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A B S T R A C T 

We present new isochrone fits to the colour–magnitude diagrams of the Galactic globular clusters NGC 6362 and NGC 6723. 
We utilize 22 and 26 photometric filters for NGC 6362 and NGC 6723, respectively, from the ultraviolet to mid-infrared using 

data sets from Hubble Space Telescope , Gaia , un WISE , and other photometric sources. We use models and isochrones from 

the Dartmouth Stellar Evolution Database (DSED) and Bag of Stellar Tracks and Isochrones (BaSTI) for α-enhanced [ α/Fe] = 

+ 0.4 and different helium abundances. The metallicities [Fe/H] = −1.04 ± 0.07 and −1.09 ± 0.06 are derived from the red 

giant branch slopes in our fitting for NGC 6362 and NGC 6723, respectiv ely. The y agree with spectroscopic estimates from the 
literature. We find a differential reddening up to � E ( B − V ) = 0.13 mag in the NGC 6723 field due to the adjacent Corona 
Australis cloud complex. We derive the following for NGC 6362 and NGC 6723, respectively: distances 7.75 ± 0.03 ± 0.15 

(statistic and systematic error) and 8.15 ± 0.04 ± 0.15 kpc; ages 12.0 ± 0.1 ± 0.8 and 12.4 ± 0.1 ± 0.8 Gyr; extinctions A V 

= 

0.19 ± 0.04 ± 0.06 and 0.24 ± 0.03 ± 0.06 mag; reddenings E ( B − V ) = 0.056 ± 0.01 ± 0.02 and 0.068 ± 0.01 ± 0.02 mag. 
DSED provides systematically lower [Fe/H] and higher reddenings than BaSTI. Ho we ver, the models agree in their relative 
estimates: NGC 6723 is 0.44 ± 0.04 kpc further, 0.5 ± 0.1 Gyr older, � E ( B − V ) = 0.007 ± 0.002 more reddened, and with 

0.05 ± 0.01 dex lo wer [Fe/H] than NGC 6362. The lo wer metallicity and greater age of NGC 6723 with respect to NGC 6362 

explain their horizontal branch morphology difference. This confirms age as the second parameter for these clusters. We provide 
lists of the cluster members from the Gaia Data Release 3. 

Key words: Hertzsprung–Russell and colour–magnitude diagrams – globular clusters: general – globular clusters: individual: 
NGC 6362, NGC 6723 – dust, extinction. 
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 I N T RO D U C T I O N  

n recent years, the key ingredients for productive isochrone fitting 
f colour–magnitude diagrams (CMDs) of Galactic globular clusters 
GCs) have been significantly improved. On the one hand, accurate 
hotometry of individual stars in ultraviolet (UV), optical, and 
nfrared (IR) bands has been obtained and presented in data sets
rom the Hubble Space Telescope (HST ; Piotto et al. 2015 ; Nardiello
t al. 2018 ; Simioni et al. 2018 ), Gaia Data Release 2 (DR2; Evans
t al. 2018 ), and Early Data Release 3 (EDR3; Lindegren et al.
021a ; Riello et al. 2021 ), Wide-field Infrared Survey Explorer
WISE ; Wright et al. 2010 ) as the un WISE catalogue (Schlafly
t al. 2019 ), various ground-based telescopes by Stetson et al. 
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 2019 , hereafter SPZ19), and other sources. On the other hand,
heoretical stellar evolution models, such as the Dartmouth Stellar 
volution Database (DSED; Dotter et al. 2007 ) 1 and a Bag of
tellar Tracks and Isochrones (BaSTI; Pietrinferni et al. 2021 ), 2 

ave been upgraded for more accurate isochrones to predict CMDs 
ith multiple low metallicity α-enhanced stellar populations with 
rimordial or enriched helium abundance, which are typical in GCs 
Monelli et al. 2013 ; Milone et al. 2017 ). Moreo v er, Gaia EDR3
ro vides v ery precise proper motions (PMs), which can be used for
n accurate selection of GC members. 

In Gontcharo v, Mosenko v & Kho vritchev ( 2019 , hereafter P aper
; 2020 , hereafter Paper II) and Gontcharov et al. ( 2021 , hereafter
 ht tp://st ellar.dart mout h.edu/models/
 ht tp://bast i- iac.oa- abruzzo.inaf.it/index.html 
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Table 1. Some properties of the clusters under consideration. The Gaia EDR3 median parallax is calculated in 
Section 4.2 . 

Property NGC 6362 NGC 6723 

RA J2000 (h m s) from Goldsbury et al. ( 2010 ) 17 31 55 18 59 33 
Dec. J2000 ( ◦ ′ ′′ ) from Goldsbury et al. ( 2010 ) −67 02 54 −36 37 56 
Galactic longitude ( ◦) from Goldsbury et al. ( 2010 ) 325.55452 0.06928 
Galactic latitude ( ◦) from Goldsbury et al. ( 2010 ) −17.56977 −17.29893 
Angular diameter (arcmin) from Bica et al. ( 2019 ) 19 17 
Distance from the Sun (kpc) from Harris ( 1996 ), 2010 revision 3 7.6 8.7 
Distance from the Sun (kpc) from Baumgardt & Vasiliev ( 2021 ) 7.65 ± 0.07 8.27 ± 0.10 
Gaia EDR3 median parallax (mas) from this study 0.1230 ± 0.011 0.1231 ± 0.011 
[Fe/H] from Carretta et al. ( 2009 ) −1.07 ± 0.05 −1.10 ± 0.07 
Mean differential reddening �E( B − V ) (mag) from BCK13 0.025 ± 0.008 0.027 ± 0.009 
Maximum differential reddening � E ( B − V ) max (mag) from BCK13 0.046 0.051 
E ( B − V ) (mag) from Harris ( 1996 ), 2010 revision 0.09 0.05 
E ( B − V ) (mag) from SFD98 0.07 0.16 
E ( B − V ) (mag) from Schlafly & Finkbeiner ( 2011 ) 0.06 0.14 
E ( B − V ) (mag) from Meisner & Finkbeiner ( 2015 ) 0.11 0.13 

3 The commonly used database of GCs by Harris ( 1996 ) ( ht tps://www.physics.mcmast er .ca/ ∼har ris/mwgc.dat), 2010 revision. 
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aper III), we fit CMDs for GCs NGC 288, NGC 362, NGC 5904
M5), NGC 6205 (M13), and NGC 6218 (M12) by various isochrones
or different stages of stellar evolution. They include the main
equence (MS), its turn-off (TO), the subgiant branch (SGB), red
iant branch (RGB), horizontal branch (HB), and asymptotic giant
ranch (AGB). This fitting allows us to derive age, distance, and
eddening for a dominant population or a mix of populations in
ach CMD, except for some in the UV and IR. Data set cross-
dentification allows us to estimate systematic differences between
he data sets, convert the derived reddenings into extinctions in all
he filters under consideration, and draw an empirical extinction law
i.e. a dependence of extinction on wavelength) for each combination
f cluster, model and data set. 
The pilot Paper I showed that such an approach is productive. In

aper II, we paid special attention to the balance of uncertainties in
ur approach (see also Section 3.1 ). In Paper III, we verified that a
igher precision of the derived parameters can be achieved via an
nalysis of relative estimates for several similar GCs. 

In this paper, we apply the same approach to the pair of GCs
GC 6362 and NGC 6723. This study is an enhancement of our

pproach due to the following: (i) these clusters are contaminated
y foreground stars to a point where the data sets should be cleaned
ith PMs; (ii) NGC 6723 is affected by an adjacent foreground cloud

omplex; (iii) the clusters are similar in metallicity, age, distance, and
eddening, which allow us to verify the sensitivity of our approach
n an analysis of the relati ve estimates; (i v) the clusters are suitable
or deriving [Fe/H] as a free parameter instead of adopting it from
he literature. 

As this is the fourth paper in this series, many details of our
nalysis, which we perform in this study, are given in our previous
apers. We refer the reader to those papers, especially to the
escription of the balance of uncertainties, presented in appendix A
f Paper II, creation of fiducial sequences (ridge lines), presented in
ection 3 of Paper II, adjustment of different data sets with adjacent
lters, presented in section 6 of Paper II, and usage of the Gaia EDR3
Ms and parallaxes for identification of cluster members, presented

n section 3.2 of Paper III. 
Previous isochrone fittings were done by Brocato et al. ( 1999 ),

iotto et al. ( 1999 ), Paust et al. ( 2010 ), Kerber et al. ( 2018 ) for
GC 6362, by Alcaino et al. ( 1999 ) for NGC 6723, and by Dotter

t al. ( 2010 ), VandenBerg et al. ( 2013 ), O’Malley, Gilligan &
NRAS 00, 1 (2022) 
haboyer ( 2017 ), Wagner-Kaiser et al. ( 2017 ), Valcin et al. ( 2020 ),
nd Oliveira et al. ( 2020 ) for both the clusters. Their results can be
ompared with ours. 

This paper is organized as follows. Some key properties of
GC 6362 and NGC 6723 are presented in Section 2 . The theoretical
odels and corresponding isochrones, used for our isochrone-to-
MD fitting, as well as systematic uncertainties of the isochrones,
re considered in Section 3 . In Section 4 , we describe the initial data
ets used, their cleaning, cluster member identification, and fiducial
equence creation in the CMDs. In Section 5 , we present and discuss
he results of our isochrone fitting. We summarize our main findings
nd conclusions in Section 6 . Some additional CMDs of the clusters
re shown in Appendix A . 

 PROPERTIES  O F  T H E  CLUSTERS  

ome general properties of NGC 6362 and NGC 6723 are presented
n Table 1 . 

Each of the clusters has two populations (Dalessandro et al. 2014 ;
ucciarelli et al. 2016 ; Milone et al. 2017 ; Lee 2019 ). Both the

opulations of both the clusters are α-enriched with 0.3 < [ α/Fe] <
.4 (Rojas-Arriagada et al. 2016 ; Massari et al. 2017 ; Crestani et al.
019 ). Milone et al. ( 2017 ) and Oliveira et al. ( 2020 ) estimate the
raction of the first (primordial) population of stars in NGC 6362 as
.574 ± 0.035 and 0.584 ± 0.041, respectively, and 0.363 ± 0.017
nd 0.377 ± 0.029 in NGC 6723, respectively. These estimates ensure
hat both the populations should be well represented in any CMD. The
opulations differ in helium abundance by � Y ≈ 0.02 or even 0.01
Lagioia et al. 2018 ; Milone et al. 2018 ; VandenBerg & Denissenkov
018 ; Lee 2019 ). Therefore, being well represented in a CMD, the
opulations are nevertheless segregated in colour or magnitude only
n some domains of some CMDs, as discussed in Section 4.5 . For
n unresolved mix of the populations, which we meet in most CMD
omains, we adopt the helium abundance Y ≈ 0.26, i.e. 0.01 dex
igher than Y ≈ 0.25 for the primordial population. 
Table 1 shows that NGC 6362 and NGC 6723 have moderately

recise metallicity estimates. A large diversity of [Fe/H] estimates
rom the literature for both the clusters can be found in Lee
t al. ( 2014 ), Kaluzhny et al. ( 2015 ), Arellano Ferro et al. ( 2018 ),
andenBerg & Denissenkov ( 2018 ), VandenBerg, Casagrande &
dvardsson ( 2022 ), and references therein: −1.26 < [Fe/H] < −0.70

https://www.physics.mcmaster.ca/~harris/mwgc.dat
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or NGC 6362 and −1.35 < [Fe/H] < −0.93 for NGC 6723. Recent
pectroscopic [Fe/H] estimates for NGC 6723 show a large variety 
s well: −1.22 ± 0.08 (Gratton et al. 2015 ), −0.98 ± 0.08 (Rojas-
rriagada et al. 2016 ), −0.93 ± 0.05 (Crestani et al. 2019 ). In

ontrast, recent spectroscopic [Fe/H] estimates for NGC 6362 are 
onsistent: −1.09 ± 0.01 (Mucciarelli et al. 2016 ) and −1.07 ± 0.01 
Massari et al. 2017 ). 

The slope of the RGB is sensitive to [Fe/H], 4 since the continuum
pacity of RGB stars is mainly caused by the H 

− ion with the metals
eing the major donor of free electrons. This allows us to derive
Fe/H] as an isochrone fitting parameter (together with distance, 
ge, and reddening) in CMDs with well-populated RGB in order to 
ecrease fitting residuals. We then use our average [Fe/H] estimates 
or fitting the remaining CMDs. We do it separately for each model.

The RGBs are affected by saturation ef fects, cro wding at the
entres of the cluster fields, differential reddening, systematic errors 
f photometry, and helium enrichment (for the latter see Savino et al.
018 ). All these effects may lead to a typical systematic uncertainty
f about 0.15 dex in our [Fe/H] estimate derived from CMD and a
odel. 
Although both the clusters show an extended HB, where both the 

lue and red sides of the RR Lyrae instability strip are populated,
GC 6362 and NGC 6723 are richer in red and blue HB stars,

espectively. Their HB morphology is defined by their metallicity, 
s the most important parameter, and also by a yet unrecognized 
econd parameter (see Crestani et al. 2019 ). Thus, the similarity of
GC 6362 and NGC 6723 makes them an interesting, albeit poorly 

nvestigated, second-parameter pair. In Paper III, we have shown that 
ge may be the second parameter for NGC 288, NGC 362, NGC5904,
nd NGC 6218. In this paper, we intend to answer whether age is the
econd parameter for NGC 6362 and NGC 6723 as well. 

Table 1 shows a rather low foreground and differential reddening 5 

or NGC 6362 and NGC 6723. Ho we ver, the dif ferential reddening,
resented in Table 1 , is estimated by Bonatto, Campos & Kepler
 2013 , hereafter BCK13) from HST ACS photometry within about 
.4 arcmin of the cluster centres, i.e. only in a small central part of
he cluster field. Moreo v er, taking into account the stated precision of
he reddening estimates in Table 1 as a few units of the last decimal
lace, the inconsistency of these estimates is evident. 
An obvious source of this inconsistency for NGC 6723 is the 

djacent Corona Australis cloud comple x. This comple x contains 
ark and bright nebulae: IC 4812, NGC 6729 around Herbig Ae/Be 
tar R CrA, and a combination of NGC 6726 and NGC 6727 around
erbig Ae/Be star TY CrA. The latter is only 30 arcmin south

in Galactic coordinates) of NGC 6723. Periphery of this cluster 
s obscured by periphery of the nebula. This is seen in some Digital
k y Surv e y images and star counts, as discussed in Section 4.2 . The
eddening maps of Schlegel, Finkbeiner & Davis ( 1998 , hereafter 
FD98) and Meisner & Finkbeiner ( 2015 ) show E ( B − V ) > 1.7
ag in the centre of NGC 6726/NGC 6727 nebula. In contrast, E ( B
V ) ≈ 0.38 and 0.11 mag on the edges of NGC 6723, at points

arest and farthest from the nebula, respectively (adopting the cluster 
iameter of 17 arcmin). In combination with the reddening estimates 
 The same is also true for the faint MS, about > 4 mag fainter than TO. 
o we v er, isochrones hav e large systematic uncertainties in the faint MS 
omain. Hence, we do not consider this domain at all. 
 In this paper, we consider differential reddenings as systematic variations 
f colours in a cluster field due to variations of reddening, as well as due 
o other reasons, as discussed by Anderson et al. ( 2008 ) and in Paper III. 
or NGC 6723, variations of reddening certainly dominate in systematic 
ariations of colours in the cluster field. 
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fi
 

w  

w  

6

0
r

 ( B − V ) ≈ 0.15 mag from these maps for the NGC 6723 centre
see Table 1 ), these maps suggest a high and non-linear differential
eddening in the NGC 6723 field. 6 Moreo v er, the brightness of the
ebula parts is variable due to variability of TY CrA. This may
ead to reddening estimate diversity in Table 1 if the estimates are
btained in different parts of the cluster field or in different moments.
urprisingly, to our knowledge, the Corona Australis cloud complex 
as never been considered as a source of differential reddening in
he NGC 6723 field. For example, Hendricks et al. ( 2012 , hereafter
SV12) described this cluster as ‘nearly unreddened GC NGC 6723’. 

 T H E O R E T I C A L  M O D E L S  A N D  I S O C H RO N E S  

o fit the CMDs of NGC 6362 and NGC 6723, we use the follow-
ng theoretical models of stellar evolution and related α-enhanced 
sochrones: 

(i) BaSTI (Hidalgo et al. 2018 ; Pietrinferni et al. 2021 ) with
arious [Fe/H], helium abundance Y = 0.25 for primordial and 
.275 for helium-enriched population, [ α/Fe] = + 0.4, initial solar
 � = 0.0172 and Y � = 0.2695, o v ershooting, diffusion, mass-loss
fficiency η = 0.3, where η is the free parameter in Reimers law
Reimers 1975 ). We draw both the BaSTI isochrones with Y = 0.25
nd 0.275 in all our CMD figures, while the interpolated isochrones
ith Y = 0.26 are not drawn for clarity. As in Paper III, we also
se the BaSTI extended set of zero-age horizontal branch (ZAHB) 
odels with dif ferent v alues of the total mass but the same mass for

he helium core and the same envelope chemical stratification. This 
et presents a realistic description of stochastic mass-loss between 
he MS and HB, when stars with the same mass during the MS can
ose different amounts of mass during the RGB and, hence, differ
n their colours and magnitudes during the HB. This BaSTI set of
AHB models appears very important for appropriate HB fitting. 
(ii) DSED (Dotter et al. 2008 ) with various [Fe/H], helium 

bundance Y = 0.25 for primordial and 0.33 for helium-enriched 
opulation, [ α/Fe] = + 0.4, solar Z � = 0.0189 and no mass-loss.
e use the Y = 0.25 and 0.33 isochrones in order to interpolate

ntermediate isochrones (DSED provides no α-enhanced isochrone 
or 0.25 < Y < 0.33). Naturally, the isochrones with Y = 0.25 and Y =
.26 are close to each other, while Y = 0.33 seems to o v erestimate the
elium enrichment of these clusters (see Section 2 ). DSED gives no
rediction for the HB and AGB. DSED does not provide isochrones
or VISTA filters. Ho we v er, we hav e v erified that J VISTA can be
ubstituted by J UKIDSS , a filter from the United Kingdom Infrared
elescope Infrared Deep Sky Survey (UKIDSS; Hewett et al. 2006 ),
ith a precision better than 0.01 mag. We use the DSED isochrones

or J UKIDSS instead of J VISTA , while there is no DSED substitution for
s VISTA filter. 

DSED and BaSTI are models that provide user-friendly online 
ools to calculate α-enhanced isochrones for various levels of helium 

nrichment and almost all filters under consideration, using stellar 
etallicity, age, and mass as input. Hereafter, we use only DSED and
aSTI α-enhanced isochrones. This is in line with, e.g. the isochrone
tting of the same clusters by Oliveira et al. ( 2020 ). 
We consider the isochrones for a grid of some reasonable [Fe/H]

ith a step of 0.05 dex, distances with a step of 0.1 kpc, reddenings
ith a step of 0.001 mag, and ages o v er 8 Gyr with a step of 0.5 Gyr.
MNRAS 00, 1 (2022) 

 For comparison, for NGC 6362 the SFD98 map shows only � E ( B − V ) < 

.01 mag o v er the whole cluster field. Hence, we do not need a differential 
eddening correction for NGC 6362. 
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7 http:// groups.dfa.unipd.it/ ESPG/treasury.php 
8 We do not use the HST ACS photometry from Simioni et al. ( 2018 ) due to 
its sparsely populated RGB, SGB, and TO. 
9 http:// cdsarc.u-strasbg.fr/ viz-bin/ cat/ J/ MNRAS/ 485/ 3042 
10 ht tps://www.canfar.net /storage/vault /list/STETSON/homogeneous/Latest 
photometry for targets with at least BVI 

11 We consider DR2, since DSED provides its valuable isochrones only for 
DR2 but not for EDR3. We compare the colours and magnitudes of the 
cluster stars, common in DR2 and EDR3, and find no significant systematic 
difference. Accordingly, the DSED isochrones for DR2 are equally suitable 
for EDR3 and, hence, shown in our CMDs with the EDR3 data. Therefore, 
we do not present our results obtained with DR2. Note that the photometry 
and astrometry of these clusters is exactly the same in Gaia EDR3 and DR3. 
12 https://skymapper.anu.edu.au 
13 ht tps://cdsarc.cds.unist ra.fr/viz-bin/ReadMe/II/367?format =html&t ex = t 
rue 
14 ht tps://cdsarc.cds.unist ra.fr/viz-bin/cat/II/363 
15 ht tps://cdsarc.cds.unist ra.fr/viz-bin/cat/J/AcA/62/357 
16 ht tps://cdsarc.cds.unist ra.fr/viz-bin/cat/J/MNRAS/471/1446 
In contrast to our previous studies, we derive [Fe/H] as an
sochrone fitting parameter (together with distance, age, and red-
ening) in CMDs with a rich bright RGB (Table 6 shows the
erived [Fe/H] estimates) and then use our average [Fe/H] estimates
separately for each model) for fitting the remaining CMDs. 

The derived [Fe/H] are discussed and compared with those
valiable in the literature in Section 5.3 . 

.1 Systematics from isochrones 

ystematic errors from stellar modelling, bolometric corrections,
nd colour versus ef fecti ve temperature ( T eff ) relations should be
evealed in (i) comparison of different isochrones in their fitting to
imilar data sets (model-to-model differences), (ii) comparison of
luster parameter estimates from different studies (study-to-study
if ferences), (iii) theoretical e v aluation of intrinsic uncertainty in
ach isochrone prediction ingredient and their unification. The latter
pproach should be realized by the authors of models, while the
thers can be briefly realized here. 
On the one hand, the only manifestation of the DSED and BaSTI
odel-to-model systematics in our final results is a systematically

ower metallicity (by about [Fe/H] = 0.12 dex) through DSED (see
ection 5.3 ). The lower the metallicity the bluer the isochrone. Hence,
y DSED, a lower [Fe/H] leads to systematically higher reddenings
f about � E ( B − V ) = 0.02 mag. On the other hand, a study-to-
tudy scatter of recent spectroscopic [Fe/H] measurements shows
0.14 dex for NGC 6723 and reads much lower for NGC 6362 (see
ection 1 ). Therefore, assuming uncertainty of adopted [Fe/H] as

he dominant contributor to uncertainty of reddening and extinc-
ion, we assign a systematic uncertainty corresponding to σE ( B

V ) = 0.02 or σA V = 0.06 to all our reddening/extinction
esults. 

Both the model-to-model and the study-to-study comparison
hows a rather large systematic uncertainty of age. For example,
 typical difference between age estimates, obtained for similar data
ets by similar methods, from Dotter et al. ( 2010 ), Wagner-Kaiser
t al. ( 2017 ), Kerber et al. ( 2018 ), Oliveira et al. ( 2020 ), and Valcin
t al. ( 2020 ) is up to ±0.8 Gyr. VandenBerg & Denissenkov ( 2018 )
oted that the age uncertainty is ±0.8 Gyr, ‘of which ±0.5 Gyr is
ue to a ±0.05 mag uncertainty in the distance modulus and the
est corresponds to the net effect of metal abundance uncertainties’.
liveira et al. ( 2020 ) noted ‘a conservative uncertainty of 0.5 Gyr in

he ages can be adopted due to chemical abundance uncertainties’.
alcin et al. ( 2020 ) noted ‘In total, we have a 0.5 Gyr uncertainty
udget due to systematic effects in stellar modelling’. The difference
f about 0.7 Gyr between the results of the single- and two-population
nalysis of Wagner-Kaiser et al. ( 2016 , 2017 ) for the same clusters
ay be another manifestation of large systematic uncertainties.
inally, we assign 0.8 Gyr as a conserv ati ve systematic uncertainty
f our derived ages. 
All recent (since VandenBerg et al. 2013 ) estimates of the distance
odulus for NGC 6362 using isochrone-to-CMD fitting, are within

4.36–14.45 (including our own 14.45 from Section 5 ). Those
or NGC 6723 are within 14.53–14.59. Taking into account the
iscussion in Valcin et al. ( 2020 ) and the conclusion of VandenBerg
t al. ( 2022 ) ‘isochrones generally reproduce the main features
f observed CMDs to within ≈0.03 mag’, we adopt a systematic
ncertainty of distance moduli as ±0.04. This converts to ±150 pc
istance uncertainty for our clusters. 
It is worth noting that if we adopt a systematic uncertainty from

 study-to-study comparison, then, naturally, our result with this
ystematic uncertainty agrees with all the stuidies and, hence, a
NRAS 00, 1 (2022) 
osteriori comparison of our result with those from the studies has
ittle sense. 

 DATA  SETS  

.1 Initial data sets 

e use the following data sets for both the clusters (hereafter twin
ata sets) – see Table 2 : 

(i) the HST Wide Field Camera 3 (WFC3) UV Le gac y Surv e y
f Galactic GCs (the F 275 W , F 336 W , and F 438 W filters) and the
ide Field Channel of the Advanced Camera for Surv e ys (ACS;

he F 606 W and F 814 W filters) surv e y of Galactic globular clusters
Piotto et al. 2015 ; Nardiello et al. 2018 ), 7 8 

(ii) photometry from Piotto et al. ( 2002 ) in the F 439 W and F 555 W
lters from the HST Wide Field and Planetary Camera 2 (WFPC2), 
(iii) UBVRI photometry described by SPZ19, 9 with the NGC 6362

nd NGC 6723 data sets processed within the same pipeline and
resented recently, 10 

(iv) Gaia DR2 and EDR3 photometry in the G , G BP , and G RP 

lters (Evans et al. 2018 ; Riello et al. 2021 ), 11 

(v) Sk yMapper Southern Sk y Surv e y DR3 (SMSS, SMSS DR3)
hotometry in the g SMSS , r SMSS , i SMSS , and z SMSS filters (Onken et al.
019 ), 12 

(vi) J VISTA and Ks VISTA photometry of the VISTA Hemisphere
urv e y with the VIRCAM instrument on the Visible and Infrared
urv e y Telescope for Astronomy (VISTA,VHS DR5; (McMahon
t al. 2013 )), 13 

(vii) WISE photometry in the W 1 filter from the unWISE catalogue
Schlafly et al. 2019 ). 14 

Also, we use the following data sets for one of the clusters (see
able 2 ): 

(i) BV photometry of NGC 6362 with the 2.5-m du Pont telescope
f Las Campanas Observatory (Zloczewski et al. 2012 , hereafter
KR12), 15 

(ii) BV photometry of NGC 6362 with the 1-m Swope telescope of
as Campanas Observatory (Narloch et al. 2017 , hereafter NKP17), 16 

(iii) V and Str ̈omgren by photometry of NGC 6723 with the
erro Tololo Inter-American Observatory (CTIO) 1-m telescope

Lee 2019 ). 

http://groups.dfa.unipd.it/ESPG/treasury.php
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/MNRAS/485/3042
https://www.canfar.net/storage/vault/list/STETSON/homogeneous/Latest_photometry_for_targets_with_at_least_BVI
https://skymapper.anu.edu.au
https://cdsarc.cds.unistra.fr/viz-bin/ReadMe/II/367?format=html&tex=true
https://cdsarc.cds.unistra.fr/viz-bin/cat/II/363
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/AcA/62/357
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/MNRAS/471/1446
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Table 2. The ef fecti v e wav elength λeff (nm), number of stars and median precision of the photometry (mag) for the data sets and 
filters under consideration. The number of Gaia cluster members among the SPZ19 and Lee ( 2019 ) data sets is shown in brackets. 

Telescope, data set, and reference Filter λeff Number of stars/median precision 

NGC 6362 NGC 6723 
HST /WFC3 (Nardiello et al. 2018 ) F 275 W 285 5692/0.02 14 842/0.02 
HST /WFC3 (Nardiello et al. 2018 ) F 336 W 340 7863/0.02 19 886/0.02 
Various (SPZ19) U 366 14 527 (4651)/0.02 15 113 (3309)/0.02 
HST /WFC3 (Nardiello et al. 2018 ) F 438 W 438 8518/0.01 20512/0.01 
HST /WFPC2 (Piotto et al. 2002 ) F 439 W 439 3275/0.04 4319/0.06 
Various (SPZ19) B 452 18546 (4803)/0.01 22 489 (3398)/0.01 
2.5-m du Pont telescope, Las Campanas (ZKR12) B 452 9568/0.01 –
1-m Swope telescope, Las Campanas (NKP17) B 452 13 484/0.02 –
1-m CTIO telescope (Lee 2019 ) Str ̈omgren b 469 – 27 206 (4765)/0.02 
Sk yMapper Sk y Surv e y DR3 (Onken et al. 2019 ) g SMSS 514 2063/0.02 877/0.02 
Gaia EDR3 (Riello et al. 2021 ) G BP 523 5069/0.02 2207/0.03 
1-m CTIO telescope (Lee 2019 ) Str ̈omgren y 550 – 27 206 (4765)/0.02 
HST /WFPC2 (Piotto et al. 2002 ) F 555 W 551 3275/0.04 4319/0.05 
Various (SPZ19) V 552 18 933 (4803)/0.01 23 867 (3398)/0.01 
1-m CTIO telescope (Lee 2019 ) V 552 – 27 206 (4765)/0.02 
2.5-m du Pont telescope, Las Campanas (ZKR12) V 552 9568/0.01 –
1-m Swope telescope, Las Campanas (NKP17) V 552 13 484/0.02 –
NTT, ESO, La Silla (HSV12) V 552 – Fiducial/0.03 
HST /ACS (Nardiello et al. 2018 ) F 606 W 599 21 059/0.01 38 689/0.01 
Sk yMapper Sk y Surv e y DR3 (Onken et al. 2019 ) r SMSS 615 2139/0.02 977/0.02 
Gaia EDR3 (Riello et al. 2021 ) G 628 5069/0.01 2207/0.01 
Various (SPZ19) R 659 16681 (4614)/0.01 21 838 (3359)/0.01 
Gaia EDR3 (Riello et al. 2021 ) G RP 770 5069/0.02 2207/0.03 
Sk yMapper Sk y Surv e y DR3 (Onken et al. 2019 ) i SMSS 776 1545/0.02 1285/0.02 
HST /ACS (Nardiello et al. 2018 ) F 814 W 807 20 978/0.01 38 208/0.01 
Various (SPZ19) I 807 18 698 (4802)/0.01 24 356 (3398)/0.01 
Sk yMapper Sk y Surv e y DR3 (Onken et al. 2019 ) z SMSS 913 1202/0.02 1108/0.02 
NTT, ESO, La Silla (HSV12) J 2MASS 1234 – Fiducial/0.03 
VISTA VHS DR5 (McMahon et al. 2013 ) J VISTA 1277 4401/0.05 2261/0.03 
VISTA VHS DR5 (McMahon et al. 2013 ) Ks VISTA 2148 2898/0.10 1927/0.09 
NTT, ESO, La Silla (HSV12) Ks 2MASS 2176 – Fiducial/0.03 
WISE , unWISE (Schlafly et al. 2019 ) W 1 3317 505/0.02 504/0.01 
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(iv) the fiducial sequences for NGC 6723 in the V , J 2MASS , and
s 2MASS filters derived by HSV12 from the photometry with the New 

 echnology T elescope (NTT) of European Southern Observatory 
ESO), La Silla, transformed to the Two Micron All Sky Survey 
2MASS) photometric system (Skrutskie et al. 2006 ). 

(v) the fiducial sequences for NGC 6723 in the UBVRI filters 
erived by Alcaino et al. ( 1999 ) from the photometry with the 2.5-m
u Pont telescope of Las Campanas Observatory . Finally , we reject
he Alcaino et al. ( 1999 )’s data set (see Section 4.3 ) because of its
trong systematics due to non-member contamination. 

The SPZ19 data sets include photometry from various initial data 
ets, but not from ZKR12, NKP17, or Alcaino et al. ( 1999 ). 

Each star has photometric data in some but not all filters. In total, 22
nd 26 filters are used for NGC 6362 and NGC 6723, respectively.
hey span a wide wavelength range between the UV and middle 

R. For each filter, Table 2 indicates the ef fecti ve wavelength λeff 

n nm, number of stars and the median photometric precision after 
he cleaning of the data set. Before the cleaning, the initial data
ets contained many more stars. The median precision is calculated 
rom the precisions stated by the authors of the data sets. We
se the median precision for calculating predicted uncertainties of 
he derived [Fe/H], age, distance and reddening, as described in 
ppendix A of Paper II and Section 5 . 

NGC 6362 and NGC 6723 are not so rich in photometric data as
he GCs from our previous papers. Howev er, sev eral twin data sets
f accurate photometry are available for both the clusters. NGC 6362
nd NGC 6723 are rather similar in their distance from the Sun,
ge, reddening, [Fe/H], and HB morphology. Therefore, they are 
uitable to consider relative estimates of these parameters in the form
NGC 6723 minus NGC 6362’, separately derived for each model, 
rom an isochrone fitting to each pair of the twin data sets. Some
ystematic errors of the models dominate in final absolute estimates 
f the parameters (see Section 3.1 ). These systematic errors are
anceled out in such relative estimates. Hence, we expect the relative
stimates to be much more accurate than the absolute ones. 

Some initial samples/data sets are selected by use of the VizieR
nd X-Match services of the Centre de Donn ́ees astronomiques de
trasbourg (Ochsenbein, Bauer & Marcout 2000 ). 17 As described 

n Section 4.2 , the Gaia EDR3 data sets are selected within wide
reas in order to identify cluster members and derive empirical 
runcation radii of 10 and 8.5 arcmin for NGC 6362 and NGC 6723,
espectively. These radii are used to select or truncate the other data
ets. 

Cleaning of the data sets is similar to that done for GCs in Paper
II. Typically, we select stars with a photometric error of less than
.1 mag. Ho we v er, some data sets hav e an initial error limit of < 0.1.
lso the 0.08 mag error limit is applied to the data sets of Nardiello

t al. ( 2018 ) for NGC 6723 in the F 438 W , F 606 W , and F 814 W bands,
MNRAS 00, 1 (2022) 
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Figure 1. The distribution of the initial Gaia EDR3 data set for NGC 6723 
in the sky in Galactic coordinates within 34 arcmin from the cluster centre. 
The red circle shows the selection area within 8.5 arcmin from the cluster 
centre. 
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Figure 2. The distribution of the initial Gaia EDR3 data set for NGC 6723 
along the angular distance from the cluster centre. The vertical line shows the 
truncation radius of 8.5 arcmin. 
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aia EDR3, and NKP17; the 0.2 mag limit – to the VISTA Ks VISTA 

hotometry. 
For the data sets of SPZ19 we select stars with DAOPHOT

arameters χ < 3 and | sharp | < 0 . 3. For the HST WFC3 and
CS photometry, we select stars with | sharp | < 0 . 15, membership
robability > 0.9 or −1, and quality fit > 0.9. For the NKP17 data set,
e select stars with a cluster member probability higher than 0.5. For

he ZKR12 data set, we select ‘likely members’. For the Gaia DR2
ata sets, we select stars with photometry in all three Gaia bands
nd an acceptable parameter phot bp rp excess factor <

.3 + 0.06 bp rp 2 , as suggested by Evans et al. ( 2018 ). 
Gaia EDR3 stars with a precise photometry are selected as those

ith available data in all three Gaia bands, with a normalized
nit weight error not exceeding 1.4 ( RUWE < 1.4), and an accept-
ble corrected excess factor phot bp rp excess factor (i.e.
(BP/RP)Corr ) between −0.14 and 0.14 (Riello et al. 2021 ).
nfortunately, this cleaning of the Gaia EDR3 data sets remo v es

lmost all stars in a central arcminute of both the cluster fields. The
emaining stars at the centres do not show any systematics in CMDs.
ote that the identification of Gaia cluster members (see Section 4.2 )
oes not use any photometric data and, hence, is fulfilled before the
leaning of the Gaia EDR3 data sets. 

.2 Gaia EDR3 cluster members 

imilar to Paper III, we use accurate PMs and parallaxes from Gaia
DR3 to select cluster members and calculate systemic cluster PMs
nd parallaxes. Here, we briefly summarize this procedure. 

First, we select initial Gaia EDR3 samples within initial radii
hich are six and four times larger than the halved diameters in
able 1 for NGC 6362 and NGC 6723, respectively. The latter is
maller in order to a v oid the highly extincted sky region of the
orona Australis cloud complex near NGC 6723 (see Section 2 and
.4 ). Yet, even within 34 arcmin from the NGC 6723 centre, the
omplex strongly obscures the Gaia EDR3 stars. This is seen in
ig. 1 as the void in the distribution of the initial Gaia EDR3 data set
or NGC 6723. The red circle shows the finally adopted truncation
adius. 
NRAS 00, 1 (2022) 
Second, the periphery of the initial field is used for estimating the
tar count surface density of the Galactic background. Its subtraction
llows us to determine the empirical truncation radii of 10 and 8.5
rcmin for NGC 6362 and NGC 6723, respectively. A star count
ransition from the background to NGC 6723 at 8.5 arcmin from
ts centre is presented in Fig. 2 . These truncation radii are very
lose to the halved diameters presented in Table 1 . Few, if any,
luster members should be outside these radii. Therefore, in order to
educe contamination by non-members, we truncate all the data sets
nder consideration at these radii (except for data sets with fiducial
equences only). 

Thirdly, we reject few stars without PMs and leave only Gaia
DR3 stars with duplicated source = 0 ( Dup = 0 ) and as-
rometric excess noise < 1 ( εi < 1). We reject foreground
nd background stars as those with measured parallax 
 > 1/ R +
 σ
 

or 
 < 1/ R − 3 σ
 

, where σ
 

is the stated parallax uncertainty,
hile R is our estimate of the distance to the cluster. The latter is
pgraded iteratively starting from the Baumgardt & Vasiliev ( 2021 )
alues in Table 1 . 

Fourth, we adopt initial cluster centre coordinates from Goldsbury
t al. ( 2010 ) and initial systemic PM components μα cos ( δ) and
δ from Vasiliev & Baumgardt ( 2021 , hereafter VB21). Then
e calculate the standard deviations σμα cos ( δ) and σμδ

of the
M components μαcos ( δ) and μδ for the cluster members. We
ut-off the sample at 3 σ , i.e. select cluster members as stars with
 

( μα cos ( δ) − μα cos ( δ) ) 2 + ( μδ − μδ) 2 < 3 
√ 

σ 2 
μα cos ( δ) + σ 2 

μδ
. 

hen we recalculate the mean coordinates of the cluster centre
nd weighted mean systemic PM components. This procedure is
epeated iteratively until we stop losing stars in the 3 σ cut. 

Note that since the stated Gaia EDR3 PM uncertainty increases
trongly with magnitude, faint cluster members make a negligible
ontribution to the weighted mean systemic PMs. 

The final empirical standard deviations σμα cos ( δ) and σμδ

re reasonable, being slightly higher than the mean stated PM
ncertainties: 0.25 versus 0.17 and 0.34 versus 0.27 mas yr −1 

or NGC 6362 and NGC 6723, respectiv ely (av eraged for the PM
omponents). Fig. 3 shows a distribution of stars, selected within
.5 arcmin of the NGC 6723 centre, o v er the PM components, after
he remaining cleaning of the sample (see Section 4.1 ). The cluster

embers are those inside the red circle. The CMD of the stars from
ig. 3 is shown in Fig. 4 . 
Table 3 presents our final weighted mean PMs in comparison to

hose from VB21 and Vitral ( 2021 ). They are also derived from Gaia

art/stac3300_f1.eps
art/stac3300_f2.eps
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Figure 3. The distribution of stars, selected within 8.5 arcmin of the 
NGC 6723 centre, o v er the PM components (mas yr −1 ), after the remaining 
cleaning of the sample. The weighted mean PM and the selection area are 
shown by the white cross and red circle, respectively. 

Figure 4. G BP − G RP versus G RP CMD for NGC 6723 stars selected (red 
symbols) and rejected (black symbols) by their parallaxes and PMs after the 
remaining cleaning of the sample. 
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Table 3. The cluster systemic PMs (mas yr −1 ). The random uncertainties are 
presented for the PMs from this study and from Vitral ( 2021 ), while the total 
(random plus systematic) uncertainty is presented for the PMs from VB21. 

Cluster Source μαcos ( δ) μδ

This study − 5.512 ± 0.003 −4.780 ± 0.004 
NGC 6362 VB21 − 5.504 ± 0.024 −4.763 ± 0.024 

Vitral ( 2021 ) − 5.509 ± 0.003 −4.763 ± 0.003 
This study 1.021 ± 0.008 −2.427 ± 0.007 

NGC 6723 VB21 1.030 ± 0.026 −2.418 ± 0.026 
Vitral ( 2021 ) 1.028 ± 0.006 −2.419 ± 0.006 

Table 4. The list of the Gaia EDR3 members of NGC 6362 and NGC 6723. 
The complete table is available online. 

NGC 6362 NGC 6723 

5813076160252430208 6730890124282434688 
5813077259764184320 6730890193014007040 
5813077264076635648 6730890880196684672 
5813077465922524416 6730890880208577280 
5813077500282241024 6730890948916284544 
... ... 
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DR3, but using different approaches. The estimates are consistent 
ithin ±0.01 mas yr −1 . Ho we ver, all these estimates may be equally

ffected by yet poorly known Gaia EDR3 PM systematic errors. 
B21 note that such errors impose ‘the irreducible systematic floor’ 
n the total accuracy of the Gaia EDR3 PMs ‘for any compact stellar
ystem’. Such total uncertainty is given in Table 3 for the estimates
f VB21, while only the random uncertainty is given for our and
itral ( 2021 ) estimates. We adopt the total uncertainties as the final
nes of our PMs. 
Similarly, the total uncertainty of Gaia EDR3 parallaxes, deter- 
ined by VB21 as 0.011 mas, is adopted for our median parallaxes

f cluster members. After the correction of the parallax zero- 
oint following Lindegren et al. ( 2021b ), we present these median
arallaxes in Table 1 . We compare these parallaxes with distances, 
erived in our isochrone fitting, in Section 5.4 . 
The final lists of the Gaia EDR3 cluster members are presented in

able 4 . 
.3 Cluster members in other data sets 

GC 6362 and NGC 6723 are at middle Galactic latitudes and their
elds are moderately contaminated by foreground stars. Therefore, 
pecial effort is needed to identify cluster members (except data 
ets with fiducial sequences only). Nardiello et al. ( 2018 ), Piotto
t al. ( 2002 ), ZKR12, and NKP17 have cleaned their data sets from
on-members by use of dedicated PMs. Although imperfect, this 
embership identification cannot be significantly impro v ed by use 

f the Gaia data. In contrast, we create SMSS, VISTA, and unWISE
ata sets for our study by cross-identification of our Gaia EDR3
luster members with the SMSS, VISTA, and unWISE catalogues, 
espectively. 

The third group, the data sets of SPZ19 and Lee ( 2019 ), can be
tted by isochrones as is. Ho we ver, we cross-identify our Gaia EDR3
luster members with these data sets and fit isochrones to both the
nitial data sets and to Gaia EDR3 cluster members in these data sets.
he Gaia membership identification appears to be important, since 

t not only cleans fiducial sequences but also correct them for a bias
ue to a non-uniform distribution of non-members in CMDs. Note 
hat Table 2 shows a majority of the SPZ19 and Lee ( 2019 ) initial
tars lost in this cross-identification with Gaia . Ho we v er, man y lost
tars are not non-members but stars, which are too faint for Gaia .
ccordingly, they are rather faint MS stars, that cannot impact our

esults. 
Fig. 5 shows an initial SPZ19 CMD versus the same CMD with the

aia EDR3 cluster members from the SPZ19 data set. It is seen that
he Gaia EDR3 cluster members are limited to about 2 mag fainter
han TO. The initial data set has a lot of contaminants around the HB,
bo v e the SGB and redder than the MS. They would bias the best-
tting isochrones and, hence, the derived parameters of the cluster. 
se of the initial data set instead of its Gaia EDR3 cluster members
ould increase derived distance by about 50 pc. Age derived from

he HB-SGB magnitude difference would decrease by about 0.5 Gyr, 
hile age derived from the SGB length would increase by about
.5 Gyr. It is seen that the isochrones in Fig. 5 (a) tend to be redder
han the contaminated RGB and bluer than the contaminated MS, 
hile they fit the clean RGB and MS in Fig. 5 (b) much better. As a
MNRAS 00, 1 (2022) 
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Figure 5. B − V versus V CMDs of NGC 6362 for (a) the initial SPZ19 data 
set and (b) the Gaia EDR3 cluster members from the SPZ19 data set. The 
isochrones (same for both the charts) from BaSTI for Y = 0.25 (blue) and 
0.275 (brown) and from DSED for Y = 0.25 (purple) and 0.275 (green) are 
calculated with the best-fitting parameters from Table 6 . 
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Figure 6. A part of the b − y versus V CMD for the data from Lee ( 2019 ) 
for the (a) southern and (b) northern half (in Galactic coordinates) of the 
NGC 6723 field. The isochrones (same for both the charts) from BaSTI for 
Y ≈ 0.25 (blue) and 0.275 (brown) and from DSED for Y ≈ 0.26 (purple) 
are calculated with the best-fitting parameters from Table 6 . The black arrow 

shows reddening and extinction corresponding to E ( B − V ) = 0.1 mag. 
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esult, contaminants would decrease/increase the reddening derived
or the RGB/MS, respectively, by few hundredths of a magnitude.
hus, contaminants introduce a discrepancy between the cluster
arameters derived from different domains of CMD. Hence, the final
esults from contaminated data would depend on our preferences
o use one domain or another. Finally, hereafter, we use only the
aia EDR3 cluster members from the SPZ19 and Lee ( 2019 ) data

ets instead of the initial data sets. The expense is that we lose the
aint MS stars and almost all stars within a central arcminute of the
lusters. 

An example of a bias of a derived parameter due to a contamination
f a CMD is the Alcaino et al. ( 1999 ) data set. We do not have its
tar -by-star photometry, b ut only its fiducial sequences. Hence, we
annot cross-identify it and eliminate non-members. A strong non-
ember contamiation of the MS is seen in Alcaino et al. ( 1999 )’s
gures. As a result, the median B − V TO colour of the Alcaino
t al. ( 1999 ) data set is about 0.04 mag redder than that of SPZ19
ata set. Therefore, we decided to reject the Alcaino et al. ( 1999 ) 
ata set. 
Fig. 5 shows a se gre gation of the RGB into two populations. The

edder population is better fitted by the BaSTI isochrone with Y =
.25 (though the DSED isochrone with Y = 0.25 is also acceptable),
hile the bluer population – by the DSED isochrone with Y = 0.275.
his suggests a helium abundance difference � Y ≈ 0.025 between

he populations, in line with its estimates in Section 2 . Note that
he colour difference between the BaSTI isochrones with Y = 0.25
nd 0.275 is much lower than that between the observed segregated
GBs. Ho we v er, the observ ed se gre gated AGBs are well reproduced
y these BaSTI isochrones. 
NRAS 00, 1 (2022) 
.4 Differ ential r eddening 

he differential reddening in the field of NGC 6723 forces us
o correct it for all data sets, except HSV12 and Piotto et al.
 2002 ). Fortunately, the differential reddening in the NGC 6723
eld increases along Galactic latitude, since its apparent source, the
orona Australis cloud complex, is located south of NGC 6723 (in
alactic coordinates). SFD98 and our CMDs confirm a differential

eddening gradient with latitude. Two examples of such CMDs are
hown in Figs 6 and 7 . Stars of the southern and northern (in Galactic
oordinates) halves of the NGC 6723 field tend to be on the opposite
ides of the same reference isochrones, though the southern stars
how a larger deviation and scatter. The reddening vector indicates
hat the southern stars are shifted w.r.t. the northern ones by a higher
eddening of the order of E ( B − V ) ≈ 0.1 mag. This effect is the
ame for all CMD domains. 

We calculate differential reddening as a function of latitude using
he approach applied in Paper II and Paper III. Namely, some partial
ducial sequences for several latitude bins are analysed. Only the

arge data sets of Nardiello et al. ( 2018 ), Gaia EDR3, SPZ19, and Lee
 2019 ) have enough stars to consider differential reddening in many
atitude bins. For comparison, the obtained differential reddenings
re set to zero at the cluster centre and converted into � E ( B − V )
y use of the Cardelli, Clayton & Mathis ( 1989 , hereafter CCM89)
 xtinction la w with e xtinction-to-reddening ratio R V ≡ A V / E ( B −
 ) = 3.1. Fig. 8 shows the differential reddening in the field of
GC 6723 as a function of Galactic latitude for the data sets of
ee ( 2019 ) ( b − y versus V CMD), SPZ19 ( B − V versus V and V

I versus I CMDs), and Nardiello et al. ( 2018 ) ( F 606 W –F 814 W
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Figure 7. The same as Fig. 6 but for V − I versus I CMD for the Gaia EDR3 
cluster members among the SPZ19 data set for NGC 6723. 

Figure 8. Differential reddening � E ( B − V ) in the field of NGC 6723 as a 
function of Galactic latitude � b w.r.t. the cluster centre: derived from the b −
y versus V CMD (Lee 2019 ) – brown circles, B − V versus V CMD (SPZ19) 
– green diamonds, V − I versus I CMD (SPZ19) – blue squares, and HST 
F 606 W –F 814 W versus F 814 W CMD (Nardiello et al. 2018 ) – black crosses 
by use of CCM89 extinction law with R V = 3.1. The uncertainty of ±0.02 
mag for these results is shown by the separate error bar. The differential 
reddening from SFD98 with its stated precision ±0.028 mag is shown by the 
grey area. The approximating equation ( 1 ) is shown by the red curve. 
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Figure 9. The same as Fig. 7 but for the whole NGC 6723 field (a) before 
and (b) after the correction for differential reddening. 
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18 To our knowledge, this applies to the HSV12 and Piotto et al. ( 2002 ) data 
sets. 
ersus F 814 W CMD). Also, the differential reddening from SFD98 
s shown by the grey area. Good agreement between all data sets is
bserved. 
Note that the HST data set of Nardiello et al. ( 2018 ) co v ers only a

entral area of 3.4 × 3.4 arcmin and, accordingly, shows a differential 
eddening corresponding to only � E ( B − V ) = 0.02 mag o v er the
rea. Such negligible differential reddening must appear for any data 
et co v ering only a central part of the field. 18 This may e xplain
hy such a strong differential reddening at the periphery was not

ecognized earlier. 
A deviation of the data sets from the SFD98 in Fig. 8 can be

xplained by (i) systematic variations of the cluster stellar content 
ith its radius or (ii) SFD98 calibration errors. Either way, we assume
 decrease of reddening to the North across the whole cluster field.
herefore, we approximate the differential reddening by a third-order 
olynomial taking into account the differential reddening results 
rom all the large data sets: 

E( B − V ) = −13 . 6750 �b 3 + 3 . 5958 �b 2 − 0 . 30 �b, (1) 

here � b is the latitude offset in degrees w.r.t. the cluster centre.
his polynomial is shown in Fig. 8 by the red curve. This suggests a
ifferential reddening up to � E ( B − V ) ≈ 0.13 mag at the Southern
eriphery of the NGC 6723 field. 
We use equation ( 1 ) to correct the differential reddening in all the

ata sets, except HSV12 and Piotto et al. ( 2002 ). This procedure
educes the scatter of the photometric data around the fiducial 
equences. An example is given in Fig. 9 where the CMD from
ig. 7 is shown for the whole NGC 6723 field (a) before and (b) after

he correction for differential reddening. 
All reddening estimates for NGC 6723, obtained in our isochrone 

tting of CMDs, are referred to the cluster centre, where reddening
nd extinction are rather low. Hence, these are not estimates of an
verage or median reddening in the NGC 6723 field. Therefore, to
stimate reddening in a part of the NGC 6723 field, one should
stimate differential reddening in this part by use of equation ( 1 )
nd add it to our reddening estimate for the cluster centre. 
MNRAS 00, 1 (2022) 
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Table 5. The fiducial sequences for NGC 6362 and NGC 6723 G RP versus 
G BP − G RP based on the data of Gaia EDR3. The complete table is available 
online. 

NGC 6362 NGC 6723 
RP BP − RP RP BP − RP 

15.48 0.12 16.75 − 0 .07 
15.40 0.14 16.50 − 0 .02 
15.34 0.16 15.94 0 .07 
15.24 0.20 15.67 0 .13 
15.20 0.22 15.40 0 .20 
... ... ... ... 
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Figure 10. Hertzsprung–Russell diagram ( B − V ) 0 versus M V for NGC 6362 
and NGC 6723 with the Gaia EDR3 members of the SPZ19 data sets: stars –
grey dots, fiducial points – black circles (green and red in the bottom plot for 
NGC 6362 and NGC 6723, respectively), best-fitting BaSTI ZAHB for [Fe/H] 
= −1.05 and Y = 0.25 – blue curve, best-fitting BaSTI ZAHB for [Fe/H] = 

−1.05 and Y = 0.275 – brown curve, NGC 6362 best-fitting BaSTI isochrone 
for [Fe/H] = −1.05, Y = 0.25 and age 12 Gyr – green curve, NGC 6723 
best-fitting BaSTI isochrone for [Fe/H] = −1.05, Y = 0.25 and age 12.5 Gyr 
– red curve. All the data are corrected for reddening, extinction, and distance 
estimates from Table 6 . Black boxes show the cross sections from Fig. 11 . 
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.5 Fiducial sequences 

n order to fit data by a theoretical isochrone, we present them by a
ducial sequence, i.e. a colour–magnitude relation for single stars.
e calculate such a sequence as a locus of the number density
axima in some colour–magnitude bins. Some details and examples

re given in section 3 of Paper II. 
The HB, AGB, bright RGB and sometimes other CMD domains

ontain a small number of stars. In such a case, a fiducial point is
efined by a few or even just one star with rather precise photometry,
.e. if a colour and magnitude of such fiducial point/points can be
efined within ±0.04 mag. The balance of uncertainties, presented in
ppendix A of Paper II, shows that such an uncertainty of a fiducial
oint is negligible w .r.t. total uncertainty , since we use a lot of fiducial
oints to derive [Fe/H], distance, age, and reddening. 
The fiducial sequences for the Gaia EDR3 data sets are presented

n Table 5 as an example. All other fiducial sequences can be provided
n request. 
We find that the populations are se gre gated at the HB in almost

ll CMDs, at the AGB in CMDs with a considerable number of the
GB stars, as well as at the RGB in some CMDs (an example is
ives in Fig. 5 ). We find no CMD for these GCs with the populations
e gre gated at the SGB, TO, or MS. 

In the case of no se gre gation, an unresolv ed mix of the populations
s presented by a fiducial sequence, which, in turn, is fitted by an
nterpolated isochrone with Y = 0.26, as noted in Section 3 . In the
ase of se gre gation, each population is presented by its own fiducial
equence, which, in turn, is fitted by its own primordial or helium-
nriched isochrone of the same model, [Fe/H], distance, reddening,
nd age. Ho we ver, in some cases, we cannot fit a population by an
sochrone with a reasonable abundance. 

To derive the best-fitting parameters from a CMD, we select an
sochrone with a minimal total offset between the isochrone points
nd the fiducial points in the same magnitude range of the CMD. 

Fig. 10 shows an example of isochrones fitting fiducial sequences,
hich, in turn, are constructed for bulks of stars. This figure combines

wo CMDs for the twin SPZ19 data sets. All nine CMDs of the twin
ata sets provide a similar gauge, since they show similar results
see Table 6 ). When comparing two clusters, we present this as the
ertzsprung–Russell diagrams created from related CMDs (one of
hich is presented in Fig. 5 ) by use of reddening, extinction, and
istance estimates from Table 6 and the same [Fe/H] = −1.05. It is
orth noting that a good fitting of the fiducial points by the isochrones

n Fig. 10 , when the HB and RGB of two clusters coincide, indicates
hat we use correct reddenings, extinctions, and distances for both
he clusters. 

Example areas across the TO and RGB are shown by the black
oxes in Fig. 10 . Their profiles are given in Fig. 11 . A median colour
an be easily derived from the TO profiles. In contrast, the RGB
NRAS 00, 1 (2022) 
rofiles show the se gre gation of stars, discussed in Section 4.3 and
een in Fig. 5 . The bluer population (presumably helium-enriched)
ominates. Ho we ver, the stars counts allow us to set fiducial sequence
oints with a precision of a hundredth of a magnitude for colour and
bout 0.1 – for magnitude, as seen in Fig. 10 . 

Fig. 10 shows that each HB fiducial point is defined by only one
tar. Yet, the Gaia membership cross-identification (see Section 4.3 )
nsures us that such a star is a cluster member. HB stars magnitude
etter defines distance modulus of clusters. Rather bright HB stars in
he SPZ19 data sets have a magnitude uncertainty of about 0.01 mag.
herefore, even a few engaged HB stars provide us with a statistical
ncertainty of an average or median HB magnitude of better than
.01 mag, i.e. much better than a systematic uncertainty of about
.04 mag (see Section 3.1 ). Note that the HB stars, which are bluer
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Table 6. The results of the isochrone fitting for various models and some key CMDs for both the clusters. In all the CMDs, the 
colour is the abscissa and the magnitude in the redder filter is the ordinate, except the Lee ( 2019 ) CMD where b − y is the abscissa 
and V is the ordinate. The NGC 6723 reddenings are referred to the cluster centre. The derived reddenings are converted to E ( B −
V ), given in parentheses, by use of extinction coefficients from Casagrande & VandenBerg ( 2014 , 2018a , b ). The complete table is 
available online. 

NGC 6362 NGC 6723 
CMD colour DSED BaSTI DSED BaSTI 

E ( F 606 W –F 814 W ) HST ACS 0.074 ± 0.02 (0.08) 0.058 ± 0.02 (0.06) 0.079 ± 0.03 (0.08) 0.060 ± 0.03 (0.06) 
F 606 W –F 814 W age, Gyr 12.5 12.5 12.5 13.0 
F 606 W –F 814 W distance, kpc 7.7 7.7 8.2 8.1 
F 606 W –F 814 W [Fe/H] −1.10 −1.00 −1.15 −1.00 
E ( G BP − G RP ) EDR3 0.132 ± 0.03 (0.10) 0.093 ± 0.03 (0.07) 0.126 ± 0.03 (0.10) 0.097 ± 0.03 (0.07) 
G BP − G RP age, Gyr 12.5 12.5 13.0 13.0 
G BP − G RP distance, kpc 7.6 7.5 8.1 8.1 
G BP − G RP [Fe/H] −1.15 −1.00 −1.15 −1.05 
E ( B − V ) SPZ19 0.071 ± 0.03 (0.07) 0.053 ± 0.03 (0.05) 0.085 ± 0.03 (0.09) 0.060 ± 0.03 (0.06) 
B − V age, Gyr 11.5 12.0 12.5 12.5 
B − V distance, kpc 7.8 7.8 7.9 8.1 
B − V [Fe/H] −1.10 −1.05 −1.15 −1.05 
E ( g − r ) SkyMapper DR3 0.047 ± 0.02 (0.07) 0.040 ± 0.02 (0.06) 0.059 ± 0.03 (0.08) 0.048 ± 0.03 (0.07) 
g − r age, Gyr 12.0 12.0 12.0 12.5 
g − r distance, kpc 7.7 7.7 8.3 8.2 
g − r [Fe/H] −1.10 −1.00 −1.15 −1.05 
E ( F 439 W –F 555 W ) HST WFPC2 0.056 ± 0.03 (0.05) 0.041 ± 0.03 (0.04) 0.067 ± 0.03 (0.07) 0.046 ± 0.03 (0.04) 
F 439 W –F 555 W age, Gyr 12.5 12.0 12.0 12.5 
F 439 W –F 555 W distance, kpc 7.9 8.1 8.6 8.5 
F 439 W –F 555 W [Fe/H] −1.10 −1.05 −1.15 −1.05 
... ... ... ... ... 
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han those marked by the fiducial points in Fig. 10 , can be RR Lyrae
ariables or can belong to a helium-enriched population and, hence, 
ust be fitted by a helium-enriched isochrone (e.g. by that with Y =

.275 in Fig. 10 ). 
Similar to the HB, the SGB magnitude and the HB–SGB magni- 

ude difference can be determined with a random precision of about 
.01 mag and systematic accuracy of few hundredths of a magnitude. 
he HB–SGB magnitude difference better defines cluster age. The 
igh precision of the Gaia –SPZ19 data sets allows one to see in
ig. 10 (c) that the SGB of NGC 6362 is about 0.04 mag brighter than

hat of NGC 6723. This means that the former is slightly younger
han the latter: the best-fitting isochrones in Fig. 10 (c) differ by
.5 Gyr. It would seem that the magnitude difference of 0.04 mag
an easily get lost in the systematic uncertainties of 0.04 for both
he HB and SGB magnitudes. Moreo v er, the situation in Fig. 10 (c)
s further aggravated by the se gre gation of the faint RGB. However,
he systematic uncertainties must be the same for both clusters and, 
ence, are canceled in relative estimates. Yet, an age difference of
bout 0.5 Gyr may be the sensitivity limit for such an isochrone
tting with the best current data sets and models. 
Age is also defined by the length of the SGB between the TO and

GB. Fig. 10 (c) shows that NGC 6362 has a longer SGB and, hence,
s younger. Thus, two proxies of age agree in this case. Ho we ver, the
ength of the SGB may be affected by significant systematics from
tellar modeling. This appears to be a bad fit of the TO when the
B and RGB of two clusters coincide. This is seen for NGC 6723 in
ig. 10 (c). 

 RESULTS  

ith this wealth of photometric data, we fit isochrones to dozens of
MDs with different colours. As in our previous papers, results for
djacent CMDs are consistent within their precision: e.g. results for 
 CMD with the B − I colour are consistent with those for CMDs
ith the B − V , V − R , and R − I colours. Hence, we show only some

xamples of the CMDs with isochrone fits in Figs 9 and 12 . Some
ore examples are given in Appendix A . Figures for all the CMDs

an be provided on request. The derived [Fe/H], ages, distances, and
eddenings for the most important CMDs are presented in Table 6 . For
omparison, the derived reddenings are converted to E ( B − V ), given
n parentheses, by use of extinction coefficients from Casagrande & 

andenBerg ( 2014 , 2018a , b ). 
For most CMDs, the isochrone-to-fiducial fitting is so precise that 

he best-fitting isochrones of the models almost coincide with each 
ther and with our fiducial sequence on the scales of our CMD
gures for the RGB, SGB, and TO. Hence, usually we do not show
ur fiducial sequences for clarity. 
The predicted statistic uncertainties of the fitting are similar 

o those described in the balance of uncertainties, presented in 
ppendix A of Paper II. For each combination of a fiducial sequence
nd its best-fitting isochrone, we find the maximal offset of this
sochrone w.r.t. this fiducial sequence along the reddening vector (i.e. 
early along the colour). Such an offset is given in Table 6 after each
alue of reddening as its empirical uncertainty . Usually , the predicted
nd empirical uncertainties are comparable. The largest value in such 
 pair of the uncertainties is shown by error bars in Figs 14 and 15 ,
hich demonstrate our resulting e xtinction la ws. Ho we ver, it is worth
oting that systematic uncertainties of isochrones al w ays dominate 
n final uncertainty (see Section 3.1 ). 

F or e xample, let us consider the uncertainty of [Fe/H] derived
rom the slope of the RGB. Taking into account RGB geometry,
he number of stars used, their photometric precision, and slope 
ensitivity to variations of [Fe/H], we predict a random uncertainty 
f [Fe/H], derived from a pair of a CMD and a model, as of about
.15 de x. Elev en (NGC 6362) or ten (NGC 6723) CMDs, used for
ur final average [Fe/H] estimate, might provide their uncertainty of 
MNRAS 00, 1 (2022) 
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Figure 11. The distribution of the TO stars along ( B − V ) 0 and RGB stars 
across the RGB inside the boxes from Fig. 10 . The black bars mark the 
positions of the RGB fiducial sequence points. 
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Figure 12. The UV CMDs for NGC 6723 with the (a) F 275 W –F 336 W and 
(b) F 336 W –F 438 W colours. The isochrones from BaSTI for Y ≈ 0.25 (blue) 
and 0.275 (brown) and from DSED for Y ≈ 0.25 (purple) and 0.33 (green) 
are calculated with the best-fitting parameters from Table 6 . 
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bout 0.05 dex by use of a model. Ho we ver, the models may sho w a
ystematic difference between their average [Fe/H] estimates larger
han 0.05 dex. 

.1 Issues 

he VISTA photometry strongly deviates blueward from the
sochrones for the bright RGB ( J VISTA < 12 and < 13 for NGC 6362
nd NGC 6723, respectively). It seems to be an error in the VISTA
hotometry for very bright stars. Ho we ver, the remaining VISTA
tars are enough to derive accurate parameters. 

Generally, an UV, UV–optical, optical–IR, and IR–IR CMD
ontains less stars, more contaminants, and less populated HB, TO,
nd MS than a typical optical CMD. Moreo v er, isochrones are less
ccurate for such CMDs. In addition, HST WFC3 UV filters are
ensitive to the CNO abundances through OH, CN, NH, and CH
NRAS 00, 1 (2022) 
ands (VandenBerg et al. 2022 ). Ho we ver, some of such CMDs
rovide reliable [Fe/H], distance, age, and reddening estimates (see
able 6 ). Examples, given in Fig. 12 , show that almost all UV CMD
omains are fitted by the isochrones rather successfully, i.e. with
easonable residuals and reliable fitting parameters (see Table 6 ).
imilarly for both the CMDs, the worst fitting is found for the middle
GB (within 0.1 mag in colour) and blue HB (up to 0.8 mag for the
 438 W magnitude). Ho we ver, both DSED and BaSTI cannot explain

he se gre gation of the RGB populations by a reliable � Y = 0.025.
nly the DSED isochrones with a very large � Y = 0.08 can do it. 
Anyway, we do not use the results from UV, UV–optical, optical–

R, and IR–IR pairs (including those presented in Table 6 ) for our
nal results, except the reddening E ( V − J 2MASS ) derived for the
SV12 data set and used for our final reddening estimate. Fig. 15

hows that E ( V − J 2MASS ) (open red circle) agrees with other results.
Another example of an issue in the UV is the U photometry for

GC 6723 (but not for NGC 6362). Both the independent data sets
ith it, Alcaino et al. ( 1999 ) and SPZ19, are consitent in their
nreliable U magnitudes: they should be about 0.12 mag fainter.
therwise, a large ne gativ e reddening E ( U − B ) is derived in the

sochrone fitting. Thus, we reject the U filter for NGC 6723 from our
onsideration. 

HST WFC3 F 438 W and ACS F 606 W filters would be a valuable
roxy for the B and V filters. Ho we ver, belonging to the different de-
ectors (WFC3 and ACS), these filters may allow a small instrumental
ystematic error in the F 438 W –F 606 W colour. Indeed, Figs 14 and 15
how a fracture of the HST empirical extinction laws (red diamonds)
etween the F 438 W and F 606 W filters. This fracture seems to be
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Figure 13. Hertzsprung–Russell diagram ( V − I ) 0 versus M I for NGC 6362 
and NGC 6723 with the Gaia EDR3 members of the SPZ19 data sets: 
NGC 6362 stars (black dots) are fitted by the best-fitting BaSTI isochrone 
for [Fe/H] = −0.9, Y = 0.275 and age 12 Gyr (brown curve) and by the best- 
fitting BaSTI ZAHB for [Fe/H] = −0.9 and Y = 0.25 (blue curve), NGC 6723 
stars (red dots) are fitted by the best-fitting BaSTI isochrone for [Fe/H] = 

−1.05, Y = 0.275 and age 12.5 Gyr (purple curve) and by the best-fitting 
BaSTI ZAHB for [Fe/H] = −1.05 and Y = 0.25 (green curve). All the data 
are corrected for reddening, extinction, and distance estimates from Table 6 . 
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imilar for BaSTI and DSEP. This forces us to exclude the WFC3
lters for our final estimates of [Fe/H], age, distance, and reddening. 
For NGC 6362, the ZKR12, NKP17, and SPZ19 data sets provide 

hotometry in the B and V filters. We cross-identify these data sets
or a direct comparison and disco v er their magnitude differences to
e up to 0.04 mag as some functions of magnitude. Ho we ver, these
unctions are rather correlated for B and V , providing only small
ystematic differences within 0.02 mag between their B − V colours. 
uch magnitude and colour differences at a level of few hundredths 
f a magnitude are common and expected (SPZ19). Comparing the 
escriptions of these three data sets, we conclude that the reason for
hese inconsistencies is unkno wn. Ho we ver, we lack justification to
 xclude an y of these data sets. Therefore, we process and fit them
s is. The resulting parameters of the three data sets are similar, as
een in Table 6 . Also, the similarity of their extinctions is seen from
ig. 14 . Therefore, we use all three data sets for our final results. 
In order to see all systematic differences between the data sets in

igs 14 and 15 , we do not adjust the data sets with similar filters, in
ontrast to Paper II and Paper III. 

.2 HB 

n our CMDs, we show both the primordial and helium-enriched HB
sochrones for the whole colour range co v ered by the HB stars in
rder to show that the primordial and helium-enriched populations 
ominate the red and blue HB, respectively, in accordance with 
ucciarelli et al. ( 2016 ) and Heber ( 2016 ). 
Our fitting of the observed colour distribution of the HB stars

y the BaSTI extended HB set allows us to estimate the mass
ange for the majority of the HB stars (separately for the popula-
ions): 0.62–0.70 and 0 . 58 –0 . 61 M � for the primordial and helium-
nriched populations of NGC 6362, respectively; 0.63–0.70 and 
 . 55 –0 . 61 M � for the primordial and helium-enriched populations
f NGC 6723, respectively. These estimates are obtained consistently 
or all CMDs, which are rich in HB stars. Yet, these estimates may be
ncertain due to the incompleteness of our HB samples and ambiguity 
egarding the population to which some stars belong. Ho we ver, these
stimates can be compared with those from Tailo et al. ( 2020 ), who
ombine HST photometry and stellar population models to infer the 
v erage HB masses. The y obtain 0.64 ± 0.03 and 0 . 60 ± 0 . 03 M �
or the primordial and helium-enriched populations of NGC 6362, 
espectively, and 0.65 ± 0.02 and 0 . 56 ± 0 . 02 M � for the primordial
nd helium-enriched populations of NGC 6723, respectively. Since 
e use different theoretical models from Tailo et al. ( 2020 ), a good

greement of these results is remarkable. 

.3 Metallicity 

n example of the RGB slope fitting is presented in Fig. 13 .
his shows the Hertzsprung–Russell diagram for the Gaia EDR3 
embers of the SPZ19 data sets in both clusters. All the data are

orrected for reddening, extinction, and distance estimates from 

able 6 . The RGBs are fitted by isochrones with different [Fe/H] and
ges. Helium primordial and helium-enriched isochrones are shown 
or the HBs and RGBs, respecti vely, follo wing our suggestions about
heir helium abundance in these clusters (although the blue HB, out 
f this figure, is helium-enriched). 
By use of 11 independent optical CMDs with the well-populated 

GB, we estimate the average [Fe/H] = −1.10 and −0.97 for
GC 6362 by use of DSED and BaSTI, respectively. We adopt 

heir mean [Fe/H] = −1.04 ± 0.07 (with uncertainty as half the 
ifference between BaSTI and DSED) as our final [Fe/H] estimate 
or NGC 6362 and use it for CMDs with a sparsely populated RGB.

Similarly, by use of 10 independent optical CMDs with the well-
opulated RGB, we estimate the average [Fe/H] = −1.15 and −1.04
or NGC 6723 by use of DSED and BaSTI, respectively, and adopt
heir mean [Fe/H] = −1.09 ± 0.06 as our final [Fe/H] estimate for
GC 6723. 
Our [Fe/H] estimates adequately agree with those from Dotter et al. 

 2010 ) obtained in their fitting of the same HST ACS and WFPC2
hotometry by DSED isochrones: [Fe/H] = −1.1 for NGC 6362 and
Fe/H] = −1.0 for NGC 6723. 

Kerber et al. ( 2018 ) fit the HB, RGB, SGB, and MS of NGC 6362
n a CMD with other HST data by use of the BaSTI and DSED
sochrones. They obtain [Fe/H] = −1.15 ± 0.08 both for BaSTI and
SED in agreement with our results. 
Our [Fe/H] estimates agree with those from Valcin et al. ( 2020 ),

btained from isochrone fitting of the HST ACS data by DSED:
Fe/H] = −1 . 11 + 0 . 14 

−0 . 11 and −1 . 06 + 0 . 07 
−0 . 15 for NGC 6362 and NGC 6723,

espectively. 
It is important to compare our [Fe/H] estimates with those from

pectroscopy. For NGC 6362, there is good agreement within σ
ith [Fe/H] = −1.09 ± 0.01 from Mucciarelli et al. ( 2016 ) and
1.07 ± 0.01 from Massari et al. ( 2017 ). For NGC 6723, there is

ood agreement within σ with [Fe/H] = −1.22 ± 0.08 from Gratton 
t al. ( 2015 ) and [Fe/H] = −0.98 ± 0.08 from Rojas-Arriagada et al.
 2016 ). Ho we ver, the estimate [Fe/H] = −0.93 ± 0.05 from Crestani
t al. ( 2019 ) is less consistent with ours, i.e. at a level of 1.5 σ . 

Cluster RR Lyrae stars with accurately measured properties con- 
train cluster metallicity and some other parameters. For RR Lyrae 
tars in NGC 6362, Arellano Ferro et al. ( 2018 ) obtain [Fe/H] =
1.066 ± 0.126, E ( B − V ) = 0.063 ± 0.024, and distance modulus

 m − M ) V = 14.69 ± 0.08 from time-series photometry of the RRab
tars, with similar results for the RRc stars. These results perfectly
gree with ours. Alternative consideration of the same data by 
andenBerg & Denissenkov ( 2018 ) provides a similar [Fe/H] within

ts uncertainties. For RR Lyrae stars in NGC 6723, Lee et al. ( 2014 )
btain [Fe/H] = −1.23 ± 0.11, E ( B − V ) = 0.061 ± 0.014, distance
MNRAS 00, 1 (2022) 
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Figure 14. The empirical e xtinction la ws for NGC 6362 from the isochrone fitting by the different models. The data sets are: HST ACS and WFC3 by Nardiello 
et al. ( 2018 ) – red diamonds; HST WFPC2 by Piotto et al. ( 2002 ) – green circles; Gaia – yellow snowflakes; SPZ19 – blue squares; SMSS – blue inclined 
crosses; ZKR12 – open green diamonds; NKP17 – open red circles; IR data sets by VISTA and unWISE – purple upright crosses. The ef fecti v e wav elengths of 
the B and V filters are denoted by the vertical lines. The black curve shows the extinction law of CCM89 with R V = 3.1 with the derived A V , which is shown by 
the horizontal line. 

Figure 15. The same as Fig. 14 but for NGC 6723. The data sets are: HST ACS and WFC3 Nardiello et al. ( 2018 ) – red diamonds; HST WFPC2 by Piotto 
et al. ( 2002 ) – green circles; Gaia – yellow snowflakes; SPZ19 – blue squares; SMSS – blue inclined crosses; Lee ( 2019 ) – open green diamonds; HSV12 ( V 

filter) – open red circle; IR data sets by HSV12 ( J 2MASS and Ks 2MASS filters), VISTA, and unWISE – purple upright crosses. The ef fecti v e wav elengths of the B 

and V filters are denoted by the vertical lines. The black curve shows the extinction law of CCM89 with R V = 3.1 with the derived A V , which is shown by the 
horizontal line. 
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odulus 14.65 ± 0.05, equi v alent to a distance 8.47 ± 0.17 kpc. All
hese findings agree with ours. 

Photometric and spectroscopic observations of detached eclipsing
inaries allow one to derive the masses, radii, and luminosities of
heir component stars. The obtained mass–radius, mass–luminosity,
nd colour–magnitude relations can be compared with isochrone
redictions to verify [Fe/H], abundance, and age of a cluster contain-
ng such binaries. For two eclipsing binaries in NGC 6362, Kaluzhny
t al. ( 2015 ) obtained reliable results with fitting by DSED, assuming
Fe/H] = −1.07. They verified that a change from [Fe/H] = −1.07
o −1.15 ‘does not influence the parameters of the binaries in any
ignificant way’. Ho we ver, both the components of a binary provide
 good isochrone fitting only (i) if their ages differ by 1.5 ± 0.7 Gyr
Kaluzhny et al. 2015 ) or (ii) if their helium abundances differ by
bout � Y ≈ 0.02 (VandenBerg & Denissenkov 2018 ), or (iii) if the
inary has a higher C, N, and O abundance than in stellar models
sed (VandenBerg et al. 2022 ). These conditions are possible, since
hey do not contradict the known properties of NGC 6362. 
NRAS 00, 1 (2022) 
.4 Distance and age 

imilar to our previous papers, the derived distances and ages for
he optical range (filters with their ef fecti v e wav elengths within
00 < λeff < 1000 nm except HST WFC3 F 438 W ) differ from
hose for the UV and IR ranges, both systematically and by their
tandard deviations. The optical CMDs are preferable in terms of star
uantity, sample completeness, photometric accuracy, and systematic
ccuracy of the models. Therefore, we use the distance and age
stimates in the optical range for our final estimates. 

We present our age and distance estimates for NGC 6362 and
GC 6723 in Table 7 . Their random uncertainties are calculated as

tandard deviations from 11 and 10 optical CMDs for NGC 6362
nd NGC 6723, respectively. The right column presents the mean
alue and standard deviation of one measurement for the combined
esults of the two models. The standard deviations for the models
nd for the mean values are consistent, whereas the distributions of
he combined results are Gaussian. This indicates good agreement

art/stac3300_f14.eps
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Table 7. Our NGC 6362 and NGC 6723 age (Gyr) and distance (kpc) 
estimates from optical CMDs. All the uncertainties are standard deviations 
of one measurement. 

DSED BaSTI Mean value 

NGC 6362 
Mean distance 7.76 ± 0.09 7.74 ± 0.16 7.75 ± 0.13 
Mean age 12.00 ± 0.50 12.00 ± 0.50 12.00 ± 0.49 

NGC 6723 
Mean distance 8.14 ± 0.23 8.15 ± 0.18 8.15 ± 0.20 
Mean age 12.35 ± 0.34 12.50 ± 0.33 12.43 ± 0.34 
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etween the models in their distances and ages. Therefore, our final, 
ost probable estimates for NGC 6362 and NGC 6723, respectively, 

re as follows: 

(i) age is 12.00 ± 0.10 ± 0.8 and 12.43 ± 0.08 ± 0.8 Gyr (statistic
nd systematic uncertainties), 

(ii) distance is 7.75 ± 0.03 ± 0.15 and 8.15 ± 0.04 ± 0.15 kpc, 
(iii) distance modulus ( m − M ) 0 is 14.45 ± 0.01 ± 0.04 and 

4.56 ± 0.01 ± 0.04 mag, 
(iv) apparent V -band distance modulus ( m − M ) V is 

4.64 ± 0.03 ± 0.06 and 14.80 ± 0.03 ± 0.06 mag. 

Here, the random uncertainties equal the standard deviations of 
he combined samples divided by the square root of the number of
he CMDs and models used (11 CMDs by 2 models and 10 CMDs
y 2 models for NGC 6362 and NGC 6723, respectively). 
Note that, in contrast to this study, DSED and BaSTI provided 

nconsistent age estimates in our previous papers. The reason is that 
he BaSTI isochrones were affected by a computational issue related 
o input physics and atomic diffusion treatment, which was solved a 
ew months later (Cassisi, private communication). Hence, the BaSTI 
ge estimates from our previous papers should be revisited. 

Such a good agreement of the DSED and BaSTI estimates for
oth age and distance inspires our discussion of their systematic 
rrors (see Section 3.1 ), which can be similar in both the models
nd, hence, should be considered separately. Systematic uncertainties 
f ±0.15 kpc and 0.8 Gyr are assigned to our distance and age
stimates, respectively. As noted in Section 3.1 , since we adopt 
hese systematic uncertainties from our study-to-study comparison, 
 posteriori comparison of our results with those from the studies has
ittle sense. Therefore, the following comparison pays less attention 
o the literature estimates from isochrone-to-CMD studies, while 

ore to other methods. 
Our distance estimates agree with those from the recent compila- 

ion of all distance determinations by Baumgardt & Vasiliev ( 2021 ), 19 

resented in Table 1 , within 1.1 σ and 0.8 σ of their stated statistical
ncertainties for NGC 6362 and NGC 6723, respectively, and even 
etter – for the systematic uncertainties. 
Note that both our and Baumgardt & Vasiliev ( 2021 )’s estimates

or NGC 6723 differ significantly from that of Harris ( 1996 ) (see
able 1 ). An impact of the Corona Australis cloud complex can be

he reason for this difference in the distance estimates. Indeed, the 
istance estimate of Harris ( 1996 ) may be derived from the apparent
agnitudes with underestimated extinction/reddening due to ignor- 

ng of the complex. In this case, the difference between our distance
stimates and that of Harris ( 1996 ), i.e. 8700 − 8150 = 550 pc,
an be explained by the difference between the corresponding 
9 This compilation is so comprehensive that our distance estimates do not 
eed a comparison with individual estimates from the literature. 

2

2

istance moduli 14.70 − 14.56 = 0.14 mag and, in turn, by the
nderestimation of extinction by � A V = 0.14 mag or reddening by
 E ( B − V ) ≈ 0.045 mag. Such an underestimation can be easily

xplained by ignoring the differential reddening up to � E ( B − V ) ≈
.13 mag in the NGC 6723 field (see Section 4.4 ). 
Our distance estimates can be converted into parallaxes for their 

omparison with other parallax estimates in Table 8 (the systematic 
ncertainty ±0.15 kpc is assigned to our distances). An agreement 
ithin the stated uncertainties is seen. Anyway, the cluster distances 

rom the Gaia parallaxes are still less accurate than those obtained
rom such an isochrone fitting. 

Our age estimates are within a wide variety of age estimates for
hese GCs from the literature. Some differences in these estimates 
ay be due to different approaches. For example, Oliveira et al.

 2020 ) fit the same HST ACS data with DSED and BaSTI to obtain
ge estimates of 13.6 ± 0.5 and 12.6 ± 0.6 Gyr for NGC 6362 and
GC 6723, respectively. The former agrees with our estimate much 
orse than the latter. The reason may be that, in contrast to our study,

hey fit only the SGB and bright MS. Hence, in fact, they estimate age
sing only the length of the SGB. Such an estimate may be biased
y large systematics. 

.5 Reddening and extinction 

eddenings, derived from CMD isochrone fitting, depend on adopted 
Fe/H]. For example, Kerber et al. ( 2018 ) show that a change of the
dopted [Fe/H] from −1.15 to −1.08 for NGC 6362 is followed by
 change of the resulting E ( B − V ) from 0.066 to 0.053 mag. [Fe/H]
ncertainty is one of the largest contributors of total systematic 
ncertainty of derived reddening and extinction. Its importance has 
een underestimated in the balance of reddening uncertainties in our 
re vious papers. No w, we estimate the total systematic uncertainty
f our reddening and extinction estimates at the level of σE ( B −
 ) = 0.02 and σA V = 0.06 mag. Consequently, for such GCs with

ather low reddening and e xtinction, R V or an y other characteristic
f empirical extinction law must be very uncertain, being a ratio
f these uncertain quantities. In addition, we take into account that
oth the data and models are less accurate in the UV and IR than
n the optical range. Therefore, we change our approach in deriving
eddening and extinction w.r.t. our previous papers. 

Specifically, we derive our reddening and extinction estimates for 
ach pair of a data set and a model from their most informative and
recise CMDs, i.e. those presenting the longest optical wavelength 
ange for each data set. For both the clusters, these are the CMDs
ith the following colours: F 606 W –F 814 W for HST ACS; F 439 W –
 555 W for HST WFPC2; G BP − G RP for Gaia EDR3; B − I for
PZ19; and g SMSS − z SMSS for SMSS. In addition, for NGC 6362,
e use B − V from ZKR12 and NKP17, whereas for NGC 6723,
e use V − J 2MASS from HSV12, and b − y from Lee ( 2019 ). Thus,
e use seven data sets for each cluster. In order to combine these

eddening estimates into our final estimates, we use the CCM89 
 xtinction la w with R V = 3.1. 

Similar to our previous papers, we verify the usage of this law
y combining all the derived reddening estimates into empirical 
 xtinction la ws. Briefly, we cross-identify the data sets with the
ISTA and unWISE data sets 20 and use their IR extinctions to

alculate extinctions in all filters from the derived reddenings. For 
MNRAS 00, 1 (2022) 

0 Except the data sets of Piotto et al. ( 2002 ) and HSV12. The latter uses 
MASS instead of VISTA or un WISE . 
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Table 8. Various parallax estimates (mas) for NGC 6362 and NGC 6723. 

Parallax NGC 6362 NGC 6723 

Shao & Li ( 2019 ), Gaia DR2 astrometry 0.123 ± 0.025 0.119 ± 0.025 
VB21, Gaia EDR3 astrometry 0.132 ± 0.011 0.129 ± 0.011 
This study, Gaia EDR3 astrometry 0.123 ± 0.011 0.123 ± 0.011 
This study, isochrone fitting 0.129 ± 0.002 0.123 ± 0.002 

Table 9. The estimates of E ( B − V ) by use of the various models. The model 
estimates are mean values for seven data sets with the standard deviations of 
the mean values. The final values are the averages of the models with their 
uncertainties as half the differences between the model estimates. 

NGC 6362 NGC 6723 

BaSTI 0.047 ± 0.004 0.059 ± 0.004 
DSED 0.066 ± 0.005 0.077 ± 0.006 
Final value 0.056 ± 0.011 0.068 ± 0.009 
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Table 10. The relative estimates of the deriv ed [Fe/H] (de x), distance (kpc), 
age (Gyr), and E ( B − V ) (mag) in the sense ‘NGC 6723 minus NGC 6362’. 
The mean values are shown with their uncertainties. 

DSED BaSTI Mean value 

[Fe/H] − 0 .039 − 0 .067 − 0.053 ± 0.014 
Distance 0 .41 0 .48 0.44 ± 0.04 
Age 0 .39 0 .61 0.50 ± 0.11 
E ( B − V ) 0 .0070 0 .0078 0.0074 ± 0.0016 
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xample, 

 V = ( A V − A W1 ) + A W1 = E( V − W 1) + A W1 (2) 

hich is derived from reddening E ( V − W 1) and a reasonable
stimate of very low extinction A W1 . 

Figs 14 and 15 show that the obtained empirical extinction laws
gree with the CCM89 extinction law when R V = 3.1. Also, Figs 14
nd 15 act as crucial verifiers of the systematic agreement of different
ata sets within few hundredths of a magnitude. Indeed, the data sets
how a low scatter around the extinction law curve. The only issue
s a slight inconsistency between the HST ACS and WFC3 filters,
roviding a fracture in the HST empirical extinction law between the
 438 W and F 606 W filters (see Section 5.1 ). As noted earlier, this

orces us to exclude the WFC3 filters from any final estimate. 
The final reddening estimates are presented in Table 9 . It is seen

hat the DSED estimates are systematically higher than their BaSTI
qui v alents by about 0.02 mag. This is due to systematically lower
Fe/H] of the DSED best-fitting isochrones (see Section 5.3 ). 

A systematic uncertainty of ±0.02 mag is assigned to our final E ( B
V ) estimates (see Section 3.1 ). This is about twice as large as half

he differences between the model estimates in Table 9 . Accordingly,
he systematic uncertainty of ±0.06 mag is assigned to our final
xtinction estimates A V = 0.19 and 0.24 mag for NGC 6362 and
GC 6723, respectively. Here, we use the ratio A V = 3.48 E ( B −
 ), taking into account intrinsic spectral energy distribution of rather
ool and metal-poor stars of GCs (see Casagrande & VandenBerg
014 ). It is worth noting that for NGC 6723, these are the reddening
nd extinction estimates at the centre of its field. Its differential
eddening (see Section 4.4 ) should be taken into account for a proper
stimate for a star or a part of the field. Note that a similar level
f the reddening precision in Table 9 for NGC 6362 and NGC 6723
onfirms our account of differential reddening. 

Our A V estimates are lower than those from Wagner-Kaiser et al.
 2017 ), who use a Bayesian single-population analysis for the HST
CS data and obtain A V = 0 . 248 + 0 . 001 

−0 . 002 and 0 . 286 + 0 . 002 
−0 . 002 for NGC 6362

nd NGC 6723, respecti vely. Ho we ver, our A V estimates are higher
han those from Valcin et al. ( 2020 ), who use isochrone fitting
f the HST ACS data by DSED and obtain A V = 0.16 ± 0.02
nd 0.20 ± 0.03 for NGC 6362 and NGC 6723, respectively. The
stimates of these studies are inconsistent each other. Yet, our large
ystematic uncertainty allows our estimates to be consistent with
oth of them. 
NRAS 00, 1 (2022) 
Our E ( B − V ) estimates agree with those from the isochrone fitting
f the same or similar HST data with DSED by Dotter et al. ( 2010 ):
 ( B − V ) = 0.070 for NGC 6362 and 0.073 for NGC 6723; with
SED and BaSTI, but only using the SGB and MS, by Oliveira et al.

 2020 ): E ( B − V ) = 0.04 ± 0.01 for NGC 6362 and 0.06 ± 0.01
or NGC 6723; with DSED and BaSTI by Kerber et al. ( 2018 ): E ( B

V ) = 0.07 ± 0.01 for NGC 6362; and with a different model by
andenBerg et al. ( 2013 ): E ( B − V ) = 0.076 for NGC 6362 and
.070 for NGC 6723. 
As noted in Section 5.3 , our reddening estimates agree with those

btained for cluster RR Lyrae stars by Arellano Ferro et al. ( 2018 )
 E ( B − V ) = 0.063 ± 0.024 for NGC 6362) and Lee et al. ( 2014 )
 E ( B − V ) = 0.061 ± 0.014 for NGC 6723). 

We compare our E ( B − V ) estimates with those in Table 1 . For
GC 6362, our estimate is near the lowest estimate of Schlafly &
inkbeiner ( 2011 ), albeit comparable with that of SFD98. The
eason for the deviation of our estimate from those of Harris ( 1996 )
nd Meisner & Finkbeiner ( 2015 ) is not kno wn. Ho we ver, the
nconsistency of the estimates of SFD98 and Meisner & Finkbeiner
 2015 ), both calibrated from dust emission, may suggest a gradient
f dust temperature or other inhomogeneity of the dust medium in
he NGC 6362 field. For NGC 6723, our estimate agrees with only
hat of Harris ( 1996 ), which is apparently related to a majority of the
luster members and, hence, to the centre of the cluster. Naturally, our
stimate is much lower than those from Schlafly & Finkbeiner ( 2011 ),
FD98, and Meisner & Finkbeiner ( 2015 ), which represent the whole
luster field with the reddening rise to its southern periphery. 

.6 Relati v e estimates and second parameter 

s noted earlier, NGC 6362 and NGC 6723 are rich in precise
hotometry presented in the twin data sets. We use nine inde-
endent optical CMDs to derive relative (in the sense ‘NGC 6723
inus NGC 6362’) estimates of [Fe/H], distance, age, and A V from

sochrone fitting to each data set separately for each model. Other
MDs are eliminated from this procedure, since they engage the UV
r IR filters. The only eliminated independent optical CMD, with the
 438 W –F 606 W colour, has the issue discussed in Section 5.1 . The
odels are consistent in their relative estimates, which are presented

n Table 10 . 
For each parameter, we calculate two kinds of uncertainty: half

he difference between the BaSTI and DSED estimates and standard
eviation of the mean value calculated as standard deviation of the
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ombined sample (both BaSTI and DSED estimates) divided by 
he square root of the estimates. The latter makes sense, since the
istribution of such a combined sample by each parameter is nearly 
aussian. The largest among two uncertainties is adopted as the 
nal uncertainty of each parameter in Table 10 . As expected, the
elative estimates are close to the differences between the absolute 
stimates, but they are much more precise, as seen from Table 10 :
GC 6723 is 0.44 ± 0.04 kpc further, 0.5 ± 0.1 Gyr older, � E ( B
V ) = 0.007 ± 0.002 more reddened, and with 0.05 ± 0.01 dex

ower [Fe/H] than NGC 6362. These uncertainties emphasize very 
igh sensitivity of our approach. 
The lower metallicity of NGC 6723 w.r.t. NGC 6362 is manifested 

n their different RGB slopes (see e.g. Fig. 13 ). The higher age
f NGC 6723 w.r.t. NGC 6362 is manifested in their different SGB
engths and HB–SGB magnitude differences (see e.g. Figs 10 ). Such 
 combination of age and metallicity explains the difference in the 
B morphology of these clusters mentioned in Section 2 : NGC 6362

nd NGC 6723 are richer in red and blue HB stars, respectively,
nd NGC 6723 has a longer blue hook of very hot HB stars, as
een in CMDs. This HB morphology difference can be expressed as
he HB types 21 of these clusters ( −0.08 for NGC 6362 and −0.58
or NGC 6723 from Mackey & van den Bergn 2005 ), or as their
edian colour difference between the HB and RGB ( � ( V − I ) =

.247 ± 0.012 for NGC 6362 and 0.371 ± 0.039 for NGC 6723 from
otter et al. 2010 ). Both these characteristics represent a bluer HB
f NGC 6723. 
Both lower metallicity and higher age amplify the HB morphology 

ifference, making the NGC 6723’s HB bluer. Thus, all known 
arameters of these clusters, including our relative age and metallicity 
stimates, suggest that age is the second parameter for these clusters.

 C O N C L U S I O N S  

his study generally follows Paper I, Paper II, and Paper III in
heir approach to estimate some key parameters of Galactic globular 
lusters by fitting model isochrones to multiband photometry. To 
erify the sensitivity of our approach, we have considered the 
air NGC 6362 and NGC 6723 with similar metallicity, distance, 
ge, and extinction. In addition to distance, age, and extinction 
n various bands as the parameters in our previous studies, we 
lso derived [Fe/H] of the clusters through isochrone fitting of 
he slope of the RGB in some CMDs. The obtained metallicities, 
Fe/H] = −1.04 ± 0.07 and −1.09 ± 0.06 for NGC 6362 and 
GC 6723, respectively, agree with the spectroscopic estimates from 

he literature. 
We used the photometry in 22 and 26 filters for NGC 6362

nd NGC 6723, respectively, from the HST , Gaia EDR3, SMSS
R3, VISTA VHS DR5, unWISE, and other data sets. These filters

pan a wavelength range from about 230 to 4060 nm, i.e. from the
V to mid-IR. As in our previous studies, some data sets were

ross-identified with each other. This allowed us to (i) estimate 
ystematic differences of the data sets and (ii) use the VISTA and
nWISE photometry with nearly zero extinction for determination 
f extinction in all other filters and verification of agreement of the
mpirical extinction laws with the CCM89 law when R V = 3.1. 
1 The HB type is defined as ( N B − N R )/( N B + N V + N R ), where N B , N V , 
nd N R are the number of stars that lie blueward of the instability strip, the 
umber of RR Lyrae variables, and the number of stars that lie redward of 
he instability strip, respectively (Lee, Demarque & Zinn 1994 ). 
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As in Paper III, to fit the data, we used the DSED and BaSTI
heoretical models of stellar evolution for α-enriched populations 
ith primordial and enhanced helium abundance. The models differ 

n their physics and predictions for [Fe/H] and reddening, but those
or age and distance are consistent. DSED provides [Fe/H] that is
bout 0.12 dex systematically lower than BaSTI and � E ( B − V ) ≈
.02 mag systematically higher than BaSTI. 
For NGC 6362 and NGC 6723, we derived the distances 

.75 ± 0.03 ± 0.15 and 8.15 ± 0.04 ± 0.15 kpc (statistic and 
ystematic uncertainties), distance moduli 14.45 ± 0.01 ± 0.04 
nd 14.56 ± 0.01 ± 0.04 mag, apparent V -band distance mod- 
li 14.64 ± 0.03 ± 0.06 and 14.80 ± 0.03 ± 0.06 mag, ages 
2.00 ± 0.10 ± 0.80 and 12.43 ± 0.08 ± 0.80 Gyr, extinctions A V =
.19 ± 0.04 ± 0.06 and 0.24 ± 0.03 ± 0.06 mag, and reddenings 
 ( B − V ) = 0.056 ± 0.01 ± 0.02 and 0.068 ± 0.01 ± 0.02 mag,

espectively. 
The use of the twin data sets from Gaia EDR3, SMSS, SPZ19,

ardiello et al. ( 2018 ), and Piotto et al. ( 2002 ), for both the clusters
llowed us to obtain very precise relative estimates of the parameters.
e found that NGC 6723 is 0.44 ± 0.04 kpc further, 0.5 ± 0.1 Gyr

lder, � E ( B − V ) = 0.007 ± 0.002 more reddened, and with
.05 ± 0.01 dex lower [Fe/H] than NGC 6362. These uncertainties 
how a high sensitivity of our approach. These differences in 
ge and metallicity explain the difference of the HB morphology 
etween these clusters. This suggests age as the second parameter 
or NGC 6362 and NGC 6723. 

We found a strong differential reddening of about � E ( B − V )
0.14 mag across 17 arcmin of the field of NGC 6723 due to its

roximity to the Corona Australis cloud complex. This differential 
eddening may explain a large diversity of the reddening/extinction 
stimates for NGC 6723 from the literature. Moreo v er, the influence
f the complex can explain the apparently wrong estimate of the
GC 6723 distance in the data base of Harris ( 1996 ). 
Using the Gaia EDR3 data, we provided the lists of reliable
embers of the clusters and systemic PMs with their total (systematic

lus random) uncertainties in mas yr −1 : 

α cos ( δ) = −5 . 512 ± 0 . 024 , μδ = −4 . 780 ± 0 . 024 
α cos ( δ) = 1 . 021 ± 0 . 026 , μδ = −2 . 427 ± 0 . 026 

or NGC 6362 and NGC 6723, respectively. 
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