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ABSTRACT

Context. The extreme extinction (Ay ~ 30 mag) and its variation on arc-second scales towards the Galactic centre hamper the study
of its stars. Analysis of them is restricted to the near infrared (NIR) regime, where the extinction curve can be approximated by a
broken power law for the JHK; bands. Therefore, it is fundamental to correct for extinction at these wavelengths in order to analyse
the structure and stellar population of the central regions of our Galaxy.

Aims. We aim to, (1) discuss different strategies to de-redden the photometry and check the usefulness of extinction maps to deal with
variable stars; (2) build extinction maps for the NIR bands JHK| and make them publicly available; (3) create a de-reddened catalogue
of the GALACTICNUCLEUS (GNS) survey, identifying foreground stars; and (4) perform a preliminary analysis of the de-reddened
K luminosity functions (KLFs).

Methods. We used photometry from the GNS survey to create extinction maps for the whole catalogue. We took red clump (RC) and
red giant stars of similar brightnesses as a reference to build the maps and we de-reddened the GNS photometry. We also discussed the
limitations of the process and analysed non-linear effects of the de-reddening.

Results. We obtained high resolution (~3") extinction maps with low statistical and systematics uncertainties (<5%) and computed
average extinctions for each of the regions covered by the GNS. We checked that our maps effectively correct the differential extinction
reducing the spread of the RC features by a factor of ~2. We assessed the validity of the broken power law approach computing two
equivalent extinction maps Ay using either JH and HK, photometry for the same reference stars and obtained compatible average
extinctions within the uncertainties. Finally, we analysed de-reddened KLFs for different lines of sight and found that the regions
belonging to the NSD contain a homogeneous stellar population that is significantly different from that in the innermost bulge regions.
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1. Introduction

The Galactic centre (GC) is an environment of fundamental
importance for astrophysics beacuse it is the closest galac-
tic nucleus, located at only 8 kpc from Earth (e.g. Gravity
Collaboration 2018; Do et al. 2019), and we can analyse its struc-
ture and stellar population, resolving individual stars down to
milliparsec scales. It hosts a supermassive black hole at its cen-
tre, Sgr A*, which is embedded in a nuclear stellar cluster (e.g.
Ghez et al. 1998; Schodel et al. 2002, 2014; Genzel et al. 2010).
At larger scales, the nuclear stellar disc (NSD) and the central
molecular zone (CMZ) outline the limits of the GC (e.g. Morris
& Serabyn 1996; Launhardt et al. 2002; Kruijssen et al. 2014;
Nogueras-Lara et al. 2020a).

The extreme extinction towards the GC (Ay z 30 mag,
Ak, 2 2.5 mag, e.g. Nishiyama et al. 2008; Schdodel et al. 2010;
Nogueras-Lara et al. 2018a, 2020b) impedes the study of its
stellar populations in the optical. The extreme source crowding

* The extinction maps and the catalogues described in this paper
and specified in Sect.2.1 and Table3 are only available at the CDS
via anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/653/A133

requires the use of high-angular-resolution observations to disen-
tangle individual stars. Even previous studies using the VISTA
Variables in the Via Lactea (VVV) survey (Minniti et al. 2010;
Saito et al. 2012), which constitutes the most accurate up-to-
date survey for the Galactic bulge, are not sufficient to properly
determine the extinction variations in the innermost regions of
our Galaxy (e.g. Gonzalez et al. 2012, 2013; Surot et al. 2020).
To improve this situation, the GALACTICNUCLEUS (GNS)
survey (Nogueras-Lara et al. 2018a, 2019a) was optimised for
the requirements of the GC (JHKj, high angular resolution,
high dynamic range) and is currently the most complete near
infrared (NIR) JHK; photometric catalogue of the GC. It pro-
vides high-angular-resolution (~0.2”) photometry of more than
3 million stars distributed along the NSD, the inner bulge, and
the transition region between them.

The extinction towards the GC varies significantly on arc-
second scales (Scoville et al. 2003; Schodel et al. 2010;
Nogueras-Lara et al. 2018a) due to the presence of a significant
amount of gas, dust, and molecular dark clouds associated with
the CMZ (e.g. Dahmen et al. 1998; Pierce-Price et al. 2000).
In order to quantify the magnitude of the extinction variations
within the field of view and to trace the presence of the dark
clouds, extinction maps can be extremely useful. They inform us
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about the properties and distribution of the interstellar medium
(ISM), given that they are directly related to the dust content.
Moreover, they can be used to determine the gas column density
distribution assuming a constant gas to dust ratio (e.g. Goodman
et al. 2009; Rowles & Froebrich 2009).

To create extinction maps, it is key to understand the
behaviour of the extinction curve. It has been generally assumed
that the extinction curve in the NIR can be well approxi-
mated as a power law (e.g. Rieke & Lebofsky 1985; Nishiyama
et al. 2006; Fritz et al. 2011). However, recent studies found a
dependence of the extinction on the wavelength, which points
towards a more complicated broken-power-law behaviour of the
form A} o« A7%% and A, o« A~%ks, where «; is the extinc-
tion index and the i-subindinces indicate their range of valid-
ity between the photometric bands JH and HK; (Nogueras-
Lara et al. 2018a, 2019b, 2020b; Hosek et al. 2018). Recent
work by Nogueras-Lara et al. (2020b), carried out using the
whole GNS survey, obtained ;g = 2.44+0.05 and apg, =
2.23+0.05.

In this paper, we compare the de-reddening of NIR photom-
etry using a star-by-star basis and an extinction map approach.
Moreover, we also create the most detailed high-angular-
resolution extinction maps of the GC (covering a total region
of ~6000 pc?) using the GNS survey. We validate the broken-
power-law approach and de-redden the photometry from GNS to
obtain de-reddened colour-magnitude diagrams (CMDs) of the
GC. We publish the de-reddened catalogue, analyse the limi-
tations of the de-reddening, and study K, luminosity functions
(KLFs) to carry out a preliminary study of the stellar population
for the different regions covered.

2. Data

For the study presented in this paper, we used the GNS survey.
This is a JHK, NIR high-angular-resolution (~0.2") catalogue,
obtained using the HAWK-I instrument (Kissler-Patig et al.
2008) at the ESO Very Large Telescope unit telescope 4. It cov-
ers an area of ~6000 pc? distributed along seven regions that
correspond to the nuclear stellar disc (Central, NSD East, and
NSD West), two regions in the inner bulge (IB South and IB
North), and two regions in the transition region between the
NSD and the inner bulge (T East and T West). Figure 1 shows a
scheme of the areas covered by the survey. The GNS catalogue
was calibrated using the SIRIUS/Infrared Survey Facility tele-
scope (IRSF) GC survey (e.g. Nagayama et al. 2003; Nishiyama
et al. 2006) and has a systematic zero point (ZP) uncertainty of
0.04 mag in all three bands. It includes accurate photometry of
~3.3 x 10° sources that reaches 5 o detections for J ~ 22, H ~
21, and K; ~ 21 mag. The photometric uncertainties are below
0.05 mag at J < 20, H < 17, and K < 16 mag (Nogueras-Lara
et al. 2019a).

2.1. Fixing duplicated stars

We noticed that some stars are duplicated in the final GNS
catalogue. Slightly different positions for different detectors,
pointings and/or bands, or the presence of very close neighbour-
ing stars might explain this problem. The observing strategy to
obtain the GNS survey includes 49 pointings. Each pointing is
composed of the combination of the four HAWK-I detectors,
which are separated by a cross-shaped gap between them. To
cover this gap, we applied random jittering to the observations
and computed the photometry on an individual detector basis
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Fig. 1. Scheme of the GNS survey. White labels indicate the name of
each of the regions of the survey: Central, NSD East (NSD E), NSD
West (NSD W), transition East (T E), transition West (T W), inner bulge
South (I B S), and inner bulge North (I B N). The white rectangles in the
Central and I B S regions indicate a gap in the data due to bad quality
(see text for details). The background image corresponds to a 3.6 pm
Spitzer/IRAC image (Stolovy et al. 2006).

(for further details, see Nogueras-Lara et al. 2019a). In this way,
there are many overlapping regions between different detectors
and pointings. The catalogues for each band were obtained com-
bining all the detections from each independent detector and then
from different pointings. We lastly combined all three bands into
a final catalogue. Therefore, we believe that some stars escaped
to be properly combined throughout the process.

We identified the duplicated stars and combined them into
single sources. We checked whether they were detected in one
or several bands and combined the coordinates and photometry
accordingly, following the catalogue scheme shown in Table 2 of
Nogueras-Lara et al. (2019a). The uncertainties were quadrati-
cally propagated from the individual detections. To identify these
stars in the corrected catalogue, we modified the parameters i;,
ig, and ig,, which correspond to the multiple detections in over-
lapping pointings for each band (see Sect. 4.4 for further details;
Nogueras-Lara et al. 2019a), and set them to —1.

The number of duplicated stars is very low, so they do not
affect any of the previous studies carried out using the GNS sur-
vey. Namely, for each of the catalogue regions, we found a rate
of duplicated stars of: Central ~ 0.002%, NSD East ~ 0.01%,
NSD West ~ 0.02%, T East ~ 0.04%, T West ~ 0.01%, 1B
South ~ 0.02%, and 1B North ~ 0.04%.

2.2. Colour-magnitude diagrams

Figure 2 shows the colour-magnitude diagrams (CMDs) H ver-
sus J — H and K, versus H — K, for the different regions of
the GNS survey. The CMDs are largely complete in the red
clump (RC) region, which is key to produce extinction maps
(e.g. Nogueras-Lara et al. 2018a, 2020b). Red clump stars are
red giant stars in their helium burning phase whose intrinsic
properties are well known (e.g. Girardi 2016). The over-densities
around H ~ 16—17 mag and K; ~ 15—16 mag correspond to the
RC features.

To produce extinction maps, we removed foreground stars
using the significantly different extinction between the stars from
the Galactic disc and the GC (e.g. Nogueras-Lara et al. 2019a).
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Fig. 2. Colour-magnitude diagrams for each region of the GNS survey. The dashed lines represent the cuts applied in this work between the
foreground population (in blue) and stars that we consider to lie inside the GC, behind two different layers of extinction (orange and red). The
extinction layers were selected following the methodology explained in Sect.3.2. The dashed rectangles indicate the selection of reference stars
(mainly RC stars) to create the extinction maps. Only two layers are defined for the IBN and IBS regions. The low number of stars present for
the NSD W region is due to the lower than average quality of the data for that region. Given the high number of stars, only a fraction of them is

represented to not overcrowd the plots.

We applied a colour cut, J — H ~ 2.35 or H — K; ~ 1.1 mag,
depending on the CMD used (see Sect. 2 in Nogueras-Lara et al.
2021a).

We also defined another colour cut to remove stars belonging
to the Galactic bulge in the GNS regions covering the NSD (Cen-
tral, NSD E, NSD W, T E, and T W). This is possible because
the stellar population from the GC lies behind a dense screen
of extinction that may be related to the CMZ (e.g. Schultheis
et al. 2009). We adopted H — K; ~ 1.3 mag following previ-
ous results on the inner bulge (e.g. Nogueras-Lara et al. 2018b,
2020a; Schultheis et al. 2021). Nevertheless, we treated each
region in a different way due to the variation of the absolute
extinction between regions. Given that we produced independent

extinction maps using JH and HK bands, we excluded the fore-
ground population considering independent cuts in both CMDs
H versus J — H and K, versus H — K. Figure 2 shows the cuts
applied to remove the foreground population in each case. We
estimate that the possible contamination from stars belonging
to the Galactic bulge/bar is below 25% using the model created
by Schultheis et al. (2021), which applied similar colour cuts
to analyse the NSD. In particular, they modelled the NSD, the
bulge/bar, and the nuclear star cluster (NSC) using the results
from Launhardt et al. (2002), Chatzopoulos et al. (2015), and
Sormani et al. (2020).

We adopted a two-layers approach to create the extinction
maps to overcome the extreme differential extinction in the GC
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(see Sect. 3.2). Figure 2 indicates the criteria to assign the stars
to each of the presumed extinction layers.

3. Extinction maps

We created extinction maps for all the regions in the GNS
catalogue following the approach described in detail in
Appendix A.2. We obtained extinction maps A, jz and Ay, s,
and Ay gk, and Ag, pk,, using JH and HK; photometry,
as indicated by the subindices. We assumed the extinction
curve Aj/Ay=1.87+0.03 and Ay /Ak, =1.84 £0.03 derived in
Nogueras-Lara et al. (2020b). We computed associated uncer-
tainty maps using a Jackknife algorithm, estimating the extinc-
tion variation for a given pixel and systematically leaving out
each of the stars used for its extinction calculation (for fur-
ther details see Sect.7 in Nogueras-Lara et al. 2018a). The
systematic uncertainties were estimated by analysing the fluc-
tuations of the extinction maps when varying the quantities
involved in their calculation within their uncertainties. These are:
Aj/Ay = 1.87+£0.03 and Ay /Ak, = 1.84 £0.03 (depending on
the computed map), the ZP photometric uncertainty of the GNS
data (0.04 mag for JHK,) Nogueras-Lara et al. 2019a), and the
intrinsic colours JH and HK, for RC stars and their associated
uncertainties.

3.1. Intrinsic colour of red clump stars

The reference stars used to compute the extinction maps are
mainly RC stars with a fraction of other red giant stars (red giant
branch bump, RGBB, stars among others, e.g. Nogueras-Lara
et al. 2018b), whose intrinsic colours are very similar. Therefore,
we computed their intrinsic colours (J — H)y and (H — K)o using
RC stars as a reference. We estimated these intrinsic colours and
their uncertainties with three independent methods:

(1) We selected stars in the RC features from the synthetic
model created in Appendix A.l for the NSD and estimated aver-
age intrinsic colours (J — H)g = 0.57 £ 0.04 mag and (H — K)o =
0.11 £ 0.01, where the uncertainties correspond to the standard
deviation of the measurements.

(2) We used the values (J/ — H)y = 0.47 mag and (H — K)o =
0.09 mag computed following the method described in Sect. 3.2
of Nogueras-Lara et al. (2020b), using a Kurucz stellar model
(Kurucz 1993) for a RC star (effective temperature of 4750K,
twice solar metallicity, and log g = +2.5) and the corresponding
HAWK-I filters.

(3) Finally, we used the recent observational results (J —
H)y = 0.52+0.04 mag and (H — K)o = 0.10 +£0.03 mag from
Table 3 in Plevne et al. (2020), obtained for metal rich RC
stars. The metallicity of the used metal rich RC stars is slightly
slower than that expected for the GC (e.g. Feldmeier-Krause
et al. 2017; Schultheis et al. 2019; Nogueras-Lara et al. 2020a),
but is appropriate to obtain an estimation of the intrinsic colours
by comparing the values with the previous ones.

We combined the previous values and estimated the uncer-
tainties using the standard deviation of the distributions. The
results are (J — H)g = 0.52+0.04mag and (H — K)o =
0.10+0.01 mag.

3.2. Extinction layers

Building an extinction map involves the simplification of an
actual tridimensional structure into a 2D map that corrects for
extinction. In the GC, where the differential extinction is extreme
and significantly varies along the line of sight (e.g. Nishiyama
et al. 2006, 2009b; Nogueras-Lara et al. 2018a), this is even more
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complex. Moreover, the steep rise of extinction towards short
wavelengths in the NIR (>5 mag higher in J than in K;) implies
that the number of stars detected is significantly lower in J than
in H and K, (~20% of the stars were detected in J; ~65%, in H;
and ~90%, in K;, Nogueras-Lara et al. 2019a). Therefore, the
catalogue reaches stars in H and K| that are too extinguished to
be detected in J.

In order to create extinction maps to de-redden the photome-
try in a consistent way, we decided to take a two-layers approach
that allowed us to account for the variation of the extinction
along a given line of sight and also to avoid over-corrections in
the case of the J band. The two layers defined do not necessar-
ily correspond to real extinction screens but are more related to
the incompleteness of the J band and the robustness of the de-
reddening of the stellar population. In this way, and given that
the stars used to create the extinction maps mainly correspond to
the NSD (see Sect. 2.2), both extinction layers are expected to lie
at the same distance. The difference in extinction and obscuring
material is then due to the extreme differential extinction and the
‘granularity’ characterising the NSD and the CMZ (e.g. Gosling
et al. 2006).

The first layer of extinction is defined considering the stars
detected in all three bands (JHKj), whereas the second one is
based on the stars that are not detected in the J band. The colour
cut to distinguish the first and the second extinction layers in the
CMD K; versus H — K was chosen using the HK counterparts
of stars detected in the J band. In this way, we plotted those stars
in the CMD K| versus H — K and defined the cut for the second
layer (see Fig.2). Given the lower completeness of the J band
and the intrinsic scatter of the data, not all the stars belonging to
the first layer in the CMD K versus H — K exactly correspond
to the stars in the same layer in CMD H versus J — H. Because
of the steep extinction curve, completeness is a strong function
of wavelength. This results in more stars belonging to the first
layer detected towards faint magnitudes for the CMD K versus
H — K. For the Central region in particular, around two times
more stars are included in the first layer for the CMD K versus
H — K, than for the H versus J — H one.

For the first layer we computed four extinction maps. Using
the ratio A;/Ay and the JH photometry, we created a J- and
an H-map. Using the Ay /A, and the HK photometry, we cre-
ated an H- and a K -map. For the second layer we computed two
extinction maps, corresponding to the H and K bands, using the
extinction ratio Ay /Ak,.

The reference stars to create each of the layers were selected
in the CMDs K| versus H — K (for each region), given that the
vast majority of stars within the two layers are present there. For
the first extinction layer, we considered all the stars observed in
the J band that have a counterpart in H and K. To select the
limit between both layers, we considered the cut where the stars
are observed in all three bands or only in H and K;. Figure 2
shows each of the established divisions that are depicted by the
black dashed rectangles. The lower K cut of the selected stars
for the second layer is fainter given that the extinction is higher
here, producing redder stars with fainter K; magnitudes.

The situation is simpler for the regions belonging to the inner
bulge (I B S and I B N), and a single-layer approach is sufficient.
This is due to the lower crowding and extinction, together with
the less significant differential extinction (e.g. Nogueras-Lara
et al. 2018b, 2020b).

3.3. Results

Figure 3 shows the Ax, maps and their associated uncertain-
ties obtained for the Central region of the GNS survey, as an
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Fig. 3. Extinction maps Ag; (first column) and associated uncertainties (second column) for the Central region of the GALACTINUCLEUS survey.
The scales are different for each panel according to the values of the maps and they are indicated by the colour bar. The dashed rectangles on the
upper panels indicate a region where no J-band data were available due to bad data quality (for further details, see Nogueras-Lara et al. 2019a).
White regions indicate that there were not enough stars to assign a value. Lower panel: false colour image using JHK; bands. The dashed white
lines indicate dark clouds that can be identified in the extinction map corresponding to the second layer.

example. The last panel of the figure shows the false colour
(JHK,) image of the analysed region, where it is possible to
establish some correlation between the extinction maps and the
dark regions in the image where the stellar density is lower.
This correlation is much stronger for the second reddening layer,
given that the first one correspond to stars whose extinction
is lower. On the other hand, there is also some correlation
between both extinction layers as it is not possible to com-
pletely distinguish stellar populations without any overlap (e.g.
Nogueras-Lara et al. 2018a). The error maps show relatively con-
stant uncertainties that are somewhat larger in regions where
there are stars that might have different extinctions and are close
in projection.

We observed the strong variations caused by the differential
extinction in both layers; they are more significant and vary on
smaller scales for the second extinction layer. This is in agree-
ment with the variations found for the central pointing of the
GNS survey by Nogueras-Lara et al. (2018a) and corresponds to
the high level of complex structure or ’granularity’ observed by
Gosling et al. (2006), associated to extinction variations with a
characteristic scale of 5-15".

All the maps obtained for the GNS regions are made publicly
available at the Centre de Données astronomiques de Strasbourg
(CDS). Table 1 indicates the main properties of the computed

maps. We computed the uncertainties for each of the maps and
ended up with statistical and systematic uncertainties <5% and
<6%, respectively. We also computed the average extinction for
the stars in each layer and its variation for a given band via its
standard deviation (Table 1).

The maps for the Central region and the IBN include signif-
icant gaps (see Fig. 3 for the Central region), given that two of
the pointings that form part of these regions were observed under
very bad weather conditions and were therefore not included in
the GALACTINUCLEUS catalogue.

4. Quality of the extinction maps and extinction
curve assessment

Since we created two independent extinctions maps Ay for the
first extinction layer, we could compare them with each other to
assess their reliability as well as the consistency of the extinc-
tion curve that we had assumed. Figure 4 shows both maps for
the Central region. Qualitatively, they share the main extinction
features without important disagreement within the uncertain-
ties (dAy ~0.20 mag, estimated by propagating the statistical
and systematics uncertainties in Table 1). Moreover, we com-
puted the average extinction obtained for the stars corresponding
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Table 1. Properties of the extinction maps obtained for the Central region.

Regions  Band A, oA, AqaAr  AgysiAd
(mag)  (mag) (mag) (mag)

J! 5.80 0.49 0.21 0.19

H' 3.10 0.26 0.11 0.13

Central H' 3.35 0.26 0.12 0.14

Ksl 1.82 0.14 0.06 0.10

H? 4.89 0.44 0.19 0.15

K2 266 024 010 01l

Regions Band A, oA, AqaAr  AgysAy | Regions — Layer A, TAL AvaAr AgysAg
(mag)  (mag) (mag) (mag) (mag) (mag) (mag) (mag)
J' 583 0.40 0.18 0.18 J! 553 044 020 0.18
H! 3.12 0.21 0.10 0.13 H! 2.96 0.24 0.11 0.13
NSDE H' 3.40 0.18 0.10 0.14 NSD W H! 3.46 0.18 0.10 0.14
K; 1.85 0.10 0.05 0.10 Kél 1.88 0.10 0.05 0.09
H? 4.82 0.37 0.22 0.15 H? 4.74 0.39 0.20 0.15
K2 262 020 012 0.1l K2 258 021 01l 0l

J! 4.63 0.39 0.14 0.17 J! 4.36 0.25 0.10 0.17
H! 2.47 0.21 0.08 0.12 H! 2.33 0.13 0.06 0.11
TE H! 2.76 0.16 0.08 0.14 TW H! 2.51 0.13 0.06 0.13
K: 1.50 0.09 0.04 0.09 K} 1.36 0.07 0.03 0.08
H? 3.59 0.12 0.10 0.14 H? 3.18 0.06 0.05 0.14
Kf. 1.95 0.06 0.05 0.10 Kf 1.73 0.03 0.03 0.09
J! 3.89 0.40 0.11 0.16 J! 4.67 0.35 0.11 0.17
IBN H! 2.08 0.21 0.06 0.10 IBS H! 2.50 0.19 0.06 0.12
H! 2.17 0.22 0.06 0.13 H! 2.74 0.19 0.06 0.14
K! 1.18 0.12 0.03 0.08 K! 1.49 0.11 0.04 0.09

Notes. The super-indices 1 and 2 indicate the first and the second extinction layer, respectively. The mean extinction for the stars corresponding
to each extinction map is indicated by A,. The associated standard deviation, oA, shows the variation of the extinction within a layer for a given
band. The symbols A, A, and ASySlA , indicate the average statistical uncertainty computed using a Jackknife algorithm for a given band and layer,
and the systematic uncertainty of the corresponding extinction map, respectively. In all the cases the first H' corresponds to the extinction layer
obtained using the JH bands, whereas the second one was computed using HK. The results obtained for NSD W are less reliable due to bad data

quality caused by bad weather conditions.

-28°40'00" n
%”&" 39
‘> 36
22'00" v :
X 33
5 B
8 avoor | -
g o 2.7 <
g » ) 24
y 3B 3 b s .
2 se00") -« g
o T o 2.1
N L e ‘;\«;&: o~
2 T & A 1.8
48'00" % q‘_a‘)': P “Kj-""n -0, % S
15
45s 30s 15s 46mO00s 45s  17h45m30s
RA (J2000)
-28°40'00" . y 43
- T R Nv? a0
22'00" E 3.7
= 3.4
8
S 44'00"], 31 :
5 2.8
9 .
2 46'00" Sl 25
22
48'00" A 7 & 1.9
45s 30s 15s 46mO00s 45s  17h45m30s
RA (J2000)

Fig. 4. Extinction maps, Ay, corresponding to the first extinction layer
of the Central region, computed using JH (upper panel) and HK bands
(lower panel).

A133, page 6 of 16

to each map (Table2) and concluded that the values agree
within the uncertainties. The only exception is the NSD W
region where the lower than average quality of the data for
this field (see Table A.3. in Nogueras-Lara et al. 2019a) makes
the results unreliable. In general, we observed some tendency
towards larger values for the mean extinctions computed by
using the HK; bands (so we used slightly different scales for
each map in Fig. 2). We believe that a possible variation of the
ZP, within the systematic uncertainties (~0.04 mag in all three
bands, Nogueras-Lara et al. 2019a), might explain this system-
atic variation. In particular, considering the mean Ay values
obtained for the Central region (Table 2) and assuming that the
ZP is shifted +0.04 mag for J and K and —0.04 mag for H, would
reduce the obtained difference of Ay, yk, — An, yu = 0.25 mag to
AH, HK, — AH, JH ™~ 0.02 mag.

5. Comparison with previous work
5.1. Previous 2D extinction maps

Previous extinction maps for the GC region were limited to the
photometric surveys covering this region. In this way, they are
normally affected by low photometric completeness that impedes
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Table 2. Average extinction Ay for the first extinction layer A},.

Regions AH, JH AH, HK,

(mag) (mag)
Central 3.10+0.17 3.35+0.18
NSDE 3.12+0.16 3.40+0.17
NSDW 296+0.17 3.46+0.17
TE 247+£0.14 2.76+0.16
TW 233+0.14 251+0.14
IBN 208+0.12 217+0.14
IBS 250013 2.74+0.15

Notes. The symbols Ay ;5 and Ay, gk, indicate whether the Ay values
correspond to the extinction map created using the photometric bands
JH or HK.

a good coverage of the RC feature. In particular, Schultheis et al.
(1999, 2009) used the Deep Near-Infrared Survey of the south-
ern sky (DENIS) survey and Spitzer data to obtain extinction
maps with resolutions ~2’. In spite of the very different reso-
lutions (~3” for the extinction maps computed in this paper),
we compared the extinction map obtained in Schultheis et al.
(2009) with our results. We used all the stars in the Central
region of the GNS survey and obtained their associated extinc-
tion using the combined extinction map from Schultheis et al.
(2009) (see their Sect. 3.2 for further details). Averaging over the
obtained values, we ended up with Ag, = 2.74 + 0.72 mag, where
the uncertainty corresponds to the standard deviation of the
distribution. We used the same stars and also computed the asso-
ciated extinction using our two-layers approach. We obtained
a mean value of Ag, = 2.30+0.46 mag, where the uncertainty
was estimated via the standard deviation of the measurements.
The somewhat larger value obtained when using the extinc-
tion map from Schultheis et al. (2009) can be explained due
to the different extinction curve used to compute the extinction
(Glass 1999). Converting the extinction value using the extinc-
tion curve by Nogueras-Lara et al. (2020b) gives a value of
Ak, = 2.29+0.60 mag, which perfectly agrees with our result
within the uncertainties.

More recently, the use of the VVV survey (Minniti et al.
2010; Saito et al. 2012) improved the situation and allowed us
to use RC stars to obtain high resolution extinction maps (~2")
for the whole Galactic bulge. Nevertheless, the high crowding
for the GC region limits the detection of stars with the VVV
survey (see Fig. 12 in Nogueras-Lara et al. 2019a), so the associ-
ated extinction map does not prove adequate to de-redden the GC
stellar population. In spite of it, we attempted to use the extinc-
tion map computed by Gonzalez et al. (2012) using the VVV
survey. We used the BEAM' (Bulge Extinction And Metallic-
ity) calculator and a selection of ~1% of the stars in the Central
region of the GNS survey (~20000 stars). We could not use
more stars due to the limit on the number of stars to compute
the extinction using the BEAM calculator. Given the limitations
of the VVV survey for the very central region of the Galaxy,
the extinction was computed for only ~60% of the total num-
ber of stars. We used the extinction curves by Nishiyama et al.
(2009a) and Cardelli et al. (1989) and obtained Ax, = 2.18 £0.24
and Ak, = 2.85 +£0.31 mag, respectively. The uncertainties were
estimated as the standard deviation of the distributions. The
significantly different values obtained illustrate how different
extinction curves influence the determination of the absolute

I https://www.oagonzalez.net/beam-calculator

extinction (e.g. Nogueras-Lara et al. 2019b). To better com-
pare the results with the work presented here, we translated
these values into Ag, = 1.69+0.18 mag using the extinction
ratio A;/Ak, = 3.44 obtained in Nogueras-Lara et al. (2020b).
This is in good agreement with the value Ag, = 1.82 +0.14 mag
obtained in Table 1 for the first extinction layer. This lower
extinction, which only reaches the first extinction layer as defined
in this paper, is not surprising given the limiting magnitude when
using aperture photometry from the VVV survey and RC stars to
compute the extinction in the NSD (see Fig. 12 in Nogueras-Lara
et al. 2019a).

Dedicated high-angular-resolution observations for par-
ticular GC regions make the situation different for small
interesting regions like the nuclear star cluster. In this way, using
NACO (NAOS-CONICA) data, Schodel et al. (2010) obtained
a high resolution extinction map, ~1-2", for a region with a
radius ~20” centred on Sagittarius A*. The mean extinction
towards the central parsec around Sgr A* was estimated to be
Ak, =2.54+£0.12mag (Schodel et al. 2010). To compare this
value with our results, we considered stars in a radius of ~13”
and estimated their extinction combining the first and the second
extinction layers defined in this paper. We obtained a mean value
of Ag, =2.40+0.28 mag, in good agreement with the previous
value.

5.2. Comparison with 3D extinction maps

We aimed to compare our extinction maps with more general
3D extinction maps, in spite of their different resolutions and
depths. In this way, this comparison is limited by their typical
angular resolution of several arcminutes and by the sensitivities
of the surveys used (see Sect. 1 in Schultheis et al. 2009). This
implies that some 3D extinction maps, like the one derived by
Marshall et al. (2006), are limited by relatively low extinctions
(Ay ~ 25 mag) and by the underlying models used to build them
(e.g. Drimmel et al. 2003). Therefore, they cannot be directly
compared with our results.

On the other hand, we used the more recent 3D extinction
map obtained by Chen et al. (2013), whose extinction values
for the inner bulge and the central region appear to be in agree-
ment with deeper 2D studies (see Sect. 5.3 in Chen et al. 2013).
The extinction map is presented at a resolution of 15" x 15’ for
six different combinations of colours in distance bins of 1 kpc.
We chose the lines of sight towards the Central region of the
GNS survey and computed average values of the colour excesses
E(J-K)=3.99+0.23mag and E(J — K) = 1.34 +0.12 mag, at
the GC distance of ~8 kpc. The uncertainties correspond to the
standard deviation of the values obtained for the different lines
of sight. Using the extinction curve obtained by Nogueras-Lara
et al. (2020b), we transformed the colour excesses and obtained
Ak, jk, = 1.64 £0.09 mag, and Ak, gk, = 1.59 £0.14 mag. The
subindices indicate the used colour excess. These values are in
agreement with Ax, = 1.82+0.14 obtained in Table 1 for the
first layer of the Central GNS region, where the uncertainty
corresponds to the standard deviation of the extinction values.
We adopted the first layer for comparison due to the limita-
tions imposed by the Two Micron All Sky Survey (2MASS) and
the Galactic Legacy Infrared Midplane Survey Extraordinaire II
(GLIMPSE-II) used to compute the 3D extinction maps.

5.3. Previous work using the GNS survey

We also compared our results with previous work carried out
using the GNS survey, which calculated average extinction
values for different regions:
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Fig. 5. Colour-magnitude diagrams before and after the application of the extinction maps to the Central region of the GNS survey. The red and
black dots correspond to the original and the de-reddened CMDs, respectively. Only a fraction of stars are plotted given the high number of sources.
The labels above each panel indicate the corresponding extinction layer. The green line depicts a Parsec isochrone of ~10 Gyr with twice solar
metallicity. The blue and green error bars indicate the systematic uncertainties of the de-reddening and the ZP, respectively.

(1) Nogueras-Lara et al. (2018a) obtained Ax, = 1.86=+
0.10mag for pointing #1 of the GNS survey (see Fig. 2 of
Nogueras-Lara et al. 2019a). The value was computed using
stars detected in JHK (analogous to the first extinction layer
presented here) and the extinction index a,ypg, = 2.30+£0.08
(Nogueras-Lara et al. 2018a).

(2) Nogueras-Lara et al. (2018b) computed Agx, = 1.14+
0.09 mag and Ak, =1.39 + 0.09 mag for pointings #B1 and #B2
from the inner bulge regions I B N and I B S, respectively, where
the uncertainties correspond to the systematics.

We found that the average values agree well within
the uncertainties with the extinction values presented in
Table 1 for the Central region (Ag, =1.82+0.12 mag),
the IBN (Ag, =1.18 £0.09 mag), and the IBS (Ag, =149+
0.10 mag). The uncertainties were obtained propagating the sta-
tistical and systematic uncertainties of the average extinction
values.

6. De-reddening

We de-reddened the GNS photometry using the two-layers
approach described previously, and obtained a catalogue of
de-reddened sources.

6.1. Results

We excluded the foreground population and assigned each star
to its corresponding extinction layer following the criterion
explained in Sect. 3.2, as indicated in Fig.2. For each band
and layer, we obtained de-reddened photometry independently
applying the obtained extinction maps.

For stars in the first extinction layer, we applied the extinc-
tion maps A, ;g and Ay, jy, (obtained using JH bands, as the
subindices indicate), and Ay, gk, and Ak, mk,, (obtained using
HK bands). The result for each star is an associated de-reddened
value for J and K photometry, and two de-reddened values for
the H band, corresponding to the extinction maps computed
using either JH or HK photometry.
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For stars in the second layer, we applied the second layer
extinction maps Ay and Ag,, and computed the de-reddened
photometry for the H and K, bands.

The results obtained for the Central region are shown in
Fig. 5. The spread of the data points and the width of the standard
distribution of the RC sources is ~2 times lower in the corrected
diagrams. Therefore, the differential extinction is significantly
corrected in all the cases.

We over-plotted a Parsec isochrone (release v1.2S + COL-
IBRI S_35 + PR16, Bressan et al. 2012; Chen et al. 2014, 2015;
Tang et al. 2014; Marigo et al. 2017; Pastorelli et al. 2019) of an
old (~10 Gyr) metal rich (twice solar) stellar population, which
is the dominant stellar population in the NSD (Nogueras-Lara
et al. 2020a), to check that the de-reddening was appropriate. We
observed a deviation of the de-reddened data from the model at
the faint end (K; ~ 15—16 mag) due to the incompleteness of the
data (Nogueras-Lara et al. 2020b). The de-reddened CMDs cor-
responding to the remaining regions are shown in Appendix B
(Figs. B.1 and B.2).

6.2. Catalogue

We created a new version of the GNS catalogue by adding the
results obtained for extinction. We present an independent cata-
logue for each of the regions of the survey in the same way as
we did in Nogueras-Lara et al. (2019a). We followed the scheme
shown in Table 2 of Nogueras-Lara et al. (2019a) and used the
new catalogue corrected for duplications (see Sect. 2.1). For sim-
plicity, we only included the absolute coordinates of each source
(RA, ARA, Dec, and ADec) and omitted the coordinates cor-
responding to the detection of each source in any given band
(they are available in the original catalogue corrected for dupli-
cations). We also included the photometry and the corresponding
uncertainties for all three bands. A value of 99 for the pho-
tometry indicates non-detection for a given source in a given
band.

We added two columns indicating whether a star is detected
as foreground population using the methodology explained in
Sect. 3.2. Since the identification was carried out using the
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Table 3. Fields included in each catalogue.

RA ARA Dec ADec J dJ H dH K dK; Fu Fuk, A} JH dA]/ JH A;., JH dA}., JH A;., HK, dA}., HK, A}(\ HK, dA;(\ HK, Ai, HK, dAi, HK, A;(\ HK, dA%(‘ HK,
° ” ° 7 (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)  (mag)
266.48 0.008 -28.97 0.006 19.110 0.011 15419 0.007 13.568 0.006 -1 -1 5886 0.312 3.147 0.167 3.555 0.119 1.932 0.065 -1.000 -1.000 -1.000 -1.000
266.47 0.007 -28.97 0.008 19.093 0.011 18.090 0.026 16.732 0.013 1 -1 —1000 —1.000 —-1.000 —-1.000 3.517  0.117 1.912 0.063 -1.000 -1.000 -1.000 —1.000
266.48 0.001 -28.97 0.001 19.139 0.019 14.994 0.010 12.848 0.006 -1 -1 nan nan nan nan -1.000 -1.000 -1.000 -1.000 5.875 0.458 3.193 0.249
266.47 0.002 -28.96 0.002 19.161 0.014 17.189 0.016 16.230 0.006 1 1 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1000 -1000 -1.000 -1.000 -1.000 -1.000
266.47 0.008 -28.97 0.008 19.171 0.035 15.830 0.009 14.112 0.006 -1 -1 6.177 0.084 3303 0.045 3.744 0.101 2.035 0.055 -1.000 -1.000 -1.000 -1.000
266.48 0.007 -28.97 0.006 19.151 0.017 17.126 0.009 16.119 0.010 1 1 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000
266.47 0.002 -28.97 0.002 19.183 0.011 15912 0.007 14.267 0.004 -1 -1 5.815 0.229 3110 0.123 3.539 0.092 1.923 0.050 -1.000 -1.000 -1.000 -1.000
266.48 0.007 -28.97 0.008 19.266 0.019 18.190 0.018 17419 0.016 1 1 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000
266.48 0.008 -28.97 0.006 19.156 0.014 15.524 0.008 13.686 0.006 -1 -1 6.057 0311 3239 0.166 3.644 0.065 1.980 0.035 -1.000 -1.000 -1.000 -1.000
266.48 0.003 -28.98 0.003 19.276 0.018 17.000 0.010 15.752 0.009 1 1 =1000 —1.000 —1.000 —1.000 —1.000 -1.000 -1.000 -1.000 -1.000 -1.000 —1.000 —1.000
266.47 0.002 -28.97 0.002 19.232 0.009 14.402 0.008 11.812 0.005 -1 -1 6.038 0.168 3.229 0.090 -1.000 -1.000 -1.000 -1.000 5.455 0.364 2.965 0.198
266.48 0.004 -28.97 0.005 19.261 0.011 17338 0.011 16.372 0.009 1 1 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1000 -1.000 -1.000 -1.000 -1.000
266.47 0.008 -28.96 0.007 19338 0.011 15.593 0.010 13.621 0.006 -1 -1 6.072 0287 3247 0154 3.688 0145 2004 0079 -1.000 -1.000 —1.000 —1.000
266.47 0.007 -28.97 0.006 19.253 0.011 15.648 0.008 13.732 0.007 -1 -1 6368 0.112 3.406 0.060 3.771 0.079 2.049 0.043 -1.000 -1.000 -1.000 -1.000
266.47 0.002 -28.96 0.002 19.235 0.016 15.610 0.008 13.784 0.005 -1 -1 6.550 0.081 3.503 0.043 3.848 0.056 2.091 0.031 -1.000 -1.000 -1.000 -1.000
266.48 0.003 -28.97 0.003 19.221 0.017 15.467 0.008 13.575 0.007 -1 -1 6.645 0154 3554 0.083 3.850 0.087 2092 0047 -1.000 -1.000 -1.000 —1.000
266.47 0.008 -28.97 0.007 19.259 0.033 15.681 0.007 13.736 0.005 -1 -1 5937 0.260 3.175 0.139 3.647 0.128 1.982 0.069 -1.000 -1.000 -1.000 -1.000
266.47 0.014 -28.97 0.012 19.318 0.014 17427 0.017 16.530 0.010 1 1 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1000 -1000 -1.000 -1000 -1.000 -1.000
266.48 0.001 -28.97 0.002 19.369 0.012 14.350 0.006 11.695 0.006 -1 -1 6.642 0177 3552 0.094 -1.000 -1.000 -1.000 -1.000 5.172 0.118 2.811 0.064
266.47 0.003 -28.96 0.004 19.350 0.018 17.516 0.015 16.721 0.015 1 1 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000
26647 0.010 -28.97 0.006 19.403 0.012 16.013 0.006 14270 0.006 -1 -1 6320 0.089 3.380 0.048 3.728 0.098 2.026 0.053 -1.000 -1.000 -1.000 -1.000
266.48 0.003 -28.97 0.003 19.322 0.021 15.029 0.006 12.793 0.006 -1 -1 6309 0.159 3.374 0.085 -1.000 -1.000 -1.000 -1.000 4.877 0.090 2.650 0.049

Notes. Example of the final catalogue. Rows 120-142 correspond to the Central region of the GNS survey. The position and photometry of the
sources were taken from the original catalogue (see Table 2 of Nogueras-Lara et al. 2019a). The right ascension and the declination of the sources
are RA, ARA, Dec, and ADec. The coordinates were rounded to two decimals in this table. The photometry and the associated uncertainties are
indicated by J, dJ, H, dH, K, and dK;. A 99 indicates that there is no detection for a given source. F; indicates whether a source is detected as
foreground population (=1) using the bands specified as a reference (7). A value of -1 refers to a non-foreground population. AS. and dA'j correspond
to the value of the extinction and its associated uncertainty. The subindices i and j are the bands used to compute the extinction maps and the
extinction layer, respectively. A value of —1 indicates that a star does not correspond to a given layer. A value of 0 indicates a star too close to the
borders of the corresponding extinction map. A ‘nan’ value indicates that there is no associated value.

CMDs H versus J — H and K versus H — K, we specified the
detection as foreground population for a given source in these
two diagrams using F;y and Fpg,, respectively. A value of 1
indicates that a source is detected as foreground population,
whereas a value of —1 indicates that the source corresponds to
the target population (GC stars for Central, NSD E, NSD W, T
E, and T W, and inner bulge population for I B S and I B N). Due
to the scatter associated to the photometric uncertainties and the
degeneracies between different populations because of differen-
tial extinction, it is unavoidable that the results for some sources
disagree between F;y and Fyg,. This means that some sources
might be catalogued as foreground using F';y, but are not using
Frk, and vice versa.

We also added six columns corresponding to the extinction
values for each band and layer (Afmn i diagram), and six columns

with the associated uncertainties (Ag diagram). The super-index i

refers to the extinction layer, whereas the subindex band diagram
gives information about the band of the extinction maps and the
photometric bands used to compute the extinction maps from
the reference stars. As it happens to the foreground population,
it might occur that some stars are detected as belonging to the
first layer using a given reference diagram and to the second one
using the other. For instance, a star might belong to the first layer
using JH as a reference, but be identified as from the second one
when using HK. This is due to the intrinsic scatter of the GC
population and cannot be avoided. A value of —1 indicates that a
source does not belong to a given extinction layer. A value of 0
indicates that a source is too close to the edge of the correspond-
ing extinction map and thus the extinction value was not com-
puted. A value of ‘nan’ indicates that there is no associated value
for the extinction map given the low number of reference stars.

The two-layers approach was not necessary in the case of the
inner bulge regions (I B S and I B N), as was explained pre-
viously (see Sect. 3.2 for further details). Therefore, only one
layer is specified (four columns for extinction and four for its
associated uncertainties).

Table 3 shows part of the catalogue obtained for the Central
region as an example. All the catalogues presented in this paper
are made publicly available at the CDS.

7. Limitations of the de-reddening

We studied the limitations of the de-reddening process, giving
the adopted strategy, and its application to different stellar types
analysing possible non-linear effects.

7.1. Extinction layers

Extinction is a 3D phenomenon that needs to be simplified to
be taken into account in an affordable way. The reference stars
used to create the extinction maps are distributed along the
line of sight. Although the distance does not affect the mea-
sured stellar colours directly, the amount of reddening material
towards the stars is a function of their distance. We used the
two-layers approach, dividing the stars by means of a colour
cut in the CMDs. In this way, we avoided mixing reference stars
whose absolute extinctions are too different. This approach can
be generalised to be applied to the whole survey, as explained in
previous sections. It gives reasonably good average values for the
whole stellar population (see Table 1). Nevertheless, it also pro-
duces over- or under- corrections for some of the stars, as shown
by the scatter of the de-reddened CMDs. To correct specific
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regions where the differential extinction is too large, therefore, a
more convenient approach would be to impose constraints on the
colour range to accept reference stars for a given extinction-map
pixel in order to avoid mixing stars with too different extinctions
(see Methods section in Nogueras-Lara et al. 2020a).

The extinction layers that we present here do not necessarily
correspond to independent physical layers. They are the result
of the incompleteness of the J band data and serve as a bound-
ary to avoid computing the extinction maps using stars that are
close in projection but suffer from very different extinctions. We
recommend therefore that de-reddened stars from independent
layers should not be mixed in order to avoid possible system-
atics related to the cuts introduced when defining the layers. In
those cases, the best approach is to create dedicated extinction
maps following the approach described in Nogueras-Lara et al.
(2020a), imposing constraints on the colour differences for the
neighbouring stars to avoid too different extinctions.

The GC is a complex and clumpy region characterised by the
presence of dark clouds that produce strong extinction variations
on arc-second scales (e.g. Launhardt et al. 2002; Nogueras-
Lara et al. 2018a; Battersby et al. 2020). To account for these
variations, we combined a number of reference stars per pixel,
restricting the distance from a given pixel to the reference stars
and introducing the IDW method to weight the stars depend-
ing on their distance to a given pixel. Moreover, the two-layers
approach helps us to avoid the combination of stars with very
different extinctions but close in projection.

7.2. Non-linear effects

There are some non-linear effects, also known as bandwidth
effects, which might affect the extinction correction that we
present here (Jones & Hyland 1980; Straizys & Lazauskaité
2008; Maiz Apelldniz et al. 2020).

One of the most relevant effects is that the extinction is not
linear with the stellar type. We built extinction maps using RC
stars and applied them to the target stars to correct their pho-
tometry. This means that other types of stars, different from the
red giants used as a reference, might be affected by the extinc-
tion in a slightly different way that is not considered in our
correction. To analyse this effect, we computed the extinction
corresponding to the JHK; bands for stars with different tem-
peratures, using the intrinsic and reddened H — K, colours. We
used colours instead of magnitudes because they do not depend
on distance and stellar radius. To compute them, we assumed the
corresponding Kurucz models (Kurucz 1993), the HAWK-I filter
curves (Kissler-Patig et al. 2008), the extinction curve derived
in Nogueras-Lara et al. (2020b), and a monochromatic amount
of extinction of A;¢; = 3.40mag for all of them (Nogueras-
Lara et al. 2020b). In the latter, the subindex 1.61 indicates the
monochromatic wavelength 1.61 um and the selected value cor-
responds to the average extinction to the central region of the
GNS survey following Table 2 in Nogueras-Lara et al. (2020b).

We used Eq. (A.l) to calculate the Ak, values, substituting
the intrinsic and the de-reddened colours previously computed.
Table 4 shows the results. We estimated whether the differences
between stellar types are significant considering an uncertainty
of ~10% for the intrinsic colours (as for RC stars, see Sect. 3.1).
We obtained that there is no significant difference within the
uncertainties for any of the stellar types considered here in com-
parison with RC stars. Moreover, we translated the Ak, values
into Ay and A, extinctions using the ratios Ay /Ag, = 1.84 £0.03
and A;/Ak, = 3.44 £0.08 (Table 4). The difference between val-
ues is larger for shorter wavelengths but the uncertainties also
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Table 4. Extinction for different stellar types considering A;¢; =
3.40 mag.

Stellar Temp. (H-K;)o H-K;, A, Ay Ay
type K mag mag mag mag mag
M21 3500 0.29 1.83 1.83 337 6.30
RC 4750 0.09 1.65 1.86 3.42 6.40
AQV 9500 -0.01 1.57 1.88 3.46 6.47
BOV 30000 -0.09 1.47 1.86 3.40 6.36
O5V 45000 -0.13 1.45 1.88 3.46 6.47

Notes. The associated uncertainties are AAg, ~0.07, AAy ~0.14, and
AA; ~0.28 mag.

grow accordingly (AAgy ~ 0.14 mag and AA; ~ 0.28 mag) when
considering the corresponding extinction ratios. Thus, the effect
is not significant within the uncertainties.

A further small side effect is the influence of the effective
wavelength when using wide-band filters to produce the extinc-
tion maps. The ratios between Ay /Ag, and A;/Ak, that we used
in this paper were computed using RC stars as a reference (see
Nogueras-Lara et al. 2019b, 2020b). In reality, these quantities
would vary for each star depending on its stellar type. To esti-
mate the variation, we computed the effective wavelength for
each of the stellar types in Table4 using the method describe
in Nogueras-Lara et al. (2018a). We then used the equation
Ay A, = (41 /A2)" %2 (Nogueras-Lara et al. 2020b) to estimate
the influence of the effective wavelength variation on the extinc-
tion ratios. Averaging over the values obtained for the used stellar
types, we ended up with A;/Ay = 1.88+0.01 and Ay /Ak, =
1.84 +0.01, where the uncertainties refer to the standard devi-
ation of the distributions. The results fully agree with the
extinction ratios derived in Nogueras-Lara et al. (2020b). There-
fore, we concluded that the effect of the effective wavelength on
the de-reddening is not significant within the uncertainties.

8. De-reddened K; luminosity functions

To check the usefulness of the extinction maps and the de-
reddened catalogues, we performed a preliminary analysis by
building KLFs for each of the regions in the GNS catalogue.
We restricted the analysis to stars from the first extinction
layer (A}g, uk, > 0, as indicated by the super-index), where
the completeness is higher than in the secondary layer, and
the foreground population is excluded (see Fig.2). We obtained
de-reddened KLFs with a completeness larger than 80% at
Ko ~ 14.5 mag (according to the completeness ~80% at K, ~
16.3 mag, computed for the Central region in Nogueras-Lara
et al. 2020b). Only the KLF from the NSD W shows lower com-
pleteness and a significantly lower number of detected stars due
to lower than average data quality for this region (see Table A.3.
in Nogueras-Lara et al. 2019a). Figure 6 shows the correspond-
ing KLFs. The regions used to produce the KLFs are larger than
those used in previous studies by a factor of ~3 for the NSD
regions (Nogueras-Lara et al. 2020a) and ~2 for the innermost
bulge (Nogueras-Lara et al. 2018b). The transition regions had
not been previously studied using the KLFs.

The main features appearing in the KLFs correspond to the
asymptotic giant branch bump (AGBB), the RC, and the red giant
branch bump (RGBB) (see Fig.2 in supplementary material of
Nogueras-Lara et al. 2020a). Analysing the relative fraction of
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Fig. 6. De-reddened KLFs for each of the GNS regions, as indicated
in the legend. (@) NSD regions. (b) Transition regions. (¢) Inner bulge
regions. The uncertainties are estimated as the square root of the number
of stars per bin. The bins are different for each case and were com-
puted using the python function numpy.histogram_bin_edges (Harris
et al. 2020). The RC, AGBB, and the RGBB are indicated in the panels,
where the features are detected. The coloured error bars on the top of
the panels indicate the systematic uncertainty due to the de-reddening
process and the ZP systematics. The green KLF corresponding to the
NSD W suffers from low completeness due to lower than average data
quality. The zoom-in panel indicates the double RC feature associated
with the Central region.

stars between them, it is possible to infer the star formation
history (SFH) of the regions (e.g. Nogueras-Lara et al. 2020a).
A preliminary analysis indicates significant differences
between the KLFs corresponding to the different regions stud-
ied. We observed that the shape of the KLFs varies with latitude,
being similar for regions within the same structure. Namely, the
KLFs corresponding to regions in the NSD, the inner bulge, and
the transition region between the NSD and the bulge present
similar features. This points towards physically different compo-
nents with different SFHs, in agreement with previous work (e.g.
Launhardt et al. 2002; Nishiyama et al. 2013; Nogueras-Lara
et al. 2018b, 2020a; Gallego-Cano et al. 2020). In particular, the
RC feature appears to be thicker for the NSD regions (excluding
the NSD W, whose lower completeness avoids a good coverage

for faint Ky magnitudes), which is probably the result of the pres-
ence of a secondary RC feature due to a star formation event
~1 Gyr ago that was responsible for the formation of ~5% of the
stellar mass (Nogueras-Lara et al. 2020a).

The double RC feature does not appear in the case of the
inner bulge regions, where the RGBB feature is more prominent
(and the AGBB less important), indicating a different SFH domi-
nated by mainly old stars according to previous work on the inner
bulge (Nogueras-Lara et al. 2018b). Moreover, the AGBB is more
prominent in the NSD regions, indicating a larger contribution
of young stars (several hundred million years) to the KLF. On
the other hand, the KLFs corresponding to the transition regions
share characteristics from both, the NSD and the inner bulge
fields, though are more influenced by the latter. Thus, this region
appears as a border between these two different components of
the innermost region of the Galaxy.

9. Conclusions

In this paper we present high-angular-resolution extinction maps
(~3"") for the whole GNS catalogue and de-redden the GNS pho-
tometry by discriminating the foreground population. We make
the maps and the de-reddened catalogues publicly available to
the community.

We identified duplicated sources in the original GNS cata-
logue and corrected them to produce a clean second data release.
We created CMDs with the new data and identified the fore-
ground stellar population via colour cuts in the CMDs H versus
J — H and K; versus H — K;. Given that the J band is more
affected by extinction than the H and K; bands, we defined a
two-layer approach to build extinction maps to de-redden the
data in a consistent way. We used RC and red giant stars of
similar brightness as a reference for the extinction maps and
computed mean intrinsic colours (J — H)y = 0.52+0.04 and
(H — Ky)p = 0.10+0.01, averaging over previous values and
computing new ones using a Parsec synthetic stellar popula-
tion. We obtained mean values for the extinction (A;, Ay, and
Ag,) for all the regions covered by the GNS, de-reddening the
stars belonging to each of the two extinction layers considered
(Table 1).

To check the quality of the extinction maps, we compared our
results with previous values for the analysed regions and found
a good agreement between them. Moreover, we also assessed
the differential extinction correction and computed de-reddened
CMDs. We found that the scatter of the RC features is signifi-
cantly reduced (a factor ~2) after applying the extinction maps.
Finally, we estimated the statistical and systematic uncertainties
for the extinction maps and ended up with values <5% of the
mean extinction in both cases.

The presented extinction maps supersede previous ones for
the innermost regions of the Galaxy because they used the GNS
survey, which constitutes the highest angular resolution photo-
metric survey in the NIR for the innermost regions of the Milky
Way (Nogueras-Lara et al. 2019a). They also comprise the whole
GNS survey covering a region (~6000 pc?), which is approxi-
mately four times larger than previous extinction maps using the
GNS survey.

Given that we computed two Ay extinction maps for the first
extinction layer (using JH and HK; photometry), we assessed
the extinction curve used (Nogueras-Lara et al. 2019b, 2020b)
and compared the mean values obtained for the extinction Ay for
each of the extinction maps. They agree within the uncertainties,
being consistent with the extinction curve given by the ratios
Aj/Ag =1.87+0.03 and Ay /Ak, = 1.84 £0.03.
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We discussed the limitations of the de-reddening process
using the computed extinction maps and, paying special atten-
tion to the complexity of translating a 3D process into two 2D
extinction layers, and we analysed the possible over- or under-
corrections for individual stars. We also discussed non-linear
effects affecting the extinction maps, such as the de-reddening
of different stellar types and the influence of the effective
wavelength when using broad-band filters. We find that these
effects are negligible given the uncertainties of the de-reddening
process.

To check the effectiveness of the extinction correction, we
compared the extinction-map approach with de-reddening on
a star-by-star basis (Appendix A). We did this by simulating a
stellar population according to the one expected for the NSD
(Nogueras-Lara et al. 2020a), also assuming the presence of vari-
able stars. We concluded that the extinction-map approach is
more appropriate to de-redden the stars. In particular, the per-
formance of the extinction maps is significantly better when
considering the influence of variable stars. Moreover, the extinc-
tion maps using RC stars suffer less from systematics effects
associated to the a-priori unknown intrinsic colours of each of
the de-reddened stars. On the other hand, the extinction maps
also allow us to improve the correction for 3D effects because
they used more than a single star close in projection.

Finally, we used the de-reddened stars from the first extinc-
tion layer to build KLFs and compared the stellar populations
and SFHs from the different regions covered by the GNS sur-
vey. We concluded that the regions corresponding to the NSD
present a significantly different KLF in comparison with the
inner bulge regions, pointing towards different stellar popula-
tions and SFHs, in agreement with previous work (Launhardt
et al. 2002; Nishiyama et al. 2013; Nogueras-Lara et al. 2018b,
2020a; Gallego-Cano et al. 2020)..
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Appendix A: De-reddening methods

Extinction can be determined using a star-by-star approach (e.g.
Fritz et al. 2021) or building extinction maps averaging over the
values of several stars close in projection (e.g. Schodel et al.
2010; Nogueras-Lara et al. 2018a, 2020a; Fritz et al. 2021). To
analyse both methods and to obtain the best performance for the
GC, we created a synthetic stellar population of known extinc-
tion to apply both techniques and compare the results using H
and K photometry.

A.1. Synthetic model

We created a synthetic stellar population using Parsec models
(release v1.2S + COLIBRI S_35 + PR16, Bressan et al. 2012;
Chen et al. 2014, 2015; Tang et al. 2014; Marigo et al. 2017,
Pastorelli et al. 2019) and assuming the star formation history
derived in Nogueras-Lara et al. (2020a) for the NSD. Namely, we
assumed single age stellar populations of 12, 1.5, 0.25, 0.1, and
0.05 Gyr, accounting respectively for 91 %, 5 %, 2 %, 1 %, and
1 % of the total mass and twice solar metallicity (e.g. Feldmeier-
Krause et al. 2017; Schultheis et al. 2019; Nogueras-Lara et al.
2020a).

We accounted for variability considering two simple toy
models corresponding to two different scenarios. The first one
assumes that ~ 15% of the stars are variable following the
results of Dong et al. (2017) for a 2.3’ x 2.3’ region centred
on Sagittarius A*. The second one is a more extreme case,
~ 50% of variable stars, based on the results obtained by
Gautam et al. (2019) for the innermost region of the NSC
(~0.4pc). We assumed a mean amplitude of H = 0.25 mag for
the variable stars (see Fig. 9 in Dong et al. 2017). To account for
the variability in K, we transformed the mean amplitude using
Eq.BS5 in Feast et al. (2008). This equation was derived for RR
Lyraes but given that we considered that the observations for dif-
ferent bands were not taken simultaneously, we did not assume
any time correlation between the amplitudes in both bands for
each varying star. Thus, it is a way of considering that a variable
star in H band is also variable in K;, with an amplitude vary-
ing within the limits of the transformation used. In this way, we
used two independent Gaussian distributions with standard devi-
ations equal to the mean amplitude for each band to simulate the
variability. The described approach is independent of the type
of variable stars and does not consider any dependence on the
variability period but on the amplitude.

To simulate the extinction and a realistic distribution of the
stars following the crowding conditions, we used the extinc-
tion map derived in Nogueras-Lara et al. (2020a) and the GNS
catalogue. We selected a region of 1.3’ x 1.3’ and placed the
synthetic stars following the positions of real stars from the sur-
vey and the extinctions corresponding to the map. Given that
too high extinction values are mainly associated with the faint
end of the RC features used to create the original extinction
map, and thus might be associated with data incompleteness,
we removed them to keep a quasi-Gaussian distribution of the
extinctions. The uncertainties for the H and K photometry were
simulated considering a Gaussian distribution with a standard
deviation of 0.05 mag in agreement with the GNS uncertainties
(Nogueras-Lara et al. 2019a).

To simulate the distribution of the stars in the NSD, we
assumed a Gaussian distribution centred on 8 kpc (e.g. Gravity
Collaboration 2018; Do et al. 2019), with a standard distribution
of 150 pc, corresponding to the effective radius of the NSD (e.g.
Nishiyama et al. 2013; Gallego-Cano et al. 2020).
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Fig. A.1. Simulated CMDs K| vs. H — K. Left panel: 15 % of variable
stars. Right panel: 50 % of variable stars. The green dots correspond to
variable stars. The red dashed lines indicate the selected stars to create
the extinction maps.

We kept all the stars with K; < 18.3 mag, corresponding to
the 50 % completeness limit of the GNS survey (Nogueras-Lara
et al. 2020b). Figure A.1 shows the obtained CMDs (K vs. H —
K) for the considered scenarios of variability.

A.2. Comparison between methods

We used two methods to de-redden the synthetic photometry:

— Star by star approach. We used the NICE method (e.g.
Lada et al. 1994; Lombardi & Alves 2001) to de-redden each
star, following the equation

J—i=( =1

A, A, /A1 , (A.l)
where i and j refer to two NIR photometric bands, A; is the
extinction for the i band, and the subindex 0 indicates intrin-
sic colour. We used j = H and i = K, bands and the ratio
Ap[Ak, = 1.84 (Nogueras-Lara et al. 2020b). The intrinsic
colour (H — Kj)g is very similar for different stellar types
and, in particular, for the red giant stars (see Fig. 29 in
Nogueras-Lara et al. 2018a). Moreover, the majority of stars
that can be observed in the GC are red giants, given the SFH
of the NSD and the extreme source crowding that impedes
the observation of main sequence stars (e.g. Nogueras-Lara
et al. 2020a, 2021b). Therefore, we assumed a constant
intrinsic colour for all the stars (H — K)o = 0.1 mag (see Fig.
29 in Nogueras-Lara et al. 2018a). A more refined assig-
nation of intrinsic colour for early type star would require
spectroscopic observations that are normally restricted to
small key regions in the GC given the extreme number of
sources.

— Extinction maps. We applied the approach described in
Nogueras-Lara et al. (2018a,b, 2020a). We used RC stars as a
reference to compute the extinction, given that they are well
distributed across the studied fields. To increase the num-
ber of reference stars, we also added red giant stars, whose
intrinsic colours are similar to RC stars (see Figs. 33 and
34 of Nogueras-Lara et al. 2018a). The extinction for each
reference star was computed using Eq. A.1. We determined
the extinction at each point by computing an inverse distance
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weight (IDW) of the five closest stars within a ~ 7.5” radius
on a grid with ~ 3" spacing, following the equation

n 1
1 =5 U;
i=1 d’_” l
V= ——— ,

. (A2)
Zi:l dlll’

where v is the extinction for a given pixel, d is the dis-
tance between the centre of the pixel and each reference star,
v; refer to the extinction computed for each reference star
following Eq. A.1, and p is the weight factor. We adopted
p = 0.25, which was found to be the best choice in previous
work after exploring the space of p values (Nogueras-Lara
et al. 2018a,b, 2020a).

We did not assign any extinction value ("nan") if less
than five reference stars are within the limiting radius.

To compare both approaches, we computed the difference
between the real extinction and the one measured from the simu-
lations for each star (AAg, = Ak, initial — Ak, recovered)- Figure A2
shows the distributions for the considered variability scenarios
(15 % and 50 % of variable stars). We computed the mean and
the standard deviation of the distributions. We concluded that
the extinction map method performs better because it suppresses
uncertainties since it takes the IDW of several stars at each point
and because only stars with known intrinsic colours are used to
compute the map. Therefore, the extinction map method is not
affected by the presence of variable stars that cause the pres-
ence of tails in the AAg, distributions when using the star-by-star
approach. To decrease the influence of the tails and check the
performance of each method, we also applied a Gaussian fit to
each of the AAg, distributions and ended up with a larger stan-
dard deviation for the star-by-star case (~ 30 % and ~ 50 % larger
for the case of 15 % and 50 % of variable stars, respectively).

Moreover, we observed that the extinction-map approach
shows lower mean differences between the initial values and
the recovered ones. This is due to the lack of information on
the spectral type of the star when applying the star-by-star de-
reddening. In this sense, we also analysed the influence of the
stellar temperature on the AAg, distributions. Figure A.3 shows
that the extinction map approach works significantly better for
stars with temperatures between 2500 and 6500 K (~ 60 % of the
total number of stars), whereas the star-by-star approach does not
show any significant difference when comparing different stellar
temperatures and is, in general, inferior to the extinction-map
approach.

We concluded that the extinction map approach seems to be
more appropriate, in particular when dealing with a significant
fraction of variable stars. Our simple models only consider vari-
ability within an amplitude range like the one shown in Fig. 9 in
Dong et al. (2017). The inclusion of stars with larger variations
would reinforce the usefulness of the extinction map approach to
deal with these kind of sources.

Appendix B: De-reddened CMDs
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Fig. A.2. Comparison between initial extinction and recovered one
using the extinction map (upper panels) and the star-by-star approach
(lower panels). Left and right columns correspond to 15 % and 50 %
of variable stars, respectively. The red arrows indicate the tails associ-
ated with variable stars for the star-by-star approach. The mean and the
standard deviations of the distributions are indicated for each case.
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Fig. A.3. Stellar temperature effect on AAg,. The upper and lower pan-
els correspond to the extinction map and the star-by-star approach,
respectively. The legend indicates the different temperature ranges
considered: T1 =2500-6500 K, T2 = 6500-10,500 K, and T3 = 10,500-
14,500 K. The mean and standard deviations of the distributions are
included for each panel.
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Fig. B.1. Colour-magnitude diagrams before and after the application of the extinction maps for the NSD E, NSD W, T E, and TW. The red and
black dots are the original and the de-reddened CMDs, respectively. Only a fraction of stars are plotted given the high number of sources. The labels
above each panel indicate the corresponding extinction layer. The green line depicts a Parsec isochrone of ~ 10 Gyr with twice solar metallicity.
The blue and green error bars indicate the systematic uncertainties of the de-reddening and the ZP, respectively.

A133, page 15 of 16



A&A 653, A133 (2021)

I1BS First layer JH First layer HKs

10
12
14

@1 16

18

53 4 5 0% 2 3
IBN H
10
12
14
T v
16
18
472 3 4 5 X6 1T 3 3
J-H H-Ks

Fig. B.2. Colour-magnitude diagrams before and after the application of
the extinction maps for the I B S and I B N. The red and black dots are
the original and the de-reddened CMDs, respectively. Only a fraction
of stars are plotted given the high number of sources. The labels above
each panel indicate the corresponding extinction layer. The green line
depicts a Parsec isochrone of ~ 10 Gyr with twice solar metallicity. The
blue and green error bars indicate the systematic uncertainties of the
de-reddening and the ZP, respectively.
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