can be affected by
the presence of the Blazhko effect (Blažko 1907) or by the period
aliasing during the Fourier fitting stage (Lomb 1976; Scargle 1982;
VanderPlas 2018). There are two main clusters of the RRL type ab
and c (RRab and RRc) roughly separated by the black dash-dotted
line of 𝑃best = 0.45 days; the RRab cluster is to the right whereas
the RRc cluster is to the left. It is worth noting that during the clas-
sification process, we never separate the two types of RRLs yet the
classifier can still identify both of them. There are vertical patterns
of RRLs at 𝑃best = 0.33 and 0.51 days, which are very likely caused
by the aliasing period issue when fitting the light curves. Also we
note that the RRc stars might be contaminated by binary stars of the
W Ursae Majoris type due to their sinusoidal light curves and period
ranging between 0.25 and 0.6 days (Rucinski 1998), which would be
hard to distinguish with on our classification pipeline.
Looking closely at each cluster, we can see the Oosterhoff di-

chotomy (Oosterhoff 1939; Catelan 2009), the more populated Oost-
erhoff I (OoI) and the less populated Oosterhoff II (OoII) that is
shifted to longer periods given an amplitude. For the stars of the RRab
cluster in our catalogue (whose periods are greater than 0.45 days),
we compute the number counts on every grid of the period-amplitude
plane, and utilize the grids with maximum number counts in each
amplitude bin to fit a relation of 𝐴 = −10.26𝑃2best+8.27𝑃best−0.88 to
describe the distribution of OoI stars on the period-amplitude plane
in Figure 13. Then we shift the curve by 0.025 days in the direction
of period to roughly separate the OoI and OoII stars as

𝐴 = −10.26 (𝑃best − 0.025)2 + 8.27 (𝑃best − 0.025) − 0.88 (20)

which is shown by the black dashed curve in Figure 13. With the
OoI RRLs to the left of the boundary and the OoII RRLs to the right
of the boundary, we define the OoI fraction as 𝑓1 = 𝑁1/(𝑁1 + 𝑁2)
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where 𝑁1 and 𝑁2 are the numbers of OoI and OoII RRLs, finding
the overall 𝑓1 = 0.65.
According to the explained separation of OoI and OoII above, we

are able to study the variation of OoI fraction 𝑓1 across the Galactic
halo, together with the RRL density distribution. The right panels
of Figure 12 show 𝑓1 on shells of different elliptical radii 𝑟e in the
coordinate of the Galactocentric longitude Φ and latitude Θ for the
RRab stars in our catalogue.We note that for 64 < 𝑟e < 128 kpc in the
bottom panel, 𝑓1 is so noisy that we grey it out. Overall, 𝑓1 is higher
at the radii between 16 < 𝑟e < 64 kpc, especially between 16 <

𝑟e < 32 kpc which is roughly consistent with the finding in Figure
2 in Belokurov et al. (2018). We observe that 𝑓1 seems particularly
anisotropic for 16 < 𝑟e < 32 kpc. When looking at the locations
of individual over-densities such as the Hercules-Aquila Cloud, the
Virgo over-density and the Sagittarius Stream on the left panels, we
observe no particular high or low 𝑓1 corresponding to these over-
densities in the right panels with the exception of somewhat higher
𝑓1 for the Hercules-Aquila Cloud in the 16 < 𝑟e < 32 kpc distance
range.
Another interesting point is the slightly higher 𝑓1 around the solar

neighbourhood (Φ,Θ) = (180◦, 0◦) for 𝑟e ∼ 8 kpc, which might be
the Splash stars dubbed in Belokurov et al. (2020), yet 𝑓1 around
the disk for 16 < 𝑟e < 32 kpc is way higher than 𝑓1 in the solar
neighbourhood with Φ between 120◦ to 210◦ and Θ between −30◦
to 30◦.

5 CONCLUSIONS

In this work, we have presented the RRL catalogue constructed from
the combination of ZTF DR3 withGaia EDR3, whereGaia provides
accurate positions and proper motions on the whole sky and ZTF
provides the vast amount of light curves with large epochs in multi-
bands in the Northern sky. Starting from the source list in the join
set of Gaia EDR3 and ZTF DR3 and the label of the SOS Gaia DR2
RRLs, we have processed them through the classification pipeline,
that included the light curve fitting by a constant, single sinusoidal,
third-order Fourier model in multiple bands, and two random forest
classification steps to predict the probability for each source being a
RRL.
Generating the RRL catalogue based on the predicted probability,

we have obtained a catalogue that consists of 71,755 objects predicted
to be RR Lyrae with at least 92% purity and 92% completeness
compared to the SOS Gaia DR2 RRLs in the high galactic latitude
areas with a high number of Gaia observations. The completeness of
the RRL catalogue is generally higher than 80% at the heliocentric
distances closer than 80 kpc but drops drastically to 0 after 100 kpc.
The catalogue covers the Northern sky above−28◦ in declination and
the most distant RRL in it is at the heliocentric distance of 132 kpc.
Compared with other RRL catalogues covering the Northern sky, the
RRL catalogue of this work has more RRLs in the Galactic halo and
is more complete at low Galactic latitude areas.
Using the new constructed RRL catalogue to analyze the Galactic

halo density distribution, we observe the broadly ellipsoidal stel-
lar distribution with flattening around 0.6 and power-law density
profile with three known major over-densities of the halo substruc-
ture dominating: the Virgo over-density, the Hercules-Aquila Cloud,
and the Sagittarius Stream. We do not observe a significant popula-
tion associated with the Galactic disk (Iorio & Belokurov 2021).
The RRL density distribution seems to demonstrate the connec-
tion between the Virgo over-density and the Hercules-Aquila Cloud,
supporting the possible association of several over-densities such

as Hercules-Aquila, Virgo, Eridanus–Phoenix and their link to the
Gaia-Encelladus-Sausage merger (i.e. Simion et al. 2019). Besides,
the RRL over-density in the Northern hemispheres is in broad agree-
ment with the effect of the dynamical response of the Galactic halo to
the Large Magellanic Cloud (i.e. Conroy et al. 2021). We also anal-
yse the Oosterhoff fraction differences across the halo, comparing it
to the density distribution. We observe a higher fraction at the radii
between 16 < 𝑟e < 32 kpc with some anisotropy across the sky, but
no clear association of this with known major over-densities.
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