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ABSTRACT

We present new near-infrared, JHKs, Period–Luminosity relations (PLRs) for RR Lyrae vari-

ables in the Messier 53 (M53 or NGC 5024) globular cluster. Multi-epoch JHKs observations,

obtained with the WIRCam instrument on the 3.6-m Canada France Hawaii Telescope, are used
for the first time to estimate precise mean-magnitudes for 63 RR Lyrae stars in M53 including 29

fundamental-mode (RRab) and 34 first-overtone mode (RRc) variables. The JHKs-band PLRs

for RR Lyrae stars are best constrained for RRab types with a minimal scatter of 22, 23, and

19 mmag, respectively. The combined sample of RR Lyrae is used to derive the Ks-band PLR,

Ks = −2.303(0.063) logP + 15.212(0.016) exhibiting a 1σ dispersion of only 0.027 mag. Theoretical
Period–Luminosity–Metallicity (PLZ) relations are used to predict parallaxes for 400 Galactic RR

Lyrae resulting in a median parallax zero-point offset of −7 ± 3 µas in Gaia Early Data Release 3

(EDR3), which increases to 22 ± 2 µas if the parallax corrections are applied. We also estimate a

robust distance modulus, µM53 = 16.403± 0.024 (statistical) ±0.033 (systematic) mag, to M53 based
on theoretical calibrations. Homogeneous and precise mean-magnitudes for RR Lyrae in M53 together

with similar literature data for M3, M4, M5 and ω Cen are used to empirically calibrate a new RR

Lyrae PLZKs
relation, Ks = −0.848(0.007)− 2.320(0.006) logP + 0.166(0.011)[Fe/H], anchored with

Gaia EDR3 distances and theoretically predicted relations, and simultaneously estimate precise RR

Lyrae based distances to these globular clusters.

1. INTRODUCTION

Classical pulsating stars such as RR Lyrae variables

are excellent distance indicators thanks to their well-

defined Period–Luminosity relations (PLRs) especially
at near-infrared (NIR) wavelengths (see reviews by

Beaton et al. 2018; Bhardwaj 2020). NIR photometry
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offers several advantages, firstly due to lower sensitiv-

ity to reddening than at optical wavelengths resulting

in smaller uncertainties owing to extinction. Secondly,
theoretical and empirical PLRs of RR Lyrae display a

steady decrease in the dispersion moving from optical to

infrared wavelengths. This suggests that the tempera-

ture or color variations due to the finite width of the in-

stability strip are smaller at infrared wavelengths, thus,
supporting the basic assumption of negligible luminosity

variation in the PLRs as a function of temperature for

a given period. Furthermore, NIR light curves of RR

Lyrae are more sinusoidal exhibiting small amplitude
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variations (AmpKs
< 0.4 mag) making it is easier to

determine accurate mean-magnitudes with fewer obser-

vations. Thanks to these advantages and the increase in

the volume of NIR observations, RR Lyrae have gained
a significant boost as distance indicators in the past

two decades (Sollima et al. 2006b; Coppola et al. 2011;

Braga et al. 2015; Muraveva et al. 2015; Navarrete et al.

2017; Braga et al. 2018; Muraveva et al. 2018b;

Bhardwaj et al. 2020).
RR Lyrae are typically the most numerous vari-

able stars in Globular Clusters (GCs). GCs play

a crucial role in our understanding of, for example,

stellar evolution (Dotter et al. 2010; Denissenkov et al.
2017), multiple stellar populations (Gratton et al.

2012; Bastian & Lardo 2018), and Galaxy formation

and evolution (Massari et al. 2019; Kruijssen et al.

2019). Given that GCs are of great interest for

a wide range of astrophysical studies, several de-
tailed investigations have been carried out regard-

ing their ages, metallicities, and structure and kine-

matics (e.g., Sarajedini et al. 2007; Carretta et al.

2009; Maŕın-Franch et al. 2009; VandenBerg et al. 2013;
Gaia Collaboration et al. 2018). However, homogeneous

and accurate distances to GCs are limited to nearby

systems (Gaia Collaboration et al. 2018). RR Lyrae

variables, being excellent standard candles, can be

used to obtain precise and accurate distances to GCs
(e.g., Braga et al. 2015) provided the absolute calibra-

tion of their Period–Luminosity–Metallicity (PLZ) re-

lations in the Mily Way. Gaia parallaxes from current

(Gaia Collaboration et al. 2020; Lindegren et al. 2020a)
and future data releases will play a critical role in the cal-

ibration of RR Lyrae PLZ relations. Absolute distances

to GCs are important to constrain their intrinsic proper-

ties such as their absolute ages which also place a lower

limit on the age of the Universe (Krauss & Chaboyer
2003; Maŕın-Franch et al. 2009).

Messier 53 (M53 or NGC 5024) is a very old (∼

12.25 ± 0.25 Gyr, VandenBerg et al. 2013) and metal-

poor ([Fe/H]∼ −2.06 dex, Harris 2010; Boberg et al.
2016) GC which hosts more than 60 RR Lyrae variables

(Arellano Ferro et al. 2011). M53 is favorably located

in the Galactic halo at a very high latitude, relatively

far from the Galactic plane, therefore its interstellar red-

dening is small, E(B−V ) ∼ 0.02 mag (Harris 2010), and
the contamination from field stars is expected to be min-

imal. Several optical photometric studies have targeted

the relatively large variable population of M53 (Kopacki

2000; Dékány & Kovács 2009; Safonova & Stalin 2011;
Arellano Ferro et al. 2011; Bramich et al. 2012), inves-

tigating, for example, optical Period–Luminosity–Color

(PLC) relations and Blazhko variations among RR

Lyare stars. M53 hosts one of the largest samples of

Blazhko RRc stars (Arellano Ferro et al. 2012). How-

ever, variable stars in M53 have not been explored at

NIR wavelengths to date.
In this paper, we present NIR pulsation properties

and the PLRs of RR Lyrae variables in M53 for the

first time. New NIR PLRs of M53 RR Lyrae provide

a robust estimate of the true distance modulus to this

cluster and a test of the universality of PLRs when com-
pared with similar literature data in other GCs. We also

provide a new empirical calibration of PLZ relation in

the Ks-band for RR Lyrae in the GCs using Gaia Early

Data Release 3 (EDR3) parallaxes. The paper is or-
ganized as follows. In Section 2, we discuss the NIR

photometry and pulsation properties of RR Lyrae stars.

The JHKs-band PLRs for M53 RR Lyrae and a robust

distance estimate to the cluster are presented in Sec-

tion 3. The calibration of PLZ relations for RR Lyrae
after combining M53 photometry with literature data is

discussed in Section 4. The main results of this work

are summarized in Section 5.

2. RR LYRAE PHOTOMETRY

We used NIR time-series observations of RR Lyrae

in M53 obtained using the WIRCam instrument
(Puget et al. 2004) mounted on the 3.6-m Canada

France Hawaii Telescope (CFHT). Our observations

were collected from 26 to 29 May 2019 during the same

observing run and following the same observing strategy

as for Messier 3 described in Bhardwaj et al. (2020). In
brief, we covered ∼ 21′ × 21′ around the cluster center

and obtained on average 20 epochs in the JHKs-bands.

Point-spread function (PSF) photometry was performed

on the images using DAOPHOT/ALLSTAR and ALLFRAME

software (Stetson 1987, 1994). The details regarding

the photometric data reduction, the PSF photometry,

and the photometric calibrations in the 2MASS system

are similar to those pertaining to M3 and are discussed

in detail in Bhardwaj et al. (2020).

2.1. RR Lyrae sample and the light curves

Our sample of RR Lyrae candidates in M53 was
adopted from the catalog1 of Clement et al. (2001)

which was last updated in 2012 for M53 variables follow-

ing the work of Arellano Ferro et al. (2012). There are

64 RR Lyrae (29 RRab and 35 RRc) in M53 for which

coordinates and periods are available. One RRc (V48)
is outside our field of view and thus our final sample

contains 63 RR Lyrae stars. NIR light curves of these

variables were extracted using a cross-match with the

1 http://www.astro.utoronto.ca/∼cclement/

http://www.astro.utoronto.ca/~cclement/
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Figure 1. Example JHKs-band light curves of M53 RR
Lyrae covering the entire range of periods in our sample. The
J (blue) and Ks (red) light curves are offset for clarity by
+0.1 and −0.2 mag, respectively. The dashed lines represent
the best-fitting templates to the data in each band. Star ID,
subtype, and the pulsation period are included at the top of
each panel.

photometric catalog within a tolerance of 1′′. The ma-

jority of RR Lyrae (58 of 63) match within a tolerance

of 0.1′′ while one object (V53), located in the central

crowded region, was retrieved with ∆ ∼ 1.6′′.
RR Lyrae light curves were phased using periods

adopted from Clement et al. (2001) with the reference

epoch corresponding to our first observation. No distinct

periodic variability is seen for variables (V72, V91, V92)

which have small optical amplitudes (AmpV . 0.2 mag).
Arellano Ferro et al. (2011) provided a detailed descrip-

tion of the photometric contamination for a number of

RR Lyrae stars - V60, V61, V62, V64, V70, V71, due

to blending with nearby stars. In our photometry, V53,
V61, and V64 do not show any distinct variability but

periodicity is obtained for V60, V62, and V71 albeit with

large scatter. Since M53 RR Lyrae do not have periods

close to 0.5 days, for example like M3, light curves are

well-sampled with no large phase gaps especially around
maximum and minimum. Light curves of 57 RR Lyrae

with full phase coverage were assigned a quality flag ‘A’

while remaining 6 stars exhibiting significantly contam-

inated photometric light curves were flagged as ‘B’.

NIR templates from Braga et al. (2019) were fitted to

the phased light curves of RR Lyrae solving for ampli-
tude and phase simultaneously. There is strong evidence

that the amplitude ratios or the light curve shapes of

RRab change at different periods in Oosterhoff I (OoI)

and II (OoII) type clusters (for example, M3 and ω Cen

in Braga et al. 2018; Bhardwaj et al. 2020). Therefore,
we fit all three templates for RRab from Braga et al.

(2019) to our light curves irrespective of their periods

and adopt the best-fitting template. Fig. 1 shows a

few example light curves of different RR Lyrae sub-
classes spanning the entire period range (0.27 < P <

0.83 days). For light curves with quality-flag ‘A’, best-

fitting templates were adopted for all RR Lyrae to deter-

mine mean magnitudes and amplitudes. No amplitude

measurements are provided for light curves with flag ‘B’,
and only the error weighted mean is considered for fur-

ther analysis. We also used the epoch of maximum-light

in the V -band from Arellano Ferro et al. (2012) to con-

strain the phase parameter, thus solving only for vari-
able amplitudes in the NIR bands. However, no statis-

tically significant difference was found in the estimated

JHKs-band mean-magnitudes of RR Lyrae variables.

Median photometric uncertainties were added to the er-

rors on the mean magnitudes resulting from the best-
fitting templates. The NIR pulsation properties of RR

Lyrae in M53 are tabulated in Table 1. Time-series NIR

data of known SX Phe (Arellano Ferro et al. 2011) and

other candidate variables will be presented in a future
study together with long-term optical photometry.

2.2. Color–magnitude and Bailey diagrams

Our photometric catalog was cross-matched with the
latest Gaia EDR3 (Lindegren et al. 2020a) to obtain

proper motions for sources in the field of view of M53.

Fig. 2 shows the normalized histograms of proper mo-

tions for M53 sources. The mean proper motions along
the right ascension and declination axes for M53 sources

were µα = −0.154± 0.007 and µδ = −1.333± 0.006 mas

yr−1 with a Gaussian half width at half maximum of

0.675 and 0.613 mas yr−1, respectively. These mean

proper motion estimates for M53 are in excellent agree-
ment with those from Gaia Collaboration et al. (2018,

µα = −0.147 ± 0.005 and µδ = −1.351 ± 0.003 mas

yr−1) using Gaia DR2. However, the scatter in the mean

proper motions is reduced significantly with EDR3 data
and therefore sources within the 5 and 95 percentiles

were considered as the members of the M53 cluster. The

histograms of proper motions of RR Lyrae variables in

the M53 cluster are also overplotted and only V54 is a
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proper motion outlier along both the right ascension and

declination axes. Furthermore, V60 and V64 also have

proper motions beyond 3σ of the mean value along the

declination axis.

Table 1. NIR pulsation properties of RR Lyrae in the M53 cluster.

ID RA Dec Period Type Mean magnitudes σmag Amplitudes (Ampλ) ∆′′ QF

J H Ks J H Ks J H Ks

deg. deg. days mag mag mag arcsec

V1 198.234667 18.120528 0.60980 RRab 16.006 15.765 15.710 0.014 0.016 0.022 0.480 0.305 0.338 0.004 A

V2 198.209500 18.116917 0.38620 RRc 16.119 15.909 15.871 0.013 0.015 0.021 0.184 0.124 0.135 0.010 A-Bl

V3 198.214083 18.129278 0.63060 RRab 16.004 15.734 15.679 0.016 0.015 0.021 0.378 0.300 0.312 0.011 A

V4 198.182833 18.124000 0.38560 RRc 16.102 15.902 15.868 0.014 0.016 0.021 0.182 0.120 0.147 0.012 A-Bl

V5 198.162833 18.095194 0.63940 RRab 15.945 15.687 15.647 0.015 0.015 0.023 0.481 0.352 0.328 0.010 A

V6 198.266250 18.172194 0.66400 RRab 15.932 15.649 15.616 0.017 0.017 0.028 0.446 0.314 0.295 0.007 A

V7 198.253583 18.191667 0.54480 RRab 16.119 15.852 15.844 0.020 0.018 0.026 0.468 0.284 0.327 0.011 A

V8 198.251708 18.184750 0.61550 RRab 16.030 15.777 15.736 0.016 0.018 0.025 0.482 0.327 0.324 0.008 A

V9 198.250292 18.156972 0.60030 RRab 16.041 15.780 15.730 0.019 0.021 0.029 0.447 0.303 0.325 0.008 A

V10 198.190500 18.182083 0.60830 RRab 16.013 15.764 15.702 0.016 0.018 0.023 0.489 0.342 0.304 0.029 A

V11 198.189083 18.150556 0.62990 RRab 15.975 15.714 15.677 0.013 0.014 0.019 0.449 0.317 0.293 0.012 A-Bl

V12 198.349333 18.221278 0.61260 RRab 15.970 15.718 15.701 0.021 0.020 0.025 0.498 0.318 0.331 0.013 A

V13 198.367667 18.086972 0.62740 RRab 15.971 15.681 15.648 0.026 0.021 0.045 0.453 0.332 0.322 0.056 A

V14 198.335625 18.111861 0.54540 RRab 16.075 15.826 15.812 0.016 0.016 0.029 0.514 0.338 0.350 0.040 A

V15 198.301583 18.232028 0.30870 RRc 16.303 16.130 16.098 0.014 0.015 0.023 0.147 0.092 0.083 0.009 A-Bl

V16 198.192458 18.110917 0.30320 RRc 16.317 16.149 16.118 0.017 0.018 0.026 0.176 0.125 0.112 0.016 A-Bl

V17 198.168083 18.198361 0.38110 RRc 16.158 15.957 15.919 0.017 0.015 0.022 0.195 0.137 0.137 0.042 A-Bl

V18 198.202500 18.170333 0.33610 RRc 16.271 16.076 16.040 0.018 0.018 0.025 0.242 0.134 0.132 0.021 A-Bl

V19 198.279208 18.157333 0.39100 RRc 16.130 15.907 15.871 0.021 0.020 0.028 0.173 0.128 0.128 0.010 A

V20 198.287833 18.071194 0.38420 RRc 16.120 15.903 15.888 0.019 0.018 0.029 0.177 0.105 0.095 0.029 A

V21 198.358625 18.162028 0.33850 RRc 16.239 16.032 15.986 0.021 0.021 0.033 0.160 0.107 0.094 0.037 A

V23 198.259750 18.143333 0.36580 RRc 16.148 15.935 15.912 0.020 0.020 0.030 0.205 0.133 0.108 0.007 A-Bl

V24 198.197000 18.159000 0.76320 RRab 15.802 15.524 15.469 0.014 0.015 0.019 0.243 0.268 0.246 0.013 A

V25 198.268375 18.177028 0.70510 RRab 15.926 15.633 15.582 0.019 0.017 0.025 0.333 0.280 0.285 0.006 A-Bl

V26 198.149000 18.088917 0.39110 RRc 16.096 15.875 15.846 0.016 0.017 0.025 0.162 0.151 0.102 0.013 A

V27 198.172625 18.123278 0.67110 RRab 15.928 15.665 15.611 0.013 0.014 0.019 0.403 0.310 0.306 0.008 A

V28 198.175500 18.277139 0.63280 RRab 15.966 15.705 15.676 0.018 0.015 0.025 0.471 0.368 0.307 0.042 A

V29 198.267750 18.146389 0.82330 RRab 15.771 15.458 15.421 0.019 0.018 0.028 0.192 0.185 0.186 0.006 A-Bl

V30 198.250708 18.034444 0.53550 RRab 16.145 15.903 15.889 0.021 0.025 0.026 0.303 0.214 0.187 0.027 A

V31 198.248208 18.168028 0.70570 RRab 15.922 15.647 15.588 0.020 0.017 0.023 0.508 0.338 0.334 0.009 A-Bl

V32 198.198875 18.143306 0.39040 RRc 16.085 15.865 15.826 0.015 0.016 0.022 0.171 0.112 0.117 0.010 A-Bl

V33 198.182750 18.170306 0.62460 RRab 16.007 15.744 15.695 0.014 0.014 0.020 0.445 0.316 0.330 0.030 A

V34 198.190417 18.107278 0.28960 RRc 16.357 16.206 16.166 0.014 0.017 0.024 0.093 0.064 0.097 0.019 A

V35 198.260083 18.210528 0.37270 RRc 16.133 15.911 15.866 0.014 0.017 0.023 0.200 0.136 0.146 0.011 A-Bl

V36 198.263708 18.252889 0.37320 RRc 16.169 15.959 15.914 0.015 0.015 0.023 0.164 0.109 0.099 0.015 A-Bl

V37 198.217833 18.184833 0.71760 RRab 15.907 15.623 15.562 0.018 0.017 0.024 0.412 0.304 0.304 0.018 A

V38 198.238083 18.127944 0.70580 RRab 15.880 15.622 15.564 0.015 0.014 0.021 0.321 0.301 0.277 0.007 A-Bl

V40 198.232750 18.198528 0.31470 RRc 16.341 16.152 16.117 0.017 0.019 0.026 0.128 0.096 0.096 0.015 A

V41 198.236458 18.185694 0.61440 RRab 16.050 15.796 15.741 0.019 0.017 0.025 0.405 0.306 0.249 0.015 A-Bl

Table 1 continued
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Table 1 (continued)

ID RA Dec Period Type Mean magnitudes σmag Amplitudes (Ampλ) ∆′′ QF

J H Ks J H Ks J H Ks

deg. deg. days mag mag mag arcsec

V42 198.210583 18.172250 0.71370 RRab 15.876 15.584 15.551 0.018 0.016 0.021 0.380 0.298 0.246 0.011 A

V43 198.221167 18.182083 0.71200 RRab 15.892 15.614 15.568 0.018 0.018 0.024 0.347 0.251 0.260 0.018 A-Bl

V44 198.215250 18.166833 0.37490 RRc 16.183 15.989 15.928 0.022 0.022 0.028 0.192 0.139 0.098 0.014 A-Bl

V45 198.229833 18.157611 0.65500 RRab 15.945 15.675 15.628 0.027 0.026 0.029 0.442 0.326 0.249 0.010 A

V46 198.227208 18.176944 0.70360 RRab 15.910 15.609 15.584 0.018 0.020 0.022 0.311 0.279 0.222 0.016 A-Bl

V47 198.210083 18.206861 0.33540 RRc 16.191 16.004 15.997 0.018 0.017 0.025 0.138 0.102 0.113 0.026 A-Bl

V51 198.239958 18.180472 0.35520 RRc 16.155 15.933 15.909 0.021 0.025 0.032 0.157 0.075 0.086 0.006 A-Bl

V52 198.233000 18.176972 0.37410 RRc 16.229 16.002 15.968 0.021 0.024 0.028 0.172 0.091 0.107 0.013 A-Bl

V53 198.232625 18.175444 0.38910 RRc 16.044 15.610 15.519 0.025 0.028 0.030 — — — 1.645 B-Bl

V54 198.226292 18.175417 0.31510 RRc 16.304 16.119 16.045 0.024 0.030 0.042 0.175 0.142 0.105 0.772 A-Bl

V55 198.222750 18.176833 0.44330 RRc 15.989 15.761 15.710 0.018 0.019 0.022 0.187 0.103 0.118 0.016 A-Bl

V56 198.223708 18.157222 0.32890 RRc 16.247 16.033 16.004 0.025 0.025 0.031 0.214 0.154 0.158 0.010 A

V57 198.231500 18.166167 0.56830 RRab 16.088 15.844 15.812 0.024 0.025 0.029 0.406 0.260 0.290 0.009 A-Bl

V58 198.231667 18.158611 0.35500 RRc 16.128 15.959 15.918 0.023 0.021 0.027 0.143 0.099 0.085 0.006 A-Bl

V59 198.236083 18.155778 0.30390 RRc 16.290 16.105 16.060 0.023 0.022 0.028 0.106 0.057 0.065 0.011 A-Bl

V60 198.237417 18.160139 0.64480 RRab 15.516 15.192 15.232 0.019 0.021 0.028 — — — 0.016 B-Bl

V61 198.229667 18.170139 0.37950 RRc 15.844 15.461 15.357 0.038 0.055 0.059 — — — 0.224 B-Bl

V62 198.225000 18.174944 0.35990 RRc 16.178 16.000 15.900 0.084 0.108 0.110 — — — 0.027 B-Bl

V63 198.234542 18.166861 0.31050 RRc 16.257 16.069 16.033 0.021 0.022 0.029 0.122 0.076 0.106 0.407 A

V64 198.218833 18.170139 0.31970 RRc 14.745 14.270 14.198 0.015 0.016 0.017 — — — 0.013 B

V71 198.226583 18.165000 0.30450 RRc 16.343 16.100 16.100 0.051 0.069 0.087 — — — 0.019 B

V72 198.233083 18.164528 0.34070 RRc 16.128 16.115 16.069 0.025 0.030 0.033 0.100 0.094 0.096 0.498 A

V91 198.223417 18.170444 0.30240 RRc 16.406 16.205 16.126 0.024 0.022 0.028 0.106 0.083 0.102 0.014 A

V92 198.228792 18.180639 0.27720 RRc 16.436 16.251 16.222 0.021 0.022 0.028 0.097 0.109 0.139 0.015 A

Note—Star ID, coordinates (epoch J2000), periods, and subtypes are taken from Clement et al. (2001). ∆ is the separation between the
coordinates of RR Lyrae from Clement et al. (2001) and our astrometry. Quality flags (QF) - ‘A’ represents well sampled light curves
while ‘B’ refers to blended targets; ‘Bl’ indicates known Blazhko variation.

The top panel of Fig. 3 shows the proper motion

cleaned color–magnitude diagram for M53 sources. RR

Lyrae located along the horizontal branch are also
shown, while those found to be outliers with respect to

their expected location on the horizontal branch, either

due to different color or magnitude are labeled. All these

RR Lyrae also have peculiar positions in the optical

color–magnitude diagrams due to photometric blending
(see Figure 4 in Arellano Ferro et al. 2011), except V72.

While V72 is significantly bluer, the apparent Ks-band

magnitude for this RRc star is consistent with overtone

variables on the horizontal branch. Two RR Lyrae (V60
and V64) are also outliers in the proper motions along

the declination axis. Similarly, V54 is a proper motion

outlier but located perfectly within the RR Lyrae hor-

izontal branch in the color–magnitude diagram. How-

ever, these three variables (V54, V60, and V64) are lo-
cated in the unresolved central 1′ region of the cluster

and are likely blended with nearby brighter stars.

The bottom panel of Fig. 3 shows the horizontal

branch RR Lyrae and the predicted boundaries of the

instability strip. The analytical relations for the edges of
the instability strip in NIR bands are independent of the

adopted metal-abundances (Marconi et al. 2015). A dis-

tance modulus of 16.4 mag (Arellano Ferro et al. 2011)

was used to offset the theoretically predicted red and

blue edges of the instability strip into the observational
color–magnitude diagram. There is a good agreement

between the theoretical and observed blue edge whereas

the empirical red edge appears bluer than the predicted

one. This discrepancy might be ascribed to the de-
pendence of the fundamental red edge on the efficiency

of super-adiabatic convection. If a slightly higher con-

vective efficiency were assumed, a bluer theoretical red

edge would be obtained (see for e.g., Di Criscienzo et al.

2004).
Arellano Ferro et al. (2012) noted a clear separation

between RRab and RRc in optical color–magnitude di-
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Figure 2. Normalized histograms of proper motions along
right ascension (top) and declination (bottom) for all M53
sources in the Gaia EDR3 within the WIRCam field of view.
The mean values and the standard deviations of the Gaussian
fits to the histograms are also shown in each panel. The
histograms of proper motions of RR Lyrae variables in the
M53 cluster are also overplotted as slanted blue lines.

agrams. At NIR wavelengths, there is little overlap
between RRab and RRc in the (J − Ks), Ks color–

magnitude diagram and all RR Lyrae with good pho-

tometric quality flags are located within the theoret-

ically predicted instability strip. Arellano Ferro et al.
(2012) suggested that the horizontal branch evolution in

M53 probably occurs toward the red edge leading to a

clear separation between fundamental and first-overtone

mode pulsators. Furthermore, RRc displaying Blazhko

variations are redder and brighter than stable RRc vari-
ables suggesting that their modulations are connected

to changes in the pulsation mode.

Fig. 4 displays the period–amplitude or Bailey (Bailey

1902) diagrams for M53 RR Lyrae in the JHKs-bands
for the first time. The locus of OoII type M53 RRab

from Arellano Ferro et al. (2011) in the I-band was ar-

bitrarily scaled by 65%, 50%, and 45% to fit the J , H ,

and Ks-band Bailey diagrams, respectively. The loci

of the OoI cluster M3 from Bhardwaj et al. (2020) are
also shown for comparison. The majority of RRab fol-

low the expected trend for OoII type clusters. The

smallest period RRab (V30) seems to have a smaller
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Figure 3. Top: Color–magnitude diagram for stars in M53
with three-band photometry. RR Lyrae variables are also
shown. Some RR Lyrae that appear to be outliers among
horizontal branch variables are also marked (see text for de-
tails). Representative ±2σ error bars in both magnitudes
and colors are shown. Bottom: Zoom-in on the horizon-
tal branch RR Lyrae. The solid blue and dashed red lines
display the predicted first overtone blue edge and the fun-
damental red edge from Marconi et al. (2015), respectively.
Non-Blazhko/Blazhko RR Lyrae are shown as open/filled
symbols. A representative median error bar is also shown.

amplitude which is most likely due to larger scatter

in the light curves around the minima and maxima.

Arellano Ferro et al. (2012) found that Blazhko RRc

stars have relatively larger V -band amplitudes albeit

with a larger scatter presumably due to amplitude mod-
ulations. At NIR wavelengths, no obvious trend is seen

in the amplitudes for Blazhko and non-Blazhko stars.

This suggests that the amplitude modulations are not

significant at NIR wavelengths as noted by Jurcsik et al.
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Figure 4. Bailey diagrams for RR Lyrae stars in M53 in the
J (top), H (middle), and Ks (bottom) bands. The dashed
lines display the arbitrarily scaled I-band loci for OoII RRab
in M53 from Arellano Ferro et al. (2011) as discussed in the
text. The overplotted solid lines represent the approximate
JHKs loci of OoI RRab in M3 (Bhardwaj et al. 2020).

(2018) who found that Blazhko modulation is primarily

driven by the change in the temperature variation.

3. PERIOD–LUMINOSITY RELATIONS

Mean magnitudes for RR Lyrae in the JHKs-bands

were used to derive PLRs of the following form:

mλ = aλ + bλ log(P ), (1)

where aλ and bλ are the slope and zero-point of the

PLR in a given filter. The interstellar reddening in M53

is small, E(B−V ) = 0.02 mag (Harris 2010). Adopting

total-to-selective absorption ratios from Bhardwaj et al.
(2017) and the reddening law of Cardelli et al. (1989)

assuming RV = 3.1, extinction corrections of 18, 11,

and 7 mmag were estimated in the J , H , and Ks-

bands, respectively. Three different samples of RR
Lyrae (RRab, RRc, and RRab+RRc) were considered

to derive their PLRs. To combine the sample of RR

Lyrae, periods of RRc stars were fundamentalized using

the equation: log(PFU) = log(PFO) + 0.127 (Petersen

Table 2. NIR PLRs of RR Lyrae in the M53 cluster.

Band Type bλ aλ σ N

J RRab 15.585±0.021 −1.910±0.110 0.022 28

J RRc 15.272±0.046 −1.995±0.100 0.039 31

J All 15.608±0.011 −1.768±0.042 0.033 59

H RRab 15.273±0.021 −2.177±0.111 0.023 28

H RRc 14.931±0.047 −2.329±0.102 0.037 31

H All 15.275±0.011 −2.158±0.045 0.031 59

Ks RRab 15.217±0.032 −2.267±0.173 0.019 28

Ks RRc 14.885±0.065 −2.352±0.141 0.033 31

Ks All 15.212±0.016 −2.303±0.063 0.027 59

Note—The zero-point (b), slope (a), dispersion (σ) and the
number of stars (N) in the final PLR fits are tabulated.

1991; Coppola et al. 2015), where ‘FU’ and ‘FO’ repre-

sent fundamental and first-overtone modes, respectively.

In the color–magnitude diagram shown in Fig. 3, three

RRc (V53, V61, and V64) and one RRab (V60) have

significantly brighter magnitudes than the horizontal
branch RR Lyrae stars. Therefore, these RR Lyrae

were excluded from further analysis and the resulting

sample of 59 stars is used to derive PLRs. Although

another RR Lyrae (V72) is significantly bluer than the
horizontal branch variables, its apparent magnitudes are

consistent with those of RRc stars. Fig. 5 displays

JHKs-band PLRs for different samples of RR Lyrae

in M53. The best-fitting PLRs are listed in Table 2.

The slopes of the PLRs show the typical trend of be-
ing shallower for RRab compared with RRc stars while

the slopes of the global sample including both RRab

and RRc are the shallowest (e.g., Braga et al. 2018;

Beaton et al. 2018; Bhardwaj et al. 2020). The NIR
PLRs listed in Table 2 are statistically robust against a

different threshold for outlier removal than the adopted

3σ clipping and statistically consistent for different sam-

ples of Blazhko and non-Blazhko RR Lyrae variables.

For RRab stars, the PLRs exhibit unprecedentedly small
scatter (σ ∼ 0.02 mag) that is comparable to the me-

dian photometric uncertainties in the mean magnitudes.

This is expected firstly because no significant metallic-

ity spread (σ[Fe/H] = 0.07 dex, Boberg et al. 2016) is
noted from high-resolution spectra of bright red giant

branch stars in M53. Secondly, the JHKs light curves

of RR Lyrae in M53 are well-sampled because their pe-

riods are not close to 0.5 days thus leading to accurate

and precise determinations of their mean-magnitudes.
Furthermore, no trend is seen in the residuals of the

JHKs-band PLRs.
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Figure 5. NIR PLRs for M53 RRab and RRc (left) and all RR Lyrae (right) in J (top), H (middle), and Ks (bottom). The
dashed lines represent best-fitting linear regression over the period range under consideration while the dotted lines display ±3σ
offsets from the best-fitting PLRs.

Our empirical PLRs for the combined sample of RR
Lyrae in M53 were found to be in agreement with em-

pirical relations in other globular clusters (M4, ω Cen,

M3, Braga et al. 2015, 2018; Bhardwaj 2020), and with

predicted relations based on non-linear pulsation mod-
els (Marconi et al. 2015) as shown in Fig. 6. While

the slopes of our RRc PLRs are quantitatively shal-

lower than the theoretical predictions (J : −2.46, H :

−2.70, Ks : −2.72), the numerical values are still consis-

tent within the quoted uncertainties. Comparing with
an OoI cluster M3 (Bhardwaj et al. 2020), the PLRs for

M53 RR Lyrae are marginally shallower but also consis-

tent within the errors in all three NIR filters.

3.1. Distance to the M53 cluster

M53 is one of the most distant Milky Way GCs and
precise independent distances to this cluster are lacking

in the literature. Table 3 lists a few recent estimates

of distance moduli to M53 based on different meth-

ods. Dékány & Kovács (2009) estimated a true distance
modulus to M53 using the optical (V I)-band PLC rela-

tion for RR Lyrae variables. The authors used a zero-

point calibration based on Baade-Wesselink (BW) anal-

ysis of 21 stars (Kovács 2003) which suffers from system-

atics, for example, in the so-called projection factor that
is adopted to convert the observed radial velocity into

a pulsation velocity (Gallenne et al. 2017). Distance es-

timates based on the visual magnitude–metallicity rela-

tion for RR Lyrae also suffer from systematics due to
evolutionary effects (Bono et al. 2003) and photometric

metallicity estimates typically have large uncertainties.
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Figure 6. The slopes of JHKs-band PLRs of RR Lyrae
variables in different GCs. Each data point corresponding
to a PLR in a given filter is slightly shifted along the x-
axis for visual clarity. A larger symbol size represents a
larger dispersion in the underlying PLRs in a given GC.
The empirical slopes were taken from: M5 (Coppola et al.
2011), M4 (Braga et al. 2015), ω Cen (Braga et al. 2018),
M3 (Bhardwaj et al. 2020), and the theoretical slopes of PLZ
relation were adopted from Marconi et al. (2015).

Arellano Ferro et al. (2011) adopted a non-standard ap-

proach to determine absolute V -band magnitudes for

RR Lyrae from light-curve Fourier decomposition. Since
extinction corrections are significant at optical wave-

lengths, these distance moduli are also sensitive to the

adopted reddening and the extinction law even though

the reddening toward M53 is small.

The catalog of Harris (2010) lists an apparent vi-
sual distance modulus of 16.32 mag to the M53 cluster.

Wagner-Kaiser et al. (2016) used this distance modulus

as input prior and performed Bayesian analyses to fit

stellar isochrones. The authors estimated several cluster
parameters including the distance modulus which varies

between 16.35 and 16.48 mag depending on whether

they fitted single or double stellar population isochrones,

and adopted helium and α-element abundances (see Ta-

bles 3 and 6 of Wagner-Kaiser et al. 2016). Recently,
Hernitschek et al. (2019) determined distances to sev-

eral GCs including M53 by modeling the spatial distri-

bution of RRab stars within and near overdensities in

their sample GCs. From Table 3, the distance estimates
to M53 range from 18 to 19.8 kpc but the uncertain-

ties in these measurements are only the standard error

on the mean values. The systematic uncertainties in

different methods are not taken into account in these

measurements.
NIR PLRs for RR Lyrae are excellent distance in-

dicators and therefore can provide a very precise in-

Table 3. Distance to the M53 cluster.

µ [Fe/H] Method Ref.

mag

16.31±0.04 — RR Lyrae optical PLC relation D09

16.35±0.11 −1.58±0.03 MV –[Fe/H]a relation D09

16.48±0.14 −2.12±0.05 MV –[Fe/H]b relation D09

16.36±0.05 −1.92±0.06 MV RRab A11

16.28±0.07 −1.92±0.06 MV RRc A11

16.39±0.01 −2.10±0.05 Stellar isochrone fitting W16c

16.47±0.01 −2.10±0.05 Stellar isochrone fitting W16d

16.31±0.02 — Density model fitting H19

16.43±0.02 −2.06±0.05 RR Lyrae PLZJ relation TW

16.39±0.02 −2.06±0.05 RR Lyrae PLZH relation TW

16.40±0.02 −2.06±0.05 RR Lyrae PLZKs
relation TW

16.36±0.07 −2.06±0.05 PLZKs
and Gaia EDR3 + πFix

corr TW

16.32±0.06 −2.06±0.05 PLZKs
and Gaia EDR3 + πL20

corr TW

µM53 = 16.403 ± 0.024 (stat.) ± 0.033 (syst.) mag TW

DM53 = 19.081 ± 0.211 (stat.) ± 0.290 (syst.) kpc TW

Note—D09 (Dékány & Kovács 2009) determined photometric metallic-
ities for RR Lyrae ([Fe/H]a) and red giants ([Fe/H]b), respectively.
A11 (Arellano Ferro et al. 2011) determined MV using an empirical
relation based on Fourier parameters. The distance modulus from
W16 (Wagner-Kaiser et al. 2016) is based on single (W16c) and double
(W16d) population isochrone fitting to color–magnitude diagrams. H16
(Hernitschek et al. 2019) estimated their distance modulus by modeling
the RR Lyrae overdensity and spatial distributions in GCs. TW - This
work. For Gaia based estimates, two values correspond to the paral-
lax correction (πFix

corr = −7 ± 3 µas) based on predicted parallaxes and
those from Lindegren et al. (πL20

corr, 2020b), respectively. µM53 - adopted
distance modulus to M53.

dependent distance to M53. With our new robust

mean JHKs magnitudes, the precision of estimated

distances will only be limited by the uncertainties
in the absolute calibration of RR Lyrae PLRs. In

most recent studies, theoretical PLZ relations of RR

Lyrae have been employed for distance measurement

(Marconi et al. 2015; Neeley et al. 2017; Braga et al.
2018; Bhardwaj et al. 2020). Empirical calibrations

based on Gaia DR2 and Hubble Space Telescope paral-

laxes of RR Lyrae are known to exhibit larger systematic

uncertainties (see Neeley et al. 2017; Muraveva et al.

2018a; Bhardwaj et al. 2020, for more details). There-
fore, we estimated a distance to M53 using two indepen-

dent calibrations based on the theoretical PLZ relations

and the latest Gaia EDR3.

First, we employed the theoretical PLZ relation for
RR Lyrae in the JHKs-bands from Marconi et al.

(2015) and adopted a mean iron-abundance of [Fe/H]=

−2.06 dex for M53. This [Fe/H] value is taken from

Carretta et al. (2009) since the theoretical PLZ rela-

tion uses metallicities on their scale. The coefficients
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of the theoretical relations were used to anchor the

zero-points for the empirical JHKs-band PLRs listed

in Table 2. The results of distance moduli estimates

using JHKs-band PLRs for the combined sample of
RR Lyrae are tabulated in Table 3. For the sample

of RRab or RRc, the distance moduli estimates are con-

sistent with the quoted values within their 1σ uncer-

tainties. However, the uncertainties on distance mea-

surements based on RRc stars are larger due to the
relatively larger scatter and errors in the slopes and

zero-points of their PLRs. The systematic uncertain-

ties were quantified by adding errors to the zero-points,

uncertainties due to variations in the mean-metallicity,
and errors in the slopes of the calibrator and M53 RR

Lyrae PLRs. A distance modulus to the M53 cluster of

µ = 16.403 ± 0.024 (stat.) ± 0.033 (syst.) mag was ob-

tained by taking a weighted mean of all measurements

based on different samples of RR Lyrae. Our distance
modulus to M53 is in good agreement with the most

distances moduli estimates listed in Table 3.

Secondly, we used parallaxes of Galactic RR Lyrae

from recent Gaia EDR3 (Lindegren et al. 2020a) to
empirically calibrate the zero-point of NIR PLZ rela-

tions. The Galactic RR Lyrae sample of 403 stars was

adopted from the compilation of Dambis et al. (2013)

which includes periods, RR Lyrae subtype, spectro-

scopic metallicites, Ks-band magnitudes, and the ex-
tinction in the V -band. Dambis et al. (2013) applied

random-phase corrections to Ks measurements obtain-

ing mean-magnitudes for most stars; 32 stars in their

sample have only single-epoch Ks-band magnitudes.
Muraveva et al. (2018a) used the same sample for an

investigation of RR Lyrae as distance indicators using

Gaia DR2 parallaxes, and also updated periods and sub-

types of a few variables. The authors also found a sig-

nificant parallax zero-point offset of −57 µas for this
RR Lyrae sample in the Gaia DR2, which was nearly

two times larger than the quasar based value of −29 µas

(Lindegren et al. 2018). In Gaia EDR3, Lindegren et al.

(2020a) found a parallax bias of −17 µas using quasars.
We used theoretical PLZ relations in the Ks-band to

determine absolute magnitudes and then predict paral-

laxes for the full sample of RR Lyrae from Dambis et al.

(2013) or Muraveva et al. (2018a). For this purpose,

extinction corrections were applied to the Ks-band ap-
parent magnitudes and the spectroscopic metallicites,

which are on the Zinn & West (1984) metallicity scale,

were transformed to the Carretta et al. (2009) scale to

be consistent with theoretical models. Gaia EDR3 data
were obtained for all 403 RR Lyrae. Three stars have

negative parallaxes. Fig. 7 shows a comparison of Gaia

EDR3 parallaxes with predicted photometric parallaxes.
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Figure 7. Top: Comparison of Gaia EDR3 parallaxes for
a sample of 403 stars with predicted photometric parallaxes.
The dashed line represents y = x and the dotted line shows
the offset between the two sets of parallax measurements.
Bottom: Difference between Gaia EDR3 and photometric
parallaxes. RR Lyrae (350 of 403 stars) with filled red sym-
bols are those with (1) positive parallaxes; (2) re-normalized
unit weight error (RUWE) < 2, (3) Ks ≤ 16 mag, (4)
random-phase corrected Ks measurements, and (5) residu-
als within 3σ of the best-fitting line.

The two sets of parallaxes exhibit a strong correlation

with a minimal residual offset consistent with zero.
Few selection criteria (see caption of Fig. 7) were ap-

plied to select 350 out of 403 stars for which the his-

togram of parallax offsets between Gaia EDR3 and pho-

tometric parallaxes is shown in Fig. 8. We found a small

residual parallax bias, −7 ± 3 µas (σ = 40 µas), sta-
tistically consistent with zero within 3σ and given the

large scatter, in the sense that the Gaia EDR3 paral-

laxes are systematically smaller. However, the differ-

ence between the predicted and EDR3 parallaxes ex-
hibits a dependence on the size of parallaxes. It be-

comes significant (−17 ± 3 µas) for small parallaxes

(< 0.5 mas) but is consistent with zero for larger par-

allaxes (≥ 0.5 mas). Marconi et al. (2020) also used

theoretical optical period-wesenheit relations to predict
parallaxes for these RR Lyrae in Gaia DR2 and found a

negligible small zero-point offset. For a relative compar-

ison, the median difference in parallaxes between Gaia
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Figure 8. Normalized histogram of parallax zero-point off-
sets estimated using the theoretical PLZKs

relation. The
parallax bias values determined using the recipe suggested
by Lindegren et al. (2020b) are also shown using slanted blue
lines. The peak values and the standard deviations of the two
sets of zero-point offsets are also shown.

EDR3 and DR2 for our RR Lyrae sample amounts to

21±3 µas, which also hints at a smaller zero-point offset

in the improved EDR3 parallaxes.

We also estimated the parallax zero-point offset us-
ing the recipe provided by Lindegren et al. (2020b) for

correcting the EDR3 parallaxes. The normalized his-

togram of parallax offsets estimated using their method

is also shown as slanted blue lines in Fig. 8. It peaks at
a statistically significant value of −32±4 µas exhibiting

a very small (9 µas) scatter. However, these parallax

corrections depend in a non-trivial way on the magni-

tude, colour, and ecliptic latitude of the source, and are

difficult to quantify for bright variable sources like RR
Lyrae. The median parallax offsets for the two sets of

data plotted in the Fig. 8 are more consistent for faint

stars with small parallaxes. The difference is mostly

for bright sources, and it could be due to the lack of
bright LMC calibrator stars with effective wavenumber

(∼ 1.5− 1.65 µm−1) similar to our RR Lyrae stars (see

Figure 9 of Lindegren et al. 2020b).

We compared Gaia EDR3 parallaxes that included

Lindegren et al. (2020b) parallax-correction recipe with
the parallaxes predicted by the theoretical PLZ rela-

tion, similar as was done in Fig. 7 for the no parallax-

correction case. The slope (1.030±0.003 dex) of the

best-fitting line is similar to the no parallax-correction
case but the intercept becomes consistent with zero.

This suggests that the parallax corrections are more

significant for the stars with the smaller parallax, i.e.

predominantly fainter RR Lyrae. However, the median

difference between the two sets of parallaxes becomes

positive, 22 ± 2 µas (σ = 39 µas), and significantly

larger than the no parallax-correction case (−7±3 µas),

which points towards an over-correction in parallaxes
for our sample of RR Lyrae in Gaia EDR3 data. Using

Lindegren et al. (2020b) formulae, Riess et al. (2020)

also found an indication of over-correction of the paral-

lax offset for Cepheids with a median difference of 15 µas

in the residuals.
Finally, we used a smaller subsample of 251 Galac-

tic RR Lyrae stars by applying several selection cri-

teria: (1) σπ/π ≤ 0.05; (2) π > 0; (3) re-normalized

unit weight error (RUWE) < 2, (4) Ks ≤ 16 mag, (5)
random-phase corrected Ks measurements. Although

these cuts can bias our sample, we also note that the

compilation of Dambis et al. (2013) is already limited

to stars with spectroscopic metallicities and is possibly

biased toward brighter sources (> 90% stars are RRab).
Bailer-Jones et al. (2020) suggested that for stars with

positive parallaxes and σπ/π ≤ 0.1, the inverse parallax

is a reasonably good distance estimate. Therefore, we

used the parallax distances by applying a 7 µas parallax
offset calibrating the absolute zero-point in Ks-band for

the M53 PLRs and estimate a distance modulus, µM53 =

16.366 ± 0.042 (stat.) ± 0.067 (syst.) mag, consistent

with the distance estimated using theoretical PLZ rela-

tions. When correcting the parallaxes using the recipe
by Lindegren et al. (2020b), we find a distance modulus,

µM53 = 16.320 ± 0.039 (stat.) ± 0.058 (syst.) mag, to

M53. We further discuss the possible systematics result-

ing from limiting the sample to precise parallaxes in the
next section by providing a comparison with the results

based on Bailer-Jones et al. (2020) distance catalog for

Gaia EDR3 sources.

4. CONSTRAINTS ON THE METALLICITY

DEPENDENCE

New NIR time-series data in GCs of different Oost-
erhoff types and mean-metallicities can be used to con-

strain the metallicity effect on the RR Lyrae PLRs. The-

oretical models of RRab predict a metallicity coefficient

of ∼ 0.18 mag dex−1 in the Ks-band (Marconi et al.

2015). If the independent distances are known to two
clusters with ∆[Fe/H] = 1.0 dex then the magnitudes for

an RRab with a given period are expected to differ, on

average, by 0.18 mag. However, this relative difference

in luminosity between clusters exhibiting a significant
metallicity difference is difficult to quantify due to the

internal dispersion of RR Lyrae PLRs, a lack of precise

independent distances, and a possible spread in their

mean-metallicities.
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We compiled NIR mean-magnitudes for RR Lyrae

variables from time-series data in the M5 (Coppola et al.

2011), M4 (Stetson et al. 2014), ω Cen (Braga et al.

2018), and M3 (Bhardwaj et al. 2020) GCs. Homo-
geneous JHKs-band magnitudes are available for all

these clusters, except for M5 which has only JKs NIR

photometry (Coppola et al. 2011). Combining PLRs in

these GCs with the new M53 data we construct a sam-

ple of five GCs with high quality PLRs for RR Lyrae
which allows us to empirically investigate the metallic-

ity dependence of PLRs in the NIR. Since the J-band

light curves of RR Lyrae in M5 exhibit uneven phase

coverage and no templates were used to determine their
mean-magnitudes (see, Coppola et al. 2011), only Ks-

band PLRs are considered. Note that we only consider

clusters for which multi-epoch RR Lyrae photometry is

available.

To constrain the metallicity dependence, mean [Fe/H]
values for the GCs were taken from Carretta et al.

(2009) adopting a homogeneous set of GC metallic-

ity measurements on the same scale as the theoreti-

cal models. RR Lyrae in ω Cen exhibit a significant
spread in metallicity and therefore, we consider two

samples of RR Lyrae with spectroscopic metallicities

from Sollima et al. (2006a) and Magurno et al. (2019).

The former provide spectroscopic metallicities for 74 RR

Lyrae while the latter increased the sample size to 125
stars in ω Cen. Since the number of RRab in M4 and

M53 is significantly smaller compared with other GCs,

the combined sample of RR Lyrae (RRab+RRc) is used

in this analysis.
The apparent Ks-band magnitudes of RR Lyrae were

corrected for extinction using the color-excess values

listed in Table 4 combined with the adopted extinc-

tion law of Cardelli et al. (1989) assuming the stan-

dard ratio of absolute to selective extinction, RV =
3.1. However, Hendricks et al. (2012) suggested a larger

value of RV = 3.6 for M4 which is used to estimate

the Ks-band extinction for RR Lyrae in this GC. Al-

though there is evidence of differential reddening in M4
(σE(B−V ) ≥ 0.2 mag, Hendricks et al. 2012) and also

in ω Cen (σE(B−V ) ∼ 0.03 mag, Calamida et al. 2005),

only mean reddening is considered for all RR Lyrae

in each cluster as adopted in Braga et al. (2015) and

Braga et al. (2018) for M4 and ω Cen, respectively.

4.1. The Ks-band Period–Luminosity–Metallicity

relation

We considered the following cases in deriving the em-

pirical PLZKs
relation for RR Lyrae in our sample GCs:

4.1.1. No zero-point calibration

First, the Ks-band PLZ relation was derived using

a single slope and metallicity coefficient by fitting an

equation of the following form:

mi,j =ai + b logPi,j + c[Fe/H]i, (2)

where mi,j are the extinction corrected Ks-band mag-

nitudes for the jth RR Lyrae in the ith GC. The coeffi-

cients ai represent different zero-points of the PLZ rela-

tion while b and c are the common slope and metallicity
coefficients. We solved Equation (2) by constructing a

matrix-formalism of dependent and independent param-

eters and using χ2 minimization as discussed in detail by

Bhardwaj et al. (2016, their equation 5). For a robust

analysis, an iterative 3σ clipping was used to remove the
single largest outlier in each iteration until convergence.

We obtained a universal slope and different zero-

points for each GC which are listed in Table 4. A

smaller but statistically significant metallicity coeffi-
cient, c = 0.071 ± 0.012, was obtained using more re-

cent spectroscopic metallicities for 125 ω Cen RR Lyrae

from Magurno et al. (2019). However, this metallic-

ity dependence is at least two times smaller than the

theoretical predictions of Marconi et al. (2015). Using
the spectroscopic metallicities for 74 ω Cen RR Lyrae

from Sollima et al. (2006a), a significant metallicity co-

efficient, c = 0.145 ± 0.012, was obtained which is con-

sistent with the results of Navarrete et al. (2017) and
Braga et al. (2018) only based on ω Cen data. The

variation in the metallicity coefficients could be at-

tributed to the difference in spectroscopic metallicities

between the two samples which is significant (∆[Fe/H]=

−0.13 dex) for stars in common, and is likely due to
the adopted techniques used to determine metallicities

(Magurno et al. 2019). The peak of the metallicity dis-

tribution from Sollima et al. (2006b) is on average, ∼

0.2 dex more metal-rich than that from Magurno et al.
(2019). Furthermore, the Sollima et al. (2006b) sample

shows a metal-rich tail as a distinct secondary peak in

the metallicity distribution which is not present in the

Magurno et al. (2019) sample. We only considered the

Sollima et al. (2006b) sample for the further analysis.

4.1.2. Theoretical calibration

Following studies on RR Lyrae distance scales (see
Beaton et al. 2018; Bhardwaj 2020, for a review), we

adopted the theoretical PLZKs
relation for RR Lyrae to

calibrate the zero-point of the empirically derived PLZ

relation in the GCs. The theoretical models were taken
from Marconi et al. (2015) for a wide range of metallic-

ities (0.1 < [Fe/H] < −2.4 dex). We fitted an equation

of the following form, simultaneously solving for the ab-

solute zero-point and the distances to the GCs:
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Table 4. Ks-band PLZ relation and the estimated distances to the GCs.

M4 M5 M3 ω Cen M53

N 43 76 220 74a 59

E(B − V ) mag 0.370 0.030 0.013 0.110 0.020

[Fe/H] dex −1.18± 0.02 −1.33± 0.02 −1.50± 0.05 −1.64± 0.09 −2.06± 0.09

µRRL mag 11.27±0.01 14.44±0.02 15.04±0.04 13.67±0.04 16.40±0.03

Ref. B15 C11 B20 B18 TW

µOther mag 11.30±0.05 14.34±0.09 15.07±0.01 13.51±0.12 16.39±0.01

Ref. K13 G19 T19 K07 W16

No zero-point calibration ([Fe/H] for ω Cen RR Lyrae from Magurno et al. 2019)

ai mag 10.352±0.019 13.357±0.018 14.076±0.018 12.715±0.019 15.338±0.018

b = −2.332± 0.006

c = 0.071 ± 0.012

No zero-point calibration ([Fe/H] for ω Cen RR Lyrae from Sollima et al. 2006b)

ai mag 10.440±0.018 13.464±0.020 14.198±0.018 12.828±0.019 15.501±0.017

b = −2.309± 0.007

c = 0.145 ± 0.012

Theoretical PLZ calibration from Marconi et al. (2015)

acal = −0.842± 0.005

µi mag 11.323±0.013 14.342±0.014 15.079±0.013 13.718±0.014 16.399±0.013

ai mag 10.481±0.012 13.500±0.013 14.237±0.012 12.876±0.013 15.557±0.012

b = −2.312± 0.004

c = 0.170 ± 0.009

Calibration using Gaia EDR3 distances from Bailer-Jones et al. (2020) which include parallax offsets from Lindegren et al. (2020b)

acal = −0.766± 0.017

µi mag 11.241±0.025 14.257±0.026 14.995±0.025 13.633±0.026 16.311±0.025

ai mag 10.475±0.019 13.491±0.020 14.229±0.018 12.867±0.019 15.545±0.018

b = −2.311± 0.010

c = 0.164 ± 0.015

Calibration using Gaia EDR3 parallaxes from Lindegren et al. (2020a) including a fixed parallax offset (−7± 3 µas)

Mcal = −0.836± 0.016

µi mag 11.292±0.026 14.310±0.027 15.043±0.025 13.678±0.026 16.351±0.024

ai mag 10.456±0.020 13.474±0.022 14.207±0.019 12.842±0.020 15.515±0.018

b = −2.318± 0.007

c = 0.151 ± 0.013

Theoretical PLZ + Gaia EDR3 parallaxes based calibration

acal = −0.848± 0.007

µi mag 11.312±0.017 14.340±0.018 15.071±0.017 13.699±0.018 16.388±0.017

ai mag 10.464±0.015 13.492±0.017 14.223±0.016 12.851±0.017 15.540±0.015

b = −2.320± 0.006

c = 0.166 ± 0.011

Note—N is the number of RR Lyrae in each GC considered in this analysis. [Fe/H] values are adopted from Carretta et al. (2009) and
E(B−V ) values are taken from Harris (2010). aFor ω Cen, individual spectroscopic metallicities for 125 RR Lyrae from Magurno et al.
(2019) were considered for the first case and those of 74 stars from Sollima et al. (2006b) were considered for other cases. In the no
calibration case, zero-points (ai), slope (b), and metallicity (c) coefficients were obtained after solving Equation (2) while in other cases
the coefficients are determined by solving Equation (3). µi are the distance moduli and acal is the calibrated zero-point of the PLZKs

relation. Literature distance moduli (DM) based on RR Lyrae PLRs (µ RRL) and other independent methods (µ Other) are taken
from the following references: K07 - Kaluzny et al. (2007), C11 - Coppola et al. (2011), K13 - Kaluzny et al. (2013), B15 - Braga et al.
(2015), W16 - Wagner-Kaiser et al. (2016), B18 - Braga et al. (2018), G19 - Gontcharov et al. (2019), T19 - Tailo et al. (2019), B20 -
Bhardwaj et al. (2020), TW - this work.



14 Bhardwaj A. et al.

mi,j =acal + µi + b logPi,j + c[Fe/H]i, (3)

where µi = ai − acal and the other coefficients are the

same as in Equation (2). The calibrated zero-point (acal)

and distances to each GC along with other coefficients

are listed in Table 4. Since we solved using theoretical
models together with PLRs in the GCs, the metallicity

coefficient is more consistent with the predicted value of

0.18 mag dex−1. Furthermore, the distance moduli are

also in agreement with the literature values based on RR
Lyrae and other independent methods (see Table 4).

4.1.3. Gaia EDR3 calibration

Finally, we also used Gaia EDR3 parallaxes for the

sample of Dambis et al. (2013) to calibrate the PLZKs

relation for RR Lyrae in our GCs. To avoid any bi-
ases due to restrictions on the precision of parallaxes,

we initially obtained distances to all RR Lyrae in our

sample from the latest catalog of Bailer-Jones et al.

(2020). The authors adopted a probabilistic approach
to estimating stellar distances that uses a prior con-

structed from a three-dimensional model of the Milky

Way. This approach allows reasonable distance esti-

mates even for stars with negative parallaxes and large

parallax uncertainties for which a simple inversion of
parallax is not recommended. Note that the cata-

log of Bailer-Jones et al. (2020) provides distances af-

ter applying the parallax zero-point correction derived

by Lindegren et al. (2020b). We solved Equation (3)
adopting the calibration based on these Gaia EDR3 dis-

tances and the results are listed in Table 4. The slope

and metallicity coefficients are consistent with the re-

sults based on the theoretical calibrations but the cali-

brated zero-point is significantly smaller thus leading to
relatively smaller distance moduli estimates to the GCs.

To obtain a robust zero-point calibration, we re-

stricted the sample to 251 stars with criteria discussed

in Section 3.1. We emphasize that while these cuts
may lead to possible biases if a PLZ relation is deter-

mined only based on Gaia EDR3 data. However, our

analysis includes strong constraints on the slope of the

PLZ relation thanks to precise photometric data in the

GCs. Therefore, only precise parallaxes were selected
to obtain a robust zero-point calibration. Furthermore,

we only applied a fixed parallax zero-point offset of

−7 ± 3 µas as determined previously. We used a sim-

ple inversion of parallaxes for this subsample of 251 stars
and the estimated distances in Equation (3) for calibrat-

ing the PLZKs
relation. The results based on the cali-

bration using Gaia EDR3 parallaxes in Table 4 clearly

show that the coefficients and distance moduli are now

in good agreement with those based on the theoreti-

cal calibrations. This further validates that the parallax

zero-point offset for our sample of Galactic RR Lyrae es-

timated using the theoretical PLZ relations is small and
negligible within the uncertainties. However, it is also

possible that the theoretical calibrations lead to system-

atically larger distance moduli estimates within 1 − 2σ

of the quoted uncertainties which negates the parallax

zero-point offset when comparing Gaia and photometric
parallaxes.

Finally, we adopted the calibration derived using

Equation (3) including both theoretical models and the

subsample of Gaia EDR3 parallaxes. In this case, we did
not apply any zero-point offset assuming a −7 ± 3 µas

bias is not statistically significant, given the scatter, as

discussed in the previous section. Therefore, an abso-

lute zero-point calibration was obtained purely based

on the best-fitting relation to the absolute magnitudes
from both the theoretical models and the Gaia EDR3

data. Fig. 9 displays the common PLZKs
relation for

RR Lyrae in different GCs and the results are listed

in Table 4. Our distance estimates to these GCs, ex-
cept for M5, are consistent with the RR Lyrae PLR

based estimates in the literature. The distance mod-

uli to these GCs are also in agreement with inde-

pendent measurements either based on eclipsing bina-

ries (Kaluzny et al. 2007, 2013) or isochrone-fitting to
color–magnitude diagrams (Wagner-Kaiser et al. 2016;

Gontcharov et al. 2019; Tailo et al. 2019). For M5, the

distance modulus is similar to the value estimated by

Sollima et al. (2006b) based on the PLZKs
relation for

RR Lyrae variables. The difference in the M5 dis-

tance modulus with respect to Coppola et al. (2011)

could be attributed to their adopted theoretical cali-

bration, the different mean-metallicity value ([Fe/H]∼

−1.26 dex), and the uncertainties in the transformations
from 2MASS to the Johnson–Cousins–Glass photomet-

ric system. Fig. 10 shows the calibrated PLR for RR

Lyrae based on their absolute magnitudes determined

using the distance moduli estimates listed in Table 4.
The PLRs in the different GCs exhibit the expected

trend as a function of the metal-abundance with RR

Lyrae in metal-rich clusters being fainter. The residu-

als of the PLZKs
relation in Equation (3), shown in the

bottom panel of Fig. 10, do not exhibit any metallicity
dependence.

5. DISCUSSION AND CONCLUSIONS

We have presented new PLRs for RR Lyrae in the

M53 GC for the first time at NIR wavelengths. RR

Lyrae multi-epoch photometry was obtained using the

WIRCam instrument on the CFHT covering a 21′ × 21′
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Figure 9. PLZKs
relation for RR Lyrae in different GCs. The calibrator PLZKs

relation for Galactic RR Lyrae is also shown
in the bottom right panel. The green shaded region shows the calibrator theoretical relation of Marconi et al. (2015) with ±3σ
scatter. Solid lines display the best-fitting common slope of the PLZKs

relation to all GCs while dashed lines represent ±3σ
scatter in the underlying relation. Mean-metallicities for each cluster are also indicated in each panel. Red circles and blue
squares represent RRab and (fundamentalized) RRc stars, respectively. Grey symbols represent 3σ outliers.

region around the cluster center. New NIR data were

complemented with accurate pulsation periods from the

updated catalog of Clement et al. (2001) and precise and

accurate mean-magnitudes were determined by fitting
templates to the well-sampled JHKs-band light curves.

The resulting PLRs for our RR Lyrae exhibit an un-

precedentedly small scatter for RRab with a dispersion

of ∼ 0.02 mag in all three filters, which is compara-
ble to the precision of our photometry for the faintest

variable. Multi-epoch data were also used to inves-

tigate color–magnitude and Bailey diagrams for M53

RR Lyrae at NIR wavelengths. No significant over-

lap is seen in the color–magnitude plane between RRab
and RRc stars suggesting that horizontal branch evolu-

tion occurs toward the red edge of the instability strip

(Arellano Ferro et al. 2012). RR Lyrae in the Bailey di-

agrams follow the expected locus of RRab in a typical
OoII clusters.

New NIR photometry for RR Lyrae in the metal-

poor M53 GC provided an opportunity to constrain

the metallicity dependence of their PLRs by means

of a quantitative comparison with relatively metal-rich
GCs. While single-epoch data for RR Lyrae are avail-

able for several GCs, for example from 2MASS, homo-

geneous JHKs-band time-series photometry is limited

to only a few GCs. Time-series data are crucial to

determine precise mean magnitudes and the PLRs for

RR Lyrae with a dispersion of ∼ 0.04 mag, thus allow-
ing a rigorous comparison of GCs with different mean-

metallicities. Combining precise Ks-band PLRs in GCs

covering a metallicity range of ∆[Fe/H] = 0.9 dex, we

determined a metallicity dependence of the PLRs and
simultaneously estimated distances to the GCs adopt-

ing different calibrations based on theoretical models

and Gaia EDR3 data. The quantified metallicity de-

pendence of ∼ 0.15− 0.17 mag dex−1 is in good agree-

ment with theoretical predictions for the PLZKs
rela-

tion from Marconi et al. (2015). When excluding the

calibrator relations, the metallicity dependence of the

PLRs in the GCs was found to be sensitive to the

adopted spectroscopic metallicities, the RR Lyrae sam-
ple size, and the number of clusters, and can vary be-

tween 0.07 and 0.15 mag dex−1. Therefore, homoge-

neous NIR time-series data in additional GCs, in partic-

ular, in metal-rich ([Fe/H]> −1.0 dex) and more metal-

poor ([Fe/H]< −2.1 dex) GCs, is required to extend the
metallicity baseline and the statistics of both the num-

ber of RR Lyrae and the GCs.
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Figure 10. Top: Combined Ks-band PLR for RR Lyrae
in different GCs based on their absolute magnitudes deter-
mined using the distances listed in Table 4. For ω Cen, the
color code in legend corresponds to mean-metallicity but its
RR Lyrae stars exhibit scatter in [Fe/H]. Bottom: Residu-
als of the PLZKs

relation for RR Lyrae from Equation (2).
Note the metallicity trend in the PLR in the top panel which
disappears in the residuals of the PLZKs

relation.

Our analysis has shown that a robust constraint on

the metallicity effects on the PLRs and precise RR Lyrae
distances to GCs can be obtained simultaneously, pro-

vided a statistically significant sample of GCs covering

a wide range of mean-metallicities is available. How-

ever, the calibration of the RR Lyrae PLZ relation in the
Milky Way is still hampered by uncertainties and a pos-

sible zero-point offset in the parallaxes even with Gaia

EDR3. Using theoretical PLZ relations to predict paral-

laxes for Galactic RR Lyrae, we found a small parallax

zero-point offset of −7± 3 µas in EDR3 which is signif-
icantly smaller than value (−32± 4 µas) obtained using

the recipe of Lindegren et al. (2020b). We note that our

estimated parallax offsets are in agreement with the val-

ues provided by Lindegren et al. (2020b) corrections for
faint and distant RR Lyrae stars that have small paral-

laxes (< 0.5 mas). When Gaia EDR3 parallaxes were

corrected using Lindegren et al. (2020b) formulae, the

median difference between the predicted (i.e. from the-

oretical PLZ relation) and EDR3 parallaxes increased to

22±2 µas, suggesting an overcorrection in the parallaxes.

Although the parallaxes have improved significantly in

Gaia EDR3, understanding possible systematics is cru-
cial to obtain the absolute calibration of RR Lyrae PLZ

relations. At the same time, homogeneous time-series

observations and spectroscopic metallicities of Galactic

RR Lyrae are also desired to complement the improved

Gaia parallaxes. Our ongoing program to obtain time-
series data in more GCs will help improve the metallic-

ity constraints on the NIR RR Lyrae PLRs in all three

NIR filters and simultaneously provide a homogeneous

RR Lyrae distance scale to GCs with future Gaia data
releases.
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Kovács, G. 2003, MNRAS, 342, L58,

doi: 10.1046/j.1365-8711.2003.06786.x

Krauss, L. M., & Chaboyer, B. 2003, Science, 299, 65,

doi: 10.1126/science.1075631

Kruijssen, J. M. D., Pfeffer, J. L., Reina-Campos, M.,

Crain, R. A., & Bastian, N. 2019, MNRAS, 486, 3180,

doi: 10.1093/mnras/sty1609

Landsman, W. B. 1993, in Astronomical Society of the

Pacific Conference Series, Vol. 52, Astronomical Data

Analysis Software and Systems II, ed. R. J. Hanisch,

R. J. V. Brissenden, & J. Barnes, 246

Lindegren, L., Hernández, J., Bombrun, A., et al. 2018,

A&A, 616, A2, doi: 10.1051/0004-6361/201832727

Lindegren, L., Klioner, S. A., Hernández, J., et al. 2020a,

arXiv e-prints, arXiv:2012.03380.

https://arxiv.org/abs/2012.03380

Lindegren, L., Bastian, U., Biermann, M., et al. 2020b,

arXiv e-prints, arXiv:2012.01742.

https://arxiv.org/abs/2012.01742

Magurno, D., Sneden, C., Bono, G., et al. 2019, ApJ, 881,

104, doi: 10.3847/1538-4357/ab2e76

Marconi, M., Molinaro, R., Ripepi, V., et al. 2020, arXiv

e-prints, arXiv:2011.06675.

https://arxiv.org/abs/2011.06675

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

50, doi: 10.1088/0004-637X/808/1/50
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