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ABSTRACT

Context. Although there have been numerous studies of chemical abundances in the Galactic bulge, the central two degrees have been
relatively unexplored due to the heavy and variable interstellar extinction, extreme stellar crowding, and the presence of complex
foreground disk stellar populations.

Aims. In this paper we discuss the metallicity distribution function, vertical and radial gradients, and chemical abundances of
a-elements in the inner two degrees of the Milky Way, as obtained by recent IR spectroscopic surveys.

Methods. We used a compilation of recent measurements of metallicities and @-element abundances derived from medium-high res-
olution spectroscopy. We compare these metallicities with low-resolution studies.

Results. Defining “metal-rich” as stars with [Fe/H] > 0, and “metal-poor” as stars with [Fe/H] < 0, we find compelling evidence
for a higher fraction (~80%) of metal-rich stars in the Galactic Center (GC) compared to the values (50-60%) measured in the low
latitude fields within the innermost 600 pc. The high fraction of metal-rich stars in the GC region implies a very high mean metallic-
ity of +0.2 dex, while in the inner 600 pc of the bulge the mean metallicity is rather homogenous around the solar value. A vertical
metallicity gradient of —0.27 dex kpc™! in the inner 600 pc is only measured if the GC is included, otherwise the distribution is about
flat and consistent with no vertical gradient.

Conclusions. In addition to its high stellar density, the Galactic center/nuclear star cluster is also extreme in hosting high stellar abun-
dances, compared to the surrounding inner bulge stellar populations; this has implications for formation scenarios and strengthens the

case for the nuclear star cluster being a distinct stellar system.

Key words. Galaxy: bulge — Galaxy: center — Galaxy: stellar content — stars: fundamental parameters — stars: abundances —

infrared: stars

1. Introduction

The era of large spectroscopic surveys has strengthened the case
that the central regions of the galaxy are dominated by an old
metal-rich bulge/bar stellar population that is distinct in forma-
tion history from the thin disk (see e.g., the reviews of Rich
2013; Origlia 2014, and Barbuy et al. 2018). The vast majority
of these studies have been done at optical wavelengths (<1 ym)
and in regions of relatively low interstellar extinction at b < —2°,
such as the well-known Baade’s window (BW), although recent
efforts have probed the bulge closer to the plane (Zoccali et al.
2017; Trapp et al. 2018). In these regions, due to the large-
and high-variable interstellar extinction (see e.g., Gonzalez et al.
2012; Schultheis et al. 2014; Nogueras-Lara et al. 2018a), obser-
vations are limited to the near-infrared and longer wavelengths.
With the recent development of high-resolution IR spectro-
graphs, it is now possible to get detailed chemical abun-
dances of giant stars in the inner Galactic bulge, although cool
giants (with substantial molecular lines) remain a challenge

for abundance analysis. We define here the inner Galactic
bulge with || < 10°,]b| < 3° assuming a distance to the Galac-
tic Center (GC) of 8.2kpc (Karim & Mamajek 2017)'. Early
high-resolution IR spectroscopy commenced with the Near
Infrared Spectrometer (NIRSPEC) on Keck II (Rich et al. 2007,
2012), and then on larger samples with the Apache Point
Observatory Galaxy Evolution Experiment (APOGEE) survey
(Majewski et al. 2017). As was the case in the earlier studies
with NIRSPEC, APOGEE works in the H-band where extinc-
tion can still be significant (Ay /Ay ~ 6), especially in the inner
degree where it reaches extreme values (see e.g., Schultheis et al.
2009; Fritz et al. 2011; Nogueras-Lara et al. 2018a). K-band
spectroscopy (Ay/Ag ~ 10) of M giants is thus the most efficient
way to measure detailed chemical signatures in the innermost
regions (see e.g., Cunha et al. 2007; Ryde & Schultheis 2015;
Nandakumar et al. 2018). Figure 1 shows a view of the different

' 1 degree corresponds to 145 pc.
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Fig. 1. Location of target fields from spectroscopic studies in inner bulge. The data is superimposed on the interstellar extinction map of
Gonzalez et al. (2012). The dashed lines denote an angular radius of 1, 2, and 3 degrees from the Galactic Center, respectively.

studies obtained in the inner Galactic bulge superimposed to the
extinction map of Gonzalez et al. (2012).

In the central 5 pc, the stellar population is dominated by the
nuclear star cluster, which hosts a wide range of stellar ages and
metallicities, even including young massive stars (Genzel et al.
2010). Nuclear star clusters (NSCs) are in general the most
dense stellar systems in the universe, with masses of 107 M,
and typical sizes of ~5pc (see Neumayer 2017). The NSC of
the Milky Way has an estimated half-light radius of 4.2 + 0.4 pc
(Schodel et al. 2014) and a mass of 2 x 107 M, (Fritz et al.
2016; Feldmeier et al. 2014), and it also hosts the supermas-
sive black hole, SgrA*. Its formation mechanism is still under
debate. Two main scenarios have been proposed: (i) stars have
formed in situ in the center of the Milky Way (e.g., Seth et al.
2008; Milosavljevi¢ 2004; Pflamm-Altenburg & Kroupa 2009);
and (ii) star clusters have migrated from a larger distance (e.g.,
Tremaine et al. 1975; Capuzzo-Dolcetta 1993; Antonini 2013,
Gnedin et al. 2014). The metallicity distribution function, as
well as detailed chemical abundances, are important constraints
on the formation history of the NSC and inner bulge close to
the Galactic plane. In the NSC, the cool stars amenable to abun-
dance determination can run the gamut from red supergiants sev-
eral Myr old, to red giants ¢ > 10 Gyr old. Carr et al. (2000) and
Ramirez et al. (2000a) carried out detailed abundance analysis
using high-resolution IR spectra (R ~ 40000) and estimated
a mean metallicity of +0.12 + 0.22 dex for ten cool luminous
supergiant stars in the GC. The same stars were remeasured
by Cunha et al. (2007) with a slightly higher resolution (R ~
50000) and they estimated a similar mean metallicity. However,
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red supergiant stars have complex stellar atmospheres that are
challenging to model and the analysis of such spectra is there-
fore nontrivial (see e.g., Cunha & Smith 2006). Ramirez et al.
(2000a) determined, for the first time, metallicities of M giant
stars in bulge fields along the minor axis using low-resolution
(R ~ 1300-4800) spectra. They determined metallicities based
on the equivalent widths of three strong features in their K-band
spectra, namely Nal, Cal, and the first overtone band of CO.
They did not find any evidence for a metallicity gradient along
the minor or major axes in the inner bulge (Rgc < 560 pc).

Rich et al. (2007) did one of the first detailed abundance
determination from high-resolution IR spectroscopy with NIR-
SPEC (McLean 2005) at Keck II, by analysing 17 M giants
located at (,b) = (0°,—1°). They found a mean iron abun-
dance of [Fe/H] = —0.22 with a 1o dispersion of 0.14 dex. Later
on, Rich et al. (2012) carried out a consistent analysis of 30 M
giants at (I,b) = (0,—-1°75) and (1°, -2°75) that were observed
with the same instrument and estimated mean iron abundances
of —0.16 + 0.12dex and —0.21 + 0.08 dex, respectively. These
authors also combined their analysis of 14 M giants in BW (/ =
1202, b = —3993) using the same instrument and Rich & Origlia
(2005) found no gradient in abundance nor [a/Fe] in the inner-
most 150 pc to 600 pc region. Babusiaux et al. (2014) deter-
mined metallicities for ~100 red clump (RC) stars at (I,b) =
(0°, +1°) using low-resolution optical spectra (R ~ 6500) and
found a mean metallicity very similar to that of Ramirez et al.
(2000b) and Richetal. (2007) at (I,b) = (0°,—-1°), sug-
gesting symmetry between northern and southern inner bulge
fields.


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935772&pdf_id=1
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Schultheis et al. (2015) analysed APOGEE spectra of cool
M giants in the inner degree, finding a significant presence of a
metal-poor population enhanced in a-elements. However, inter-
stellar extinction limited APOGEE observations near the GC,
and only some red supergiants and luminous asymptotic giant
branch stars (see Schultheis et al. 2015) could be measured.

Do et al. (2015) derived metallicities for about 80 M giants
in the NSC observed at low resolution (R =~ 5000) with Gemini-
North’s Near-Infrared Integral Field Spectrometer (NIFS). Their
Bayesian analysis reported a wide range in derived metallici-
ties, extending to +0.96 dex, and with 6% of their sample having
[Fe/H] < —0.5. However, their abundances can be considered to
be only estimates, as they also reported logg > 3 for most of
their sample.

Feldmeier-Krause et al. (2017) used a method similar to
Do etal. (2015), reporting approximate metallicities for 700
M giants in the vicintiy of the NSC, using VLT-KMOS spec-
troscopy at R = 4000. They also reported a suprasolar metallic-
ity and a metal poor fraction similar to that of Do et al. (2015).
Nogueras-Lara et al. (2018b) used a purely photometric result
and fitted luminosity functions to their deep photometric data
in the inner bulge with o —enhanced BASTI isochrones and
found that an old stellar population with Z = 0.04 giving a
[Fe/H] = 0.18 dex provides the best fit.

One of the first detailed abundance analyses in the GC
using K-band, high-resolution the CRyogenic high-resolution
InfraRed Echelle Spectrograph (CRIRES) at the ESO Very Large
Telescope (VLT) spectra were obtained by Ryde & Schultheis
(2015). They analyzed spectra of nine field giants in the vicin-
ity of the NSC, finding a narrow metallicity distribution with
[Fe/H] = +0.11 £0.15 dex, in good agreement with Cunha et al.
(2007). Their a-element abundances are found to be low, follow-
ing the trends from studies in the outer bulge, and resembling a
bar-like population. A refined analysis (Nandakumar et al. 2018)
gives a slighter higher mean metallicity of [Fe/H] = +0.3 +
0.10dex and confirms the very narrow distribution.

Ryde et al. (2016a) presented an abundance study of 28 M
giants in fields located within a few degrees south of the GC
using high-resolution (R ~ 50000) spectra. They found a wide
range of metallicities that narrows towards the center and con-
firmed the Rich et al. (2012) study that found alpha enhance-
ment throughout the inner bulge. This would be consistent with
a homogeneous enrichment history in the inner bulge.

Very recently, new and more massive samples of chemi-
cal abundances from the APOGEE and GIRAFFE Inner Bulge
Survey (GIBS) surveys, as well as from high-resolution spec-
troscopy at Keck and VLT became available. In Sect. 2 we
describe this new data set of chemical abundances and in the
Sects. 3-5 we will used this dataset to constrain the chemical
enrichment of the inner bulge and GC region.

2. Recent spectroscopy in the inner bulge
and in the Galactic Center region

2.1. Samples

Rich et al. (2017) measured metallicities for 17 M giants in the
NSC. Membership of those stars is based on detailed extinc-
tion measurements as well as on kinematics, meaning proper
motions, radial velocities, and orbit calculations. Below, we refer
to this sample as R17.

Feldmeier-Krause et al. (2017) used full spectral fitting to
derive effective temperatures and metallicities for more than 700
M giant stars. They found a significant fraction of metal-poor

Table 1. Spectroscopic samples used in this analysis.

Dataset (I, b) N R AA (um) Type
R17 0,0) 17 24000 2.11-2.40 M giants
N18 (0,0) 9 50000 2.08-2.14 M giants

- 0, £1) 23 - - -

- (0, £2) 24 - - -

- 0, 3) 15 - - -
Zal9 (£0.2,£1) 13 22500 1.50-1.70 M giants

- (0.2, £2) 58 - - -

- (0.2, +£3) 35 - - -
Zol7 0,-1) 432 6500  0.82-0.94 RC stars

- 0,-2) 432 - - -
FK17 0, 0) 706 4000 1.93-2.46 M giants

Notes. The first column gives the reference, the second column the cen-
tral coordinates in galactic longitudes and latitudes, the third column the
number of used stars, the fourth column the spectral resolution, the fifth
column the corresponding wavelength range in um, and the last column
the tracer of the stellar population used.

stars and found also a significant amount of super metal-rich
stars with [Fe/H] > 0.5, somewhat ruling out the scenario that
the NSC could be entirely formed from the infalling of globular
clusters. However, as they mentioned, these extremely metal-rich
stars should be regarded with caution. We refer to this sample as
FK17.

In the APOGEE DR12 bulge sample Garcia Pérez et al.
(2018) identified more than two components in the metallicity
distribution by arranging the red giant stars according to their
projected Galactocentric distance and distance from the Galactic
mid-plane. Fragkoudi et al. (2018) used the metallicities derived
from the APOGEE DR13 to compare the observed metallicity
distribution function (MDF) with that obtained from N-body
simulations of a composite (thin+thick) stellar disk.

Zasowski et al. (2019) presented chemical abundances of M
giant stars from the latest APOGEE DR14, in the inner three
degrees. We selected stars along the minor axis (I = +0.2°) and
at galactic latitudes (+1°, £2°, and +3°). Henceforth, we refer to
this sample as Zal9.

Zoccali et al. (2017) derived metallicities for 432 stars at
b = -2° and b = —1° from the GIBS survey, using the opti-
cal Ca IR triplet method. They found evidence for a bimodal
MDF. Using a similar definition of metal rich being suprasolar,
and metal poor being subsolar, they argue that the metal rich
population is flattened and concentrated toward the plane, while
the metal poor component is spheroidal. Henceforth, we refer to
this sample as Zo17.

Nandakumar et al. (2018) measured chemical abundances
for 71 giant stars in the inner two degrees. We want to emphasize
that the stars in the GC field are stars surrounding the NSC and
are not members of the NSC. These chemical abundances were
obtained by an homogeneous reanalysis of the high-resolution
K-band spectra of Ryde et al. (2015, 2016a). Surface gravities
have been obtained in an iterative way (with respect to T and
[Fe/H]) by placing them on stellar isochrones. The new K-band
line list (Thorsbro et al. 2018) was also used. Henceforth, we
refer to this sample as N18. Table 1 shows the summary of the
spectroscopic data set we used in our analysis together with the
information about the central coordinates of the samples, the
number of stars, the spectral resolution, the wavelength range,
as well as the main tracer of the population (e.g., M giants, RC
stars).

A152, page 3 of 9



A&A 627, A152 (2019)

Table 2. Derived temperature, gravity, and metallicity for a test giant
star common to different studies.

Do et al. (2015) FK17 This work
Test 3558 £414K 3479+ 229K 3200 +200K
log g 3.0+0091 0.1+1.0 0.3+0.3
[Fe/H] 0.80+0.32 0.3+0.33 02+02

2.2. Caveats about chemical abundances from high- and
low-resolution spectra

There is a general debate on whether and eventually how chem-
ical abundances from low-resolution spectra (R < 5000) can
be compared with those from medium (R ~ 10000) and high-
resolution (R > 20000). In the inner two degrees of the Milky
Way that issue is even more critical, given that we are often deal-
ing with metal-rich, cool giants suffering from substantial molec-
ular lines in their spectra, with temperatures well below 4500 K
and log g < 2. Appearance of molecular lines and consequent
line blending and blanketing, saturation, inaccurate line lists,
uncertainties in stellar parameters, etc. can severely affect the
derived chemical abundances of M giants (see e.g., Ryde et al.
2016a; Nandakumar et al. 2018). In addition to all of these prob-
lems, some lines are strongly temperature-sensitive due to ion-
ization issues and hyperfine splitting (Thorsbro et al. 2018).

In order to provide a first check of the possible mismatch
among stellar parameters obtained form spectra at different res-
olutions, on 30 July 2017 at Keck II, we obtained a high-
resolution (R ~ 23000) K-band spectrum of the star Nr. 44
from FK17, that is also studied in Do et al. (2015). The star is at
(RA, Dec) = (266.42050°, —29.006775°) using epoch J2000 and
it has K = 10.4 mag. We use the Spectroscopy Made Easy code
for spectral synthesis (Valenti & Piskunov 1996; Valenti 2012)
and the MARCS model atmospheres (Gustafsson et al. 2008) in
spherical geometry.

Table 2 shows our best-fit stellar parameters and metallic-
ity together with the corresponding values found by Do et al.
(2015) and FK17. Our values of the stellar parameters and metal-
licity for this star are in reasonable agreement with those of
FK17 within the uncertainties, while both gravity and [Fe/H] by
Do et al. (2015) seem improbably large. For this reason, as well
as the previously mentioned issue with unphysical gravities and
extreme metallicities, we choose to exclude the R = 5000 sample
of Do et al. (2015) from our analysis.

3. Metallicity distribution function

By using the state-of-the-art metallicity samples described in
Sect. 2, we computed the MDF in the inner two degrees of
the Milky Way bulge. Figure 2 shows the individual MDFs of
Zol7, Zal9, and N18, respectively. Their median metallicity is
—0.04, —0.06, and 0.04 dex, respectively with a typical rms of
0.4 dex, showing that individual MDFs are comparable. In order
to maximize the statistical significance of each distribution, we
merged the Zol7, N18, and Zal9 samples in the inner bulge
fields, which is shown in Fig. 3. We refer to this as the “merged
sample”.

Figure 3 shows also the normalized MDFs for the inner
bulge fields at b = +2° and b = =+1° (upper panel), for
the GC (middle panel), and for the NSC (bottom panel). The
MDF of the inner bulge fields (that is Zol7, N18, and Zal9)
is very broad, with some evidence of bimodality as is the
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Fig. 2. Normalized Metallicity Distribution Function of M giants
between individual samples of Zal9 (black), Zol7 (blue), and N18
(red). A kernel density estimation for each of the three samples with
a bin size of 0.1 dex is overplotted as a solid line.

case for bulge fields at higher galactic latitudes (e.g., BW).
However the two peaks at super-solar and sub-solar metallic-
ity are less pronounced in the inner bulge merged sample. The
MDF in the GC is narrow with a single peak at super-solar
metallicity and no metal-poor stars. We want to stress that the
GC sample consists of only nine stars and a larger sample is
clearly needed before ruling out the presence of metal-poor
stars. Future large surveys in the IR such as MOONS at the
ESO/VLT (Cirasuolo & MOONS Consortium 2016) will defi-
nitely increase the sample by at least one order of magnitude.
The MDF in the NSC is comparable to the GC but broader, with
a tail toward subsolar metallicities. In R17 the metal-poor tail
is less extended than in FK17 but the sample size of R17 is
too small to do a more detailed quantitative analysis. In order
to merge the R17 and the FK17 samples, we performed Monte-
Carlo simulations where from the FK17 sample we randomly
extracted 17 stars (which is the sample size of R17) 10000
times. The resulting mean and standard deviation of the extracted
samples are within 0.05 dex in [Fe/H] of the full R17 sample.
In the following we refer to the GC and the NSC as the GC
region.

The most striking difference between the MDF in the inner
bulge and in the GC region is the larger population of metal-
poor stars in the former. This difference is significant. Indeed,
a statistical KS-test gives a p-value of 0.02, indicating that
these two distributions do not belong to the same popula-
tion. Such a difference would favor a scenario of an in-situ
formation of the NSC. However, infall of complex stellar
systems such as Terzan 5 (Origliaetal. 2013, 2019) with
major age and metallicity spreads or genuine globular clus-
ters (Capuzzo-Dolcetta & Miocchi 2008; Tsatsi et al. 2017) can-
not be fully ruled out as possible contributors. In the latter
case, chemical footprints of dispersion in light elements
(Schiavon et al. 2017) should be detected, and chemical abun-
dances for these metals are urgently needed.
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Fig. 3. Normalized Metallicity Distribution Function of M giants in
inner two degrees. Upper panel: distributions at [b| = 1deg and |b| =
2deg from Zol7, N18, and Zal9. Middle panel: same for the GC field
from N18, and lower panel: for the NSC from FK17 and R17. A ker-
nel density estimation with a bin size of 0.1 dex is also overplotted as a
solid line.

4. Metallicity gradients

In order to consistently trace possible vertical and radial gra-
dients in the Galactic bulge, it is important to quantify the rela-
tive contribution of the supersolar, metal-rich (hereafter MR) and
the subsolar, metal-poor (hearafter MP) stars. Indeed, when the
MDFs are complex as in the Galactic bulge, a straightforward
average value is not always appropriate to describe the metal
content of the sampled stellar population at a given distance from
the GC.

We thus divided each sample described in Sect. 2 into
two components: the MR with [Fe/H] > 0 and the MP with
[Fe/H] < 0, following Zoccali et al. (2017). Then we computed
the number ratio of MR to MP stars and their average metal-
licities. We verified that slightly different (by +0.2dex from
[Fe/H] = 0.0) assumptions to separate MR and MP stars do not
significantly affect the results. In this respect, Nandakumar et al.
(2017) already demonstrated that the effect of the selection func-
tion plays a minor role in MDF studies.

4.1. The vertical metallicity gradient

By using the same state-of-the-art metallicity samples as for the
MDFs, we derived number ratios of MR to MP stars and their
average metallicities, and we investigate their behavior as a func-
tion of the distance (z) from the Galactic plane. Here for the
merged sample at z = 0 we used the data set of R17, FK17,
and the stars at the GC from N18. For the merged sample of
|b] = 1°, |b| = 2°, and |b] = 3°, we used the corresponding data
sets of N18, Zal8, and Zol7 as described in Sect. 3. Figure 4
shows the fraction of MR to MP stars with varying z. For com-
parison we also included the corresponding values at b = +3 deg
from Nandakumar et al. (2018) and Zasowski et al. (2019), and

4 [ ‘ =
I 5 7017 i
| 2 Zal9 |
5 I * FK17 |
L + BW i
= | - o N18 |
5 i e Merged sample |
g | ,
g 2 —
8 - i
e _
@) - -
o]
~ L -
=
1+ T -
O i 1 l 1 | — l 1 1 1 l 1 1 1 l 1 1 |
0 0.2 0.4 0.6
lz| (kpe)

Fig. 4. Fraction of MR ([Fe/H] > 0) to MP stars ([Fe/H < 0) as a
function of vertical distance for considered samples of stars. Errorbars

have been computed as Af = f X /(1 + f)/MR, where f is the number
ratio of MR to MP stars and MR is the number of MR stars.

in BW from Schultheis et al. (2017). The fraction of MR to MP
stars for |b| > 1° (corresponding to z = 0.14 kpc) out to the BW at
z = 0.57 kpc turns out to be rather constant around the value of 1,
suggesting an almost equal fraction of MR and MP stars (see also
Zoccali et al. 2017). At variance, in the GC region the MR/MP
number ratio significantly increases up to a value of about 3.6,
indicating a dominance of the MR component. Figure 5 shows
the map of the MR/MP number ratio in the innermost bulge
region while in Table 3 we list the fraction of MR/MP stars
for each field. For comparison we also show the ratio of MR
to MP stars from Zoccali et al. (2018) based on the GIBS data
(see their Table 1) but confined to |p| < 3°. The distribution is
rather flat, with values ranging between 0.8 and 1.2 with a spike
in the GC region. In Fig. 5, we superimpose the stellar mass dis-
tribution of the nuclear disk from Launhardt et al. (2002) where
our metallicity peak corresponds with the concentration of the
mass within the nuclear disk/NSC. Subsequent studies all con-
firm the extreme concentration of stellar mass in the nuclear
disk and the NSC (e.g., Fritz et al. 2016). Interestingly enough,
the individual samples and the merged ones (i.e., FK17+R17
in the GC region, N18+Zal9+Zol17 in the b = +1 and b =
+2 fields, and N18+Zal9 in the b = +3 field) show similar
MR/MP number ratios, despite their different spectral resolution,
line diagnostics, and statistical significance. This suggests that
the merged samples, meaning those with the highest statistical
significance, can be safely used to trace possible metallicity vari-
ations. Our finding that different spectral resolution and line
diagnostics provide similar results is not surprising, given that
we are simply considering two broad metallicity categories (i.e.,
MR and MP).

Figure 6 shows the median metallicities for the individual
MR and MP components as well as for the global metallic-
ity, as a function of z. We only used the merged samples since
they are statistically more significant and we performed a lin-
ear, square fit to the data points. The coefficients are reported in
Table 4. Very small positive slopes in the inner bulge fields (thus
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Fig. 5. Fraction of metal-rich to metal-poor stars (filled circles) super-
imposed by fraction of MR to MP stars from Zoccali et al. (2018, their
Table 1). The black contours show the surface brightness map of the
best-fit model of the “nuclear bulge” component by Launhardt et al.
(2002).

Table 3. Ratio of MR to MP stars for each spectroscopic sample and
each merge sample.

[Fe/H] > 0 .
[Fe/H] < O .

lz| (kpc)

Fig. 6. Vertical metallicity gradient in inner bulge and GC region.
Shown are results for MR (red dots), MP (blue dots), and all the stars
together (black dots) from the merged samples of FK17+R17 in the GC
region, N18+Zal9+Zo17 inthe b = +£1° and b = +£2° fields, N18+Zal9
in the b = +3° field, and results from Schultheis et al. (2017) in the
BW. Errorbars refer to 1o dispersions. Dotted lines show the linear fit
including the GC region, while the solid lines show the fit omitting the
GC region.

Table 4. Linear fitting (i.e., y = al % x + a0) parameters and 1o disper-
sions for vertical metallicity gradient.

Data set (l, b) Ratio (MR/MP) O (MR/MP)
FK17 (0,0) 3.61 0.30
FK17+R17+N18 (0, 0) 3.63 0.33
N18 (, =1) 1.87 0.82
N18 (0, £2) 1.00 0.41
NI18 0, 3) 1.14 0.59
Zol7 0,-1) 0.85 0.08
Zol7 0,-2) 0.95 0.09
Zal9 (£0.2, £1) 0.86 0.48
Zal9 (0.2, £2)  0.76 0.20
Zal9 (£0.2, £3) 1.17 0.46
N18+Zol7+Zal9 (0, £1) 0.89 0.82
N18+Zol7+Zal9 (0, +2) 0.93 0.41
N18+Zal9 (0, £3) 0.86 0.59
BW (1,-4) 0.92 0.11

Notes. Errorbars have been computed as A f = f x /(1 + f)/MR,

where f is the number ratio of MR to MP stars and MR is the number of

MR stars.

Fit All AlIB MRall MPall MRB  MPB
a0 0.099 -0.042 0345 -0.281 0.254 -0.367
o 0.069 0.023 0.059 0.061  0.073  0.085
al -0.270 0.057 -0.179 -0.061 0.031 0.136
o 0.198 0.058 0.165 0.174 0.182  0.212
rms 0.09 0.03 0.08 0.07 0.06 0.07

excluding the GC region) are obtained, the highest value for the
MP component, indicating that the mild (if any) positive gradi-
ent is mostly due to the decrease of the median metallicity of the
MP component moving outwards. At variance, if the GC region
is included, slopes become negative and the mild negative gra-
dients are practically due to the high median metallicity of the
dominant MR population in the GC region. Interestingly, all the
slopes in Table 4 are consistent with flat distributions at <1.5¢
level.
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Notes. The overall rms of the residuals is given in the last row. The
second column (All) shows the parameters for the full sample, the third
one (AlIB) for the full sample in the inner bulge without the GC, the
fourth and fifth ones for the MR and the MP sub-samples including the
GC, and columns six and seven for the MR and MP populations in the
inner bulge without the GC.

4.2. The radial metallicity gradient

The radial metallicity gradient is an important constraint on
the chemical evolution for the Milky Way and external galax-
ies. Figure 7 shows the mean metallicity for open clusters and
Cepheids in the range 5 < Rgc < 15kpc by Genovali et al.
(2014) and Netopil et al. (2016) as a function of the Galacto-
centric distance and the fitting relations based on observations of
field giant stars by Hayden et al. (2014) and Anders et al. (2017).
For comparison, mean metallicities for the GC region and the
inner bulge fields as discussed in this paper are also reported.
There is clear evidence that the extrapolation of the radial gradi-
ent inferred at large Galactocentric distances to the center would
result in a metallicity exceeding the measured central value by
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Fig. 7. Radial gradient close to Galactic plane. Shown are data as traced
by Cepheids (black dots from Genovali et al. 2014), open clusters (red
circles from Genovali et al. 2014 and green circles from Netopil et al.
2016), and big magenta and black dots are the average metallicities
for the GC region and |b| = 1,2,3deg inner bulge fields discussed
in this work. Errorbars refer to 1o~ dispersions. The blue, dashed line
indicates the relation noted by Hayden et al. (2014) for a large sam-
ple of APOGEE M giant stars covering a wide range of Galactocen-
tric distances. The magenta dashed line indicates the relation found
by Anders et al. (2017) for red giant stars with well-determined astero-
seismological parameters.

~0.6dex. All the measurements in the inner bulge and in the
GC region indicate average metallicities between solar and twice
solar at most. As already speculated by Hayden et al. (2014), this
flattening might arise due to the mixing of the stars in the pres-
ence of the galactic bar.

5. Alpha-element abundances

In order to determine individual abundances, high-spectral reso-
lution (R > 20000) is necessary. Indeed, very few studies exist in
the inner two degrees on detailed chemical abundances of alpha-
elements in the bulge low-latitude fields. Rich et al. (2007) did
the first detailed chemical abundance analysis and found a rather
homogeneous a-enhancement of ~0.3 dex up to solar metallicity
for a sample of 17 M giants located at (/, b) = (0, —1). In a simi-
lar study Rich et al. (2012) extended this work to two more fields
finding the same average a-element enhancement of ~0.3 dex.
Also, the study of the metal-poor stars in the NSC ([Fe/H] ~
—1) found by Ryde et al. (2016b), shows an a-enhancement of
~0.4 dex.

Figure 8 shows the [Mg/Fe] and [Si/Fe] abundance ratios as
a function of [Fe/H] as obtained by Nandakumar et al. (2018) in
the central two degrees and by Zasowski et al. (2019) using the
latest APOGEE Data Release 14 of bulge chemical abundances.
However, we see that the APOGEE [Mg/Fe] and [Si/Fe] abun-
dances level off approximately above solar metallicity, while our
a-abundances continue decreasing with increasing metallicity.
Matteucci et al. (2019) reproduces this flattening by artificially
increasing the Mg produced by Type Ia supernovae by a factor
of ten. However, we believe that this flattening is unphysical,

The central inner two degrees of the Milky Way

and results from an artifact in the analysis of metal-rich, cool M
giants.

Inthe |b] = 1° and |b| = 2° fields we observe a general decline
of the [Mg/Fe] abundance ratio with increasing metallicity down
to roughly solar-scaled [Mg/Fe] at super-solar [Fe/H], similar to
that found by APOGEE, though with larger scatter. The [Si/Fe]
distributions tend to be systematically lower (by 0.1-0.2 dex)
than APOGEE, especially at [Fe/H] > —0.5dex. The GC dis-
tributions follow those of the || = 1° and |b| = 2° fields at super-
solar [Fe/H]. However, we want to stress that the GC sample
is very small and clearly more observations are necessary for a
more quantitative comparison.

6. Discussion and conclusions

Based on high- and low-resolution spectroscopic observations of
giant stars located in the inner two degrees of the galactic bulge,
we find evidence of a dominant population of metal-rich stars
in the GC region, leading to an average metallicity of +0.2 dex.
Moving outward from the GC, in the central 600 pc we find
that the ratio of meta-rich to metal-poor stars is constant, with
no evidence of vertical abundance gradients, confirming on a
more robust statistical basis the previous work of Ramirez et al.
(2000b), Rich et al. (2007, 2012), and Babusiaux et al. (2014).

The GC region hosts a complex stellar population with
a large spread in age and chemical content that significantly
differs from the bulge stellar population in the inner 600 pc.
Hence, in order to properly assess the possible presence of ver-
tical or radial gradients in the bulge and inner disk, the GC
region should be excluded. Interestingly, the vertical metallicity
gradient of about —0.3 dexkpc™' (Rojas-Arriagada et al. 2017;
Gonzalez et al. 2013) measured at galactic latitudes b > 4°
also holds in the inner 600 pc though only if the GC region is
included; a proper measurement of the gradient should not con-
sider the GC region.

We can thus confidently state that the metallicity distribu-
tion in the inner 600 pc of the Galactic bulge is rather homoge-
neous. Only the innermost ~10 pc shows an overall higher mean
metallicity, suggesting that the GC region is a very peculiar envi-
ronment with a large concentration of MR stars, perhaps arising
from the retention of metal-rich gas by the potential well of the
NSC. It is worth noting that also the radial metallicity gradient
observed in the disk at Galactocentric distances >6 kpc does not
extrapolate when moving inwards toward the low-latitude bulge
fields and the GC region.

There have been various mechanisms proposed to explain
the origin of the vertical metallicity gradient of the MW bulge.
It was originally thought that a dispersion-dominated classical
bulge/spheroid was the only possible explanation for the ver-
tical metallicity gradient (e.g. Zoccali et al. 2008). However,
other studies have shown that the redistribution of stars by a
bar and a boxy peanut bulge can also produce a vertical metal-
licity gradient (see for example Martinez-Valpuesta & Gerhard
2013; Di Matteo et al. 2014). Fragkoudi et al. (2017) showed
that while such models can indeed reproduce the vertical metal-
licity gradient, they do not reproduce a number of other trends
seen in the MW bulge and inner disk, such as the metal-poor
stars in innermost regions and the positive longitudinal gradient.

Very few chemical evolution models exist in the inner
two degrees. Grieco et al. (2015) studied the chemical evolu-
tion of the central region and concluded that the stars in the
GC formed very rapidly (0.1-0.7 Gyr) with high star forma-
tion efficiency (25 Gyr™') and a top-heavy initial mass function.
Fragkoudi et al. (2018) used a composite model of a thin and a
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Fig. 8. [Mg/Fe] vs. [Fe/H] (left panel) and [Si/Fe] vs. [Fe/H] (right panel) trends in inner bulge and GC regions.

massive centrally concentrated thick disk that evolves in forming
a bar and a boxy/peanut bulge to find a remarkably good agree-
ment with the metallicity distribution functions of APOGEE.
They predict a gradient of —0.10 dex kpc™! for the inner 500 pc.
However, this model is a simple, closed-box model that does not
include star formation and stellar feedback processes nor any
gaseous physics. The presence of RR Lyrae stars in the NSC
(Dong et al. 2017) favors at least a non-negligible portion of the
population being ~10 Gyr or older, a point that is also made by
Nogueras-Lara et al. (2018b).

Our evidence for a high metallicity peak in the GC might
plausibly be explained by a rapid in-situ star formation event in
an enriched gas environment, which might have involved coevo-
lution of the super massive black hole growth and the NSC. The
formation of multiple stellar populations in the NSC might well
be problematic due to the unique environment of SgrA* (e.g., a
strong tidal field from the SMBH) and also at some point in its
history would have included substantial AGN activity. Further,
high energy phenomena are observed at the present day, includ-
ing magnetic fields and outflows of hot gas (Ponti et al. 2019).
It is possible that the conditions that produced the supermassive
black hole arose at the same time vigorous star formation was
building the NSC, leaving the fossil remnant of high metallicity
that we observe today. However, the strong tidal fields near Sgr
A* remain as an unsolved challenge to explaining star formation,
also known as the so-called paradox of youth (Ghez et al. 2003).
An attractive idea is to attribute the observed high metallicity
spike to enhanced star formation rates in AGN hosts compared
to non-AGN that appear to be the case (Santini et al. 2012) so
they appear more pronounced for high luminosity AGNs. On the
other hand, Stanley et al. (2015) found no evidence of a corre-
lation between star formation rate and AGN activity across all
AGN luminosities.

It would be valuable to test this hypothesis by measuring
the star formation history and metallicity of other NSCs, per-
haps spanning a range in black hole mass. It is also important to
use the next generation of facilities to constrain in greater detail
the star formation of the NSC and surrounding nuclear disk and
bulge population.
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We have exploited the high luminosities of late M giants
to permit the investigation of the NSC using the current gen-
eration of instrumentation. Spectrographs coming online in the
near future, such as CRIRES+ or MOONS at the VLT, and, later
on HIRES, HARMONI, and MOSAIC at the ELT, will allow a
deeper exploration of this region that may eventually include the
red clump stars. The NSC offers our best opportunity to explore
the coevolution of a stellar population and a supermassive black
hole; such studies will be of great interest in the next decade.
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