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A B S T R A C T 
Chemical Cartography, or mapping, of our Galaxy has the potential to fully transform our view of its structure and formation. 
In this work, we use chemical cartography to explore the metallicity distribution of OBAF-type disc stars from the LAMOST 
surv e y and a complementary sample of disc giant stars from Gaia DR3. We use these samples to constrain the radial and 
vertical metallicity gradients across the Galactic disc. We also explore whether there are detectable azimuthal variations in the 
metallicity distribution on top of the radial gradient. For the OBAF-type star sample from LAMOST, we find a radial metallicity 
gradient of ! [Fe/H]/ ! R ∼−0.078 ± 0.001 dex kpc −1 in the plane of the disc and a vertical metallicity gradient of ! [Fe/H]/ ! Z 
∼−0.15 ± 0.01 dex kpc −1 in the solar neighbourhood. The radial gradient becomes shallower with increasing vertical height, 
while the vertical gradient becomes shallower with increasing Galactocentric radius, consistent with other studies. We also 
find detectable spatially dependent azimuthal variations on top of the radial metallicity gradient at the level of ∼0.10 dex. 
Interestingly, the azimuthal variations appear be close to the Galactic spiral arms in one data set ( Gaia DR3) but not the other 
(LAMOST). These results suggest that there is azimuthal structure in the Galactic metallicity distribution and that in some cases 
it is co-located with spiral arms. 
Key words: stars: abundances – Galaxy: abundances – Galaxy: disc. 

1  I N T RO D U C T I O N  
Understanding the formation, assembly, and evolution of galaxies 
across the Universe is a key goal of astrophysics. To this end, the 
chemical, dynamical, and spatial properties of the constituent stars 
of galaxies are key tracers of the physics process that go v ern galaxy 
formation. Our own Galaxy represents an excellent laboratory for 
understanding galaxy formation and assembly because it is one 
of the few systems where we can (and have) obtain(ed) high- 
precision positions, velocities, kinematics, and chemical abundances 
for millions of stars. With these data, there has been a large breadth 
of literature on the chemical and dynamical nature for a large number 
of stars in our Galaxy, which has been used to infer how our Galaxy 
came to be. There has also been an explosion in our understanding 
of the distribution of stars and their properties across the Galaxy that 
has been facilitated by an industrial revolution in stellar spectroscopy. 
These data have enabled chemical cartography, or mapping, of the 
Milky Way through its stars (e.g. Hayden et al. 2015 ). One of result 
from chemical cartographic studies, which confirmed earlier work 
(e.g. Mayor 1976 ), is that both global metallicity, and other chemical 
ab undances, ha ve spatial variations across the Milky Way’s disc in 
the form of gradients (e.g. Boeche et al. 2013a ; Cunha et al. 2016 ). 
These gradients have enabled us to not only learn about the structure 
of the Galaxy b ut ha v e also pro vided ke y insights to its ‘inside–out’ 
formation history. 
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It has been shown (e.g. Andrievsky et al. 2002 ; Friel et al. 2002 ; 
Hou, Chang & Chen 2002 ; Nordstr ̈om et al. 2004 ; Allende Prieto 
et al. 2006 ; Lemasle et al. 2008 ; Magrini et al. 2009 ; Pedicelli et al. 
2009 ; Wu et al. 2009 ; Friel, Jacobson & Pilachowski 2010 ; Luck 
& Lambert 2011 ; Ruchti et al. 2011 ; Bilir et al. 2012 ; Boeche et al. 
2013b , 2014 ; Mikolaitis et al. 2014 ; Recio-Blanco et al. 2014 ; Plevne 
et al. 2015 ; Xiang et al. 2015a ; Cunha et al. 2016 ; Jacobson et al. 
2016 ; Netopil et al. 2016 ; Önal Ta s ¸ et al. 2016 ; Yan et al. 2019 ; Gaia 
Collaboration et al. 2022b , and references therein) that the Milky 
Way’s disc (whether thick or thin) has a ne gativ e radial metallicity 
gradient 1 such that the inner Galaxy (where the Galacticocentirc 
radius, R , is less than the solar value) is, on average, more metal- 
rich compared to the outer disc (where R ≥ 8.27 kpc). This ne gativ e 
radial metallicity gradient ranges from −0.10 < ! [Fe/H]/ ! R < 
0.00 dex kpc −1 in the Galactic plane (e.g. Önal Ta s ¸ et al. 2016 , and 
references therein) depending on the tracer population and surv e y 
volume. The ne gativ e radial metallicity gradient in the Galactic disc 
was strong evidence that the Galactic disc must have formed in an 
‘inside–out’ manner (e.g. Frankel et al. 2019 , and references therein), 
whereby the inner Galaxy formed early and fast and at later times the 
outer Galaxy formed. In addition to the radial metallicity gradient, 
many studies (e.g. Barta ̌si ̄ut ̇e et al. 2003 ; Karaali et al. 2003 ; Allende 
1 In this work, we define the radial metallicity gradient as the change in the 
metallicity of a population of stars divided by the change in their Galactocen- 
tric radius (i.e. ! [Fe/H]/ ! R ). Alternatively, the vertical metallicity gradient, 
! [Fe/H]/ ! Z , is defined as the change in the metallicity of population of stars 
divided by the change their absolute vertical height ( | Z | ). 
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Prieto et al. 2006 ; Soubiran et al. 2008 ; Yaz & Karaali 2010 ; Chen 
et al. 2011 ; Kordopatis et al. 2011 ; Ruchti et al. 2011 ; Bilir et al. 
2012 ; Bergemann et al. 2014 ; Boeche et al. 2014 ; Hayden et al. 
2014 ; Huang et al. 2015 ; Plevne et al. 2015 ; Xiang et al. 2015a ; Yan 
et al. 2019 ; Nandakumar et al. 2022 ; Gaia Collaboration et al. 2022b , 
and references therein) have also found that the Galactic disc has a 
ne gativ e absolute v ertical metallicity gradient. This gradient ranges 
between −0.25 < ! [Fe/H]/ ! Z < −0.10 dex kpc −1 . Thus, as the 
tracer population of stars gets further abo v e (or below) the Galactic 
mid-plane, the average metallicity decreases. The size of the vertical 
gradient varies significantly with Galactocentric radius, becoming 
smaller in the outer Galaxy compared to the inner Galaxy (e.g. Önal 
Ta s ¸ et al. 2016 , and references therein). 

The fact that there are radial and vertical metallicity gradients 
observed in the Galactic disc is established at this point, though there 
are some slight disagreements about the size of those gradients across 
the literature, likely related to the different samples/tracers used and 
volumes probed. That said, one area that requires more attention is to 
quantify whether there are azimuthal variations on top of the radial 
metallicity gradient. These azimuthal variations could arise by secu- 
lar processes (e.g. Di Matteo et al. 2013 ; Fragkoudi et al. 2018 ; Khop- 
erskov et al. 2018 ; Wheeler et al. 2022 ; Bellardini et al. 2022 ; Filion 
et al. 2023 ) or stellar migration due to tidal interactions between 
the Galactic disc and a Sagittarius-like dwarf galaxy (e.g. Carr et al. 
2022 ). It may even be expected that azimuthal variations in metal- 
licity could track along the spiral arms (e.g. Khoperskov & Gerhard 
2022 ; Poggio et al. 2022 ). Additionally, azimuthal variation in the 
radial metallicity gradient (and thus distrib ution) ha ve also been ob- 
served in other Galaxies (e.g. Hwang et al. 2019 ). Ho we ver, the pres- 
ence (or lack thereof) and size of azimuthal variations in the metallic- 
ity gradients observed in our own Galaxy has been not well explored. 

Therefore, in this paper, we present the radial ( ! [Fe/H]/ ! R ) and 
vertical ( ! [Fe/H]/ ! Z ) metallicity gradient, as measured by O-, B-, 
A-, and early F-type stellar tracers observed in the LAMOST surv e y 
(sample I) along with a complementary sample from of giant stars 
observed within the third data release from the Gaia spacecraft ( Gaia 
DR3, Recio-Blanco et al. 2022 ; Gaia Collaboration et al. 2022a ) 
(sample II). In addition, we will also attempt to observationally 
constrain the level of any azimuthal variations that may lie on top of 
the metallicity gradient and discuss their implications. To facilitate 
the presentation of our results, this paper is outlined in the following 
way: in Section 2 , we outline the where the data for this project is 
sourced from, i.e. LAMOST (Section 2.1 ) and Gaia (Sections 2.2 
and 2.3 ) and the criteria used to ensure a high-quality sample. In 
Section 3 , we discuss the methods used to derive the metallicity 
gradients from the observable data. We present, in Section 4 , the 
primary results on the metallicity gradients in the Galactic disc with 
the tracer population and show that there is detectable azimuthal 
variation in the metallicity distribution at a given radial annulus. In 
Section 4 , we also interweave the discussion of our results in the 
context of what is currently known about the Galactic metallicity 
gradients along with the how the azimuthal variation might fit into 
the picture. With new data from the Gaia spacecraft now available, 
including the spatial positions and chemistry for millions of stars, in 
Section 5 , we take an initial look at the azimuthal variations in the 
metallicity structure in the disc with the Gaia DR3 data and discuss 
future prospects for chemical cartography with this exciting data set. 
Finally, we summarize and conclude in Section 6 . 
2  DATA  
In this section, we describe the data required to carry out aims of this 
work, namely to explore the metallicity gradient and the azimuthal 

variation using hot stars from LAMOST and a complementary data 
set from Gaia DR3. More specifically, in Section 2.1 , we define 
the target selection and metallicities derived from LAMOST spectra 
for the sample. In Section 2.1 , we discuss the construction of the 
complementary sample using Gaia DR3. Finally, in Section 2.3 , we 
describe how we determine the spatial positions and velocities for 
our sample using data from Gaia DR3. 
2.1 The hot stars in the LAMOST sur v ey 
We begin our investigation with an existing catalogue, presented in 
Xiang et al. ( 2022 ), of ∼332 000 massive ( M ! 1.5 M $, e.g. see 
their fig. 12), hot ( T eff > 7000 K) stars identified in the LAMOST 
spectral data set. The LAMOST surv e y (see more details at Cui 
et al. 2012 ; Zhao et al. 2012 , and references therein) has collected 
low-resolution ( R = λ/ !λ ∼ 1800) optical (3800 < λ < 9000 Å) 
spectra for more than 8 million stars in the Northern hemisphere 
(i.e. declinations larger than –10 ◦). The spectra have been used 
to derive stellar atmospheric parameters (i.e. T eff , log g , [Fe/H], 
V sin i ) and chemical abundances (for up to 16 elements) through 
both χ2 minimization with a grid of synthetic spectra (e.g. Xiang 
et al. 2015b ) as well as through machine learning (e.g. Ting et al. 
2019 ; Xiang et al. 2019 , 2022 ). These pipelines have been employed 
upon mostly FGK-type stars and have enabled the exploration 
of metallicity gradient of the Milky Way. Only within the last 
year, no v el machine-learning algorithms have been deployed on the 
∼10 5 hot stars within LAMOST to derive their stellar parameters 
(Xiang et al. 2022 ). These ne wly deri ved stellar parameters for 
hot stars represents a large, powerful sample of relatively young 
stars to not only explore the radial and vertical metallicity gradient 
but also any azimuthal variations in the metallicity distribution, 
which has been predicted in recent theoretical work (e.g. Di 
Matteo et al. 2013 ; Grand et al. 2016 ; Spitoni et al. 2019 ; Carr 
et al. 2022 ). Below we briefly describe the method for selecting 
and inferring stellar parameters for hot stars in the LAMOST 
surv e y. 

In order to construct a catalogue of stellar atmospheric parameters, 
and most importantly metallicity, using LAMOST, Xiang et al. 
( 2022 ) began by selecting a candidate list of hot stars. They did this 
by cross-matching all stars that are both classified by the LAMOST 
DR5 and DR6 pipelines as O, B, A, and early F-type with an all 
sky hot star catalogue outlined in Zari et al. ( 2021 ). The latter 
was based on Gaia DR2 photometric and astrometric data (Gaia 
Collaboration et al. 2018 ) along with complementary data from 
2MASS (Cutri et al. 2003 ). After obtaining ∼844 000 candidate hot 
stars, Xiang et al. ( 2022 ) derived the stellar atmospheric parameters 
( T eff , log g , [Fe/H], V sin i ), which they refer to as stellar labels, 
using a modified version of The Payne (Ting et al. 2019 ). This 
‘HotPayne’ tool uses a neural network algorithm, which models the 
fluxes in each spectrum as a non-parametric function of the stellar 
labels and was trained on a synthetic grid of spectra. For this, a 
Kurucz model spectral grid was constructed using SYNTHE and 
convolved to the appropriate resolution with the known line spread 
function of the LAMOST spectra. A neural network was trained on 
the large synthetic grid, which enables efficient and precise spectral 
interpolation. This interpolation is then used to derive the stellar 
atmospheric parameter with the LAMOST spectrum. We refer the 
reader to Ting et al. ( 2019 ) and section 4 of Xiang et al. ( 2022 ) for 
a more detailed discussion of The Payne and how it was modified 
to work with the hot stars co v ered in this work. While the catalogue 
presents the atmospheric abundance of silicon (in addition the T eff , 
log g , [Fe/H]), the authors note that these abundances likely have 
large systematics and as such we choose not to use these values. 
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With these data in hand, we are in a position to determine the 
radial and vertical metallicity gradient for relatively young hot stars 
in the Galactic disc. Ho we ver, before we do that, we must ensure that 
both the spatial positions and the metallicities for the stars are precise 
enough to carry out this work. Therefore, we must apply some quality 
control cuts to the initial data set to achieve a sample of stars where 
the spatial positions and metallicities are reasonable. We attempt to 
limit these cuts to the minimum number required to achieve a large 
sample while also ensuring precise spatial and chemical properties. 
There are two main sets of quality criteria cuts: those required to 
achieve high-quality metallicity from the LAMOST spectra (this 
section) and those required to achieve high-quality spatial positions 
(see Section 2.3 ). 

Following the recommendations by Xiang et al. ( 2022 ), we apply 
the following cuts on the LAMOST hot star catalogue: 

(i) Remo v e stars with log g less than 2 dex or larger than 5 dex 
– Stars with log g below 2, which were identified in section 5.3 
of Xiang et al. ( 2022 ) to potentially be chemically peculiar stars, 
likely have incorrectly determined surface gravities. Additionally, 
we remo v e stars with log g larger than 5 de x because these stars are 
either likely hot subdwarfs where the stellar atmospheric parameters 
will be poorly determined due to extrapolation. 

(ii) Remo v e stars with V sin i less than 0 – Ne gativ e V sin i values 
were allowed by their pipeline as an extrapolation and would require 
a visual inspection of the spectra in order to determine whether it is 
an artefact or astrophysical. 

(iii) Remo v e stars with T eff larger than 25 000 K – These extremely 
hot O-type stars will likely have significant non-local thermodynamic 
equilibrium (NLTE) corrections that could cause issues with the 
reported stellar parameters (e.g. see fig. 11 of Xiang et al. 2022 ). 

(iv) Remo v e stars with a signal-to-noise ratio (SNR) below 30 
– To achieve the high-quality estimates in the stellar atmospheric 
parameters, an SNR cut had to be applied. 

(v) Remo v e stars with ‘chi2ratio’ value larger than 10 – As noted 
in section 5.2 of Xiang et al. ( 2022 ), the quality of the spectral fits 
were defined using a chi2ratio’ flag. This flag is derived by taking 
the deviations of the reduced χ2 from the median value at a given 
SNR and T eff . By removing stars with a ‘chi2ratio’ value larger than 
10, we are removing stars whose spectral fits have reduced χ2 values 
that are 10 σ outliers compared to others at comparable T eff and SNR. 

(vi) Stellar parameters and radial velocities (RVs) must be defined 
with reasonable uncertainties – We remo v e stars with unknown 
or large uncertainties ( σRV > 100 km s −1 ) in RV. We do this 
because ultimately we will want to compute the spatial positions 
and velocities of our stars and without reasonably precise RVs we 
will be unable to do this. Further, we require that T eff , log g , and 
[Fe/H] are all known. Since this study focuses on the metallicity 
gradient in the Galactic disc, it is critical that we have reasonable 
measured metallicities. As such we further require that star have a 
metallicity uncertainties, σ [Fe/H], less than 0.20 dex. We can change 
this criteria by more than a factor of 2 before seeing any changes in 
the results. 

In section 4.7 of Xiang et al. ( 2022 ), they compared their catalogue 
of stellar atmospheric parameters for hot OBA-type stars against the 
literature to quantify the level of systematics against other studies. 
Their results indicate that stars with T eff > 25 000 K or log g < 2 dex 
have systematics at the level of 3000 K and 0.80 dex, respectively. 
This is why we choose to cut stars in these parameter regimes. The 
authors show (see their figs 10, 11, and 12) that with the abo v e cuts, 
there are minimal systematic offsets between the literature (and as a 
function of SNR) in the atmospheric parameters. We note that while 

systematic effects are expected to be low, the catalogue employed 
here from Xiang et al. ( 2022 ), does not consider NLTE effects, a key 
limitation to their (and subsequently this) study. 

Upon applying these initial cuts to achieve high-quality chemical 
properties, we were left with an initial sample of ∼140 000 hot 
stars with T eff > 7000 K. We must also consider quality cuts on the 
astrometric data required for the spatial positions and namely the 
deri v ation of R and Z (see Section 2.3 ). 
2.2 Complementary sample: Gaia DR3 gradient sample 
While the hot star sample from LAMOST allows us to probe a rela- 
tively young ( < 2 Gyr) tracer population, with the release of millions 
of metallicities all across the sky from Gaia DR3 (Recio-Blanco 
et al. 2022 ; Gaia Collaboration et al. 2022a ), we are in a position to 
have a complementary sample of tracer stars that cover a wider range 
of azimuthal angles in the Galactic disc. With this complementary 
sample, we aim to only (1) validate that the methodology we use to 
derive the radial and vertical gradients give reasonable and consistent 
result with Gaia Collaboration et al. ( 2022b ), and (2) explore the 
azimuthal variations for stars in the Galactic mid-plane (see Section 
5 ). We leave further investigations (e.g. exploring the radial and 
vertical gradients and azimuthal variations as a function of spectral 
type or age) with this data set to future studies. 

To construct a complementary Gaia sample, we follow the exact 
ADQL query from the ‘gradient sample’ from Gaia Collaboration 
et al. ( 2022b ). This sample is defined in section 2.5 of Gaia Collabo- 
ration et al. ( 2022b ). More specifically, to obtain this complementary 
sample, we begin carrying out the ADQL query outlined in Listing 
3 in appendix B of Gaia Collaboration et al. ( 2022b ). This sample 
was specifically constructed to optimize the quality of metallicities 
and spatial positions. To a v oid potential selection biases, we choose 
to specifically focus here on a sample of bright giant stars (e.g. 
Gaia Collaboration et al. 2022b ). More specifically, we require that 
the ef fecti ve temperature ( T eff ) measured from the Gaia spectra 
are less than 4700 K and that the surface gravity was less the 
log g < 2.0 dex. This is moti v ated by the desire to have a disc 
sample of stars that co v er a large swath of the disc (hot OBA- 
type stars are poorly sampled in those stars with quality chemical 
measurements in Gaia DR3). With the initial gradient sample in hand 
from the Gaia archive, we then cross-match that with the distance 
catalogue of Bailer-Jones et al. ( 2021 ) and remo v e stars with no 
distance information. This yielded ∼1.03 million stars. Following 
Gaia Collaboration et al. ( 2022b ), we take the MH GSPSPEC column 
in the Gaia DR3 ASTROPHYSICAL PARAMETERS table as our Gaia 
DR3 metallicities. These metallicities are derived using spectra from 
the moderate resolution (R ∼11 500), optical (8450–8720 Å) Gaia 
Radial Velocity Spectrograph (RVS) instrument (we refer the reader 
to Recio-Blanco et al. 2022 , for more details on the RVS spectra 
and their analysis). The median uncertainty in metallicities in the 
gradient sample catalogue of giant stars is 0.04 dex. With a high- 
quality chemical sample from Gaia DR3, we must apply a set of 
quality cuts on the astrometric data required for the spatial positions 
and namely the deri v ation of R and Z . 
2.3 Galactic positions and kinematics with Gaia DR3 
In order to obtain photometric and astrometric data for our sample 
we made use of data release 3 (DR3) from the Gaia spacecraft (Gaia 
Collaboration et al. 2022a ). We cross-matched the ∼140 000 hot 
stars with quality stellar atmospheric parameters (see Section 2.1 for 
more details) with Gaia DR3 using a 2 arcsec search radius. While 
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stellar distances, required to determine the spatial position of each 
star, can be derived as the inverse of the parallax measured by Gaia 
DR3, parallax inversion can lead to significantly biased distances 
(e.g. Astraatmadja & Bailer-Jones 2016 ). Therefore, distances for 
each star were sourced from the catalogue outlined in Bailer-Jones 
et al. ( 2021 ). More specifically, we adopted the geometric distance 
estimates. This choice was moti v ated by the fact that we do not 
want to rely on colour and magnitude information in the distance 
inference and as such it is recommended in section 5.3 of Bailer-Jones 
et al. ( 2021 ) to fa v our the geometric o v er photogeometric distance 
estimates. In short, these distances are derived in a probabilistic 
Bayesian framework, whereby the posterior probability of a ‘true’ 
distance to each star given a measured parallax and its associated 
uncertainty is determined (see their equation 1). The method adopted 
by these authors require a distance prior, a term which encodes the 
prior information that we have about the distances of stars in the 
Galaxy. The authors adopt a prior that is constructed from a model of 
the Milky Way (see their equation 3 and fig. 2 for more information on 
the distance prior). While, in principal, the prior affects the posterior 
distribution, in the limit where the uncertainties on the data (in this 
case the parallaxes reported from Gaia ) are high-quality, the prior 
will not affect the posterior significantly. 

For the purposes of this study, we want fairly precise spatial 
positions so that we can quantify the vertical and radial metallicity 
gradient. As such we limit ourself to stars that have parallax 
uncertainties better than 30 per cent as well as remo v e stars with 
inferred distances from Bailer-Jones et al. ( 2021 ) with uncertainties 
larger than 30 per cent. Together these cuts along with those outlined 
in Section 2.1 reduces the initial LAMOST sample to ∼135 000 stars. 
Additionally, this reduces the initial Gaia gradient complementary 
sample to ∼840 000 giant stars. The median parallax uncertainty in 
both samples is around ∼3 per cent. 

With distances for each star, we compute the full six-dimensional 
spatial position and v elocity v ectors for each star and its asso- 
ciated uncertainty. The spatial positions ( X , Y , Z location) and 
velocities ( U , V , W ) in a three-dimensional Galactocentric-Cartesian 
frame were determined using ASTROPY’S SkyCoord class (Astropy 
Collaboration et al. 2013 ) with Gaia DR3 right ascension and 
declination, proper motions, with distances adopted from Bailer- 
Jones et al. ( 2021 ), and RVs adopted from LAMOST for the hot 
stars. RVs were adopted from Gaia DR3 for the complementary 
sample. We assume that the solar position is { X, Y, Z } $ = 
{ 8.27, 0.00, 0.029 } kpc and the Sun’s velocity in this reference 
frame is { U, V, W } $ = { −12.9, 245, 7.78 } km s −1 (Drimmel & 
Poggio 2018 ; Gravity Collaboration et al. 2021 ). Uncertainties in 
the six dimension phase space ( X , Y , Z , U , V , W ) were determined 
by a Monte Carlo simulation with 1000 realizations, where each 
observ ational v ariable (i.e. right ascension and declination, proper 
motion, RV, and distance) was sampled from a random normal 
distribution. 

We know from previous studies (e.g. Bilir et al. 2012 ; Boeche et al. 
2013b , 2014 ; Önal Ta s ¸ et al. 2016 ; Yan et al. 2019 , and references 
therein) that metallicity gradients can and do depend upon whether 
one samples stars from the (kinematic) thin or thick disc. Therefore, 
we made use of the velocities derived above to probabilistically 
separate our stars into a (kinematic) thick and thin disc subpopulation. 
We computed the probability of a star belonging to the (kinematic) 
thin disc, thick disc, and stellar halo using the method outlined in 
Ram ́ırez, Allende Prieto & Lambert ( 2013 ). With these probabilistic 
memberships, in both samples we remo v e probable halo stars (i.e. 
stars that have a 1 per cent or higher chance of belonging to the 
stellar halo) since in this study we are focused on the Galactic disc. 

Figure 1. T op: T wo-dimensional density diagram of the X –Y spatial positions 
of the hot OBAF star sample in LAMOST. For reference, the solar position is 
denoted as an orange star. The approximate location of the spiral arms in the 
Galaxy from Reid et al. ( 2014 ) are shown as thick black lines and their extend 
is marked by thick dashed lines. The colour coding represents the number 
density of stars in log( N ). Bottom: Two-dimensional density diagram of the 
R –Z spatial positions of our full sample. The colour coding represents the 
number density of stars in log( N ). 
With this cut our final sample of 129 148 OBAF-type stars (and 847 
214 complementary giant stars from Gaia DR3), which we will use 
to explore the radial and vertical metallicity gradient. The typical 
(median) uncertainties are 85 K, 0.10 dex, 0.08 dex in T eff , log g , and 
[Fe/H], respectively, for the host star catalogue. The typical (median) 
uncertainties are 30 K, 0.10 dex, 0.04 dex in T eff , log g , and [Fe/H], 
respectively, for the complementary Gaia DR3 sample. We note here 
that nearly all ( > 95 per cent) of the sample is high probability ( > 90 
per cent) thin disc stars and as such with this particular sample is 
well suited for the exploration of the metal gradients in the thin 
disc. 

In Fig. 1 , we show the X –Z (top) and R –Z (bottom) spatial 
distribution of the final sample of 129 148 OBAF-type stars. The 
colour coding in each hexagonal bin represents the logarithm of the 
number of stars (log( N )) located in that bin. For reference, we also 
show the location of the Sun in both panels as a orange star as 
well as the approximate location of the spiral arms (taken from Reid 
et al. 2014 , and shown as thick bold black lines surrounded by thick 
dashed lines). We can see that the sample co v ers Galactocentric radii 
between ∼6.8–12 kpc and have a vertical extent of | Z | ≤ 2 kpc. In Fig. 
2 , we make the same plot as in Fig. 1 , but instead of colour coding by 
the log( N ), each hexagonal bin is coloured by the median metallicity. 
The top panel of Fig. 2 shows that the inner Galaxy has, on average, 
a larger metallicity compare to the outer Galaxy (i.e, the hot stars 
in LAMOST show a ne gativ e metallicity gradient). Additionally, 
the bottom panel of Fig. 2 , shows that the metallicity decreases 
as | Z | increases (i.e. a ne gativ e v ertical metallicity gradient). In 
the following sections, we will aim to quantify these qualitative 
trends. 
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Figure 2. Top: The X –Y spatial distribution of [Fe/H] for the LAMOST 
sample. The color coding represents median [Fe/H] in each hexagonal bin. 
Each hexagonal bin were selected to have a minimum of five stars. The 
reference background is the same as in Fig. 1 . Bottom: R –Z spatial distribution 
of [Fe/H] across the Galactic disc. Similar to the top panel, the colour coding 
represents median [Fe/H] in each hexagonal bin. It is clear from the top panel 
that the inner Galaxy is more metal rich compared to the outer Galaxy (i.e. 
ne gativ e radial metallicity gradient). The bottom panel illustrates that the stars 
in the plane of the Galaxy are more metal enhanced compare to stars which 
are at larger vertical distance (i.e. negative vertical metallicity gradient). 
3  ME THODS:  D E R I V I N G  T H E  METALLICITY  
G R A D I E N T  A N D  A Z I M U T H A L  STRUCTURE  
With the spatial and chemical information for 129 148 hot, massive 
stars spread out across the Galaxy, we are now in a position to derive 
the vertical and radial metallicity gradients. In addition, we will 
also constrain any azimuthal variations in the radial gradient. In this 
section, we will outline the methods used to derive the vertical and 
radial metallicity gradients and the azimuthal variations. 

We choose to model both the radial and vertical metallicity 
gradients as linear functions with an intrinsic scatter. That is to say, 
that we model the radial metallicity profile of the Galaxy, as 
[Fe / H] R = ! [Fe / H] 

! R R + b R . (1) 
In equation ( 1 ), the metallicity at a particular Galactocentric radius 
( R ) in the Galaxy, [Fe/H] R , is linear function of the Galactocentric 
radius of a star ( R ) and the radial metallicity gradient, is denoted 
as ! [Fe/H]/ ! R. Additionally, b R represents the metallicity of the 
Galaxy at the Galactic Centre (i.e. R = 0) if this metallicity gradient 
were valid across the full disc. While it is common in the literature 
to model the radial metallicity gradient as a simple linear function, 
it has been shown in young open cluster systems that the metallicity 
gradient is different in the outer disc compared to the inner disc with 
a break at Galactocentric radii of ∼12–13 kpc (e.g. Spina, Magrini & 
Cunha 2022 ). Since our sample of OBAF stars from LAMOST have 
a median R = 9.3 ± 1.15 kpc, nearly all of our data is encompassed 

between 6 < R < 12 kpc. As such, we choose a single linear model 
rather than a broken piecewise linear function. 

We choose to model the vertical metallicity gradients as linear 
function such that, 
[Fe / H] Z = ! [Fe / H] 

! Z | Z| + b Z , (2) 
where in equation ( 2 ), the metallicity at a particular absolute vertical 
height away from the Galactic plane, [Fe/H] Z , is linear function of 
its absolute vertical height and the vertical metallicity gradient is 
denoted as ! [Fe/H]/ ! Z . In this case, b Z represents the metallicity of 
stars that are in the mid-plane of the Milky Way (i.e. with | Z | = 0 kpc). 
In both cases, we will also fit an intrinsic scatter term ( ! R , ! Z ), 2 
which represents the intrinsic dispersion around the radial and 
v ertical metallicity gradient, respectiv ely. We note that ! R and ! Z are 
actually 2 × 2 tensors, which not only contain the dispersion around 
the line (denoted by λ2 ) but also define the direction of the scatter (i.e. 
we assume that ! R = λ2 

R 
1 + m 2 R ( ( ! [Fe / H] /!R) 2 −! [Fe / H] /!R 

−! [Fe / H] /!R 1 )
). 

This assumption is essentially that the scatter is perpendicular to the 
linear function with some variance ( λ2 

R ). Some limitations to this 
choice is that, we assume that the intrinsic scatter in the metallicity 
gradients are independent of location and that it is perpendicular 
to the linear relation between metallicity and radius (and height 
abo v e/below the plane), which may not necessarily be true. We 
have also tried a model with intrinsic scatter that is only along the 
[Fe/H] axis and found identical results in the gradients. Now that 
we have written down how we will model the data, we must choose 
a method to fit our model and solve for the unknown parameters 
(i.e. ! [Fe/H]/ ! R , b R , ! [Fe/H]/ ! Z, b Z , λR , λZ ). In order to fit these 
linear functions, we follow the steps outlined in sections 7 and 8 
of Hogg, Bovy & Lang ( 2010 ). 3 Namely, we adopt a Bayesian 
approach because we can readily fit our model while accounting 
for uncertainties in R (or Z ) and [Fe/H], simultaneously. Under this 
approach, we aim to take our noisy measurements of R , Z , and [Fe/H] 
and use them to infer the parameters of our linear model. Since we 
are more carefully modelling the uncertainties in the observable 
parameters under this Bayesian Formalism (e.g. Anders et al. 2017 ), 
we can more readily and accurately determine the uncertainties on our 
model parameters (i.e. the vertical and radial metallicity gradients). 

To formulate this concept more generally, let’s say we have made 
noisy measurements, { y i , x i } with uncertainties described by the 
2 × 2 covariance matrix, S i = ( σ 2 

x,i σxy,i 
σy x ,i σ 2 

y,i ). 4 We want to model 
{ y i } as a linear function of { x i } with some slope ( m ), intercept ( b ), 
and intrinsic scatter around this linear relationship ( ! ). Under a 
Bayesian inference framework, we must start with Bayes’ theorem, 
which states that 
p( m, b, ! | y i , x i , S i ) ∝ p( y i , x i , S i | m, b, ! ) p( m, b, ! ) , (3) 
where in equation ( 3 ), p( m, b, ! | y i , x i , S i ) is the posterior proba- 
bility distribution of the model parameters ( m, b, ! ) given the noisy 
2 We will denote variables that matrix as bold upper case symbols. 
3 A python implementation of fitting a line to data including both intrinsic 
scatter and uncertainties in two dimensions can be found at https://dfm.io/p 
osts/fitting- a- plane/. 
4 In this pedagogical example, the noisy measurements, y i and x i , could be 
thought of as the derived metallicity and Galactocentric radius (or absolute 
vertical height above the disc) to the i th star in our data set, respectively. 
Therefore, S i represents the covariance matrix that describes uncertainty in 
[Fe/H] and R (or Z ) and any covariances between them. 
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measurements ( y i , x i , S i ), p( y i , x i , S i | m, b, ! ) is the likelihood of 
obtaining the noisy measurements given a defined model, and 
p( m, b, ! ) represents the prior information we have of the model 
parameters. In our case, the marginalized likelihood can be written 
down as 
p( y i , x i , S i | m, b, ! ) ∝ N ∏ 

i= 1 
1 √ 

2 π' 2 i exp (− ! 2 i 
2 ' 2 i 

)
(4) 

In equation ( 4 ), we define a Gaussian likelihood function where 
! 2 i = y i − ( mx i − b) and represents the difference between the 
measured and predicted value of y based on the linear model for 
the i th data point. Additionally, ' 2 i = v T ( S i + ! ) v , where here v T 
equals the 1 × 2 matrix ( −m 1). We encourage the reader to consult 
Hogg et al. ( 2010 ) and references therein for the detailed deri v ation 
of this marginalized likelihood probability distribution. In addition 
to the likelihood function, which is written in equation ( 4 ), we also 
need to specify any prior information that we have about the model 
parameters, i.e. p( m, b, ! ). We choose relatilvely uninformative 
priors. Specifically, we select a uniform probability distribution in m 
between −2 and 2 dex kpc −1 , a uniform prior in b between −2 and 
2 dex and a uniform prior in λ between 0 and 1 dex. 

Ultimately, in Bayesian inference, we want to learn the full 
posterior distribution of the model parameters and how it depends 
on the observed data. To learn the model parameters and their 
uncertainties, we explore the multidimensional parameter space and 
find where the conditional probability of the model given the data is 
maximized. Since we do not know, a priori, the model parameters, 
we cannot solve this conditional probability. As such, maximizing 
the posterior probability requires maximizing the likelihood function 
multiplied by the prior (both of which we know). We use a Markov 
Chain Monte Carlo (MCMC) sampler set up with 10 w alk ers and 
1000 steps each to explore the parameters space. Specifically, we 
use the python package EMCEE (F oreman-Macke y et al. 2013 ) to 
sample the parameters space and use the chains to derive the model 
parameters and their uncertainties. We use a rigorous Bayesian fitting 
procedure here to better account for the uncertainties in the data 
(similar Bayesian fitting procedures like the one outlined abo v e can 
also be found in the literature, e.g. Anders et al. 2017 ). 

Once we fit the model, we can plot the residuals of the data 
subtracted from the model as a function of X –Y spatial position and 
search for azimuthal structure in the residuals. If the Galactic disc has 
the same (linear) radial metallicity gradient along all azimuthal an- 
gles, there should be no azimuthal structure in the residuals between 
our predicted metallicity and the observed ones. Ho we ver, if the 
radial metallicity gradient changes with azimuthal angle, we would 
find structure in the residuals that would be spatially/azimuthally 
dependent. Recent studies have suggested there could be azimuthal 
variations at the 0.05–0.10 dex level in the metallicity gradient due 
to interactions with dwarf galaxies (e.g. Carr et al. 2022 ), or a result 
spiral arm density fluctuations and other secular processes (e.g. Di 
Matteo et al. 2013 ; Fragkoudi et al. 2018 ; Khoperskov et al. 2018 ; 
Spitoni et al. 2019 ; Wheeler et al. 2022 ; Filion et al. 2023 ). Part of 
our aim is to observationally test that hypothesis. 

In following section (Section 4 ), we apply our methods outlined 
abo v e to the metallicities and spatial positions of 129 148 hot 
LAMOST stars discussed in Section 2 to derive the vertical and 
radial metallicity gradients in the Galactic disc. We also applied the 
abo v e radial gradient methodology to the Gaia DR3 gradient sample 
(see Section 2.2 ) and have validated that we can recover the radial 
and vertical gradients from Gaia Collaboration et al. ( 2022b ) using 
this sample and the abo v e methodology. 

Figure 3. The [Fe/H] as a function of Galactocentric radius ( R ) for OBAF- 
type stars in LAMOST with 0.0 < | Z | < 0.2 kpc (grey-scaled background). 
The dashed black line represents the best fit linear model determined using 
Bayesian inference linear regression. Also shown are thin red lines (which 
make a red band due to highly constrained model) of 100 randomly selected 
linear models realizations from the Bayesian MCMC sampling. The derived 
metallicity gradient for these stars is ! [Fe/H]/ ! R = –0.078 ± 0.001 dex/kpc. 
4  RESULTS  A N D  DI SCUSSI ON  
4.1 Radial metallicity gradient 
We begin by quantifying the radial metallicity gradient in the Galactic 
disc with the sample of 129 148 OBAF-type stars observed in the 
LAMOST surv e y. It is clear even in Fig. 2 , that the inner Galaxy 
(with R < 8.3 kpc) is more metal rich, on average compared to the 
outer Galaxy. It is also clear from that figure (as well as previous 
studies of the Galactic metallicity gradient, Önal Ta s ¸ et al. 2016 ; 
Anders et al. 2017 ; Yan et al. 2019 , and references therein), that the 
value of radial metallicity gradient is dependent upon vertical extent 
of the sample. For this reason, we split our data set into equally sized 
vertical bins ranging from 0 < | Z | < 1.5 kpc with a bin width of 
0.2 kpc. We also require a minimum of 500 stars in each bin in order 
to adequately measure the radial metallicity gradient. For each bin 
in | Z | , we derive the parameters of the linear function ( m R , b R , λR ) 
defined in equation ( 1 ) using the method outlined in Section 3 . 

As an illustrative example of this fitting procedure, in Fig. 3 , we 
plot the [Fe/H] as a function of Galactocentric radius ( R ) for stars in 
our final hot star sample with vertical heights above (or below) the 
disc mid-plane of | Z | < 0.20 kpc. The [Fe/H] and R for these stars 
(background grey density), along with their respective uncertainties, 
are then input into our Bayesian inference (described in Section 3 ). 
The solid thick red band in Fig. 3 is the best-fitting linear model 
from the Bayesian linear regression along with thin red lines, which 
represent 100 draws from the posterior. We find a negative metallicity 
gradient of ! [Fe/H]/ ! R = −0.078 ± 0.001 dex/kpc for OBAF-type 
stars with 0.0 < | Z | < 0.2 kpc. We then apply the abo v e procedure 
to all bins in | Z | and tabulate the results of our model fitting for each 
bin in Table 1 . 

In Fig. 4 , we plot the value of the radial metallicity gradient, 
! [Fe/H]/ ! R , as a function of | Z | for all bins where the number 
of stars in the bin is larger than 500. For reference, we also plot 
the ! [Fe/H]/ ! R from a representative (but very incomplete) set 
of previous studies from different surv e ys with a variety of tracers 
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Table 1. Radial metallicity gradient fit parameters for | Z | bins. 
| Z | ! [Fe/H]/ ! R σ! [Fe/H]/ ! R b R σb R λR σλR N 
(kpc) (dex kpc −1 ) (dex kpc −1 ) (dex) (dex) (dex) (dex) 
0.10 −0.078 0.001 0.418 0.012 0.319 0.001 77 997 
0.30 −0.066 0.002 0.294 0.016 0.321 0.001 30 653 
0.50 −0.053 0.002 0.135 0.024 0.321 0.002 11 480 
0.70 −0.038 0.003 −0.043 0.033 0.314 0.003 4948 
0.90 −0.026 0.005 −0.211 0.049 0.322 0.006 1897 
1.10 −0.022 0.007 −0.280 0.071 0.338 0.009 830 
1.30 −0.001 0.008 −0.488 0.084 0.330 0.011 506 
Note . Column 1 is centre of the vertical | Z | bin. The derived radial metallicity 
gradient slope and its uncertainty can be found in columns 2 and 3, respectively. 
The intercept of the linear model and its uncertainty are tabulated in columns 4 and 
5, respectively. The intrinsic scatter around the linear radial metallicity gradient 
relation and its uncertainty can be found in columns 6 and 7, respectively. 

Figure 4. The metallicity gradient, ! [Fe/H]/ ! R , as a function of absolute 
vertical height ( | Z | ) away the Galactic mid-plane for OBAF-type stars (black 
circles/line) used in this study. For comparison, we also show the radial 
metallicity gradient measured using: main-sequence turn-off stars in SEUGE 
(Cheng et al. 2012 , red triangles/line), LAMOST surv e y red clump type stars 
(Huang et al. 2015 , grey diamonds/line), LAMOST surv e y FGK-type stars 
(Yan et al. 2019 , brown circles/line), RAVE surv e y FGK dwarf stars (Boeche 
et al. 2013a , cyan circles/line), Gaia -ESO surv e y FGK-type stars (Bergemann 
et al. 2014 , magenta star), APOGEE red giant branch stars (Hayden et al. 
2014 , blue circles/line), and FGK dwarfs and giants from the Gaia DR3 
surv e y (Gaia Collaboration et al. 2022b , magenta squares/line). The Galactic 
radial metallicity gradient becomes shallower (i.e. ! [Fe/H]/ ! R becomes less 
ne gativ e and closer to zero) with increasing height abo v e the mid-plane. The 
radial metallicity measured using LAMOST OBAF-type stars (black line) is 
also consistent with other tracers (coloured lines). 
(Cheng et al. 2012 ; Boeche et al. 2013a ; Bergemann et al. 2014 ; 
Hayden et al. 2014 ; Huang et al. 2015 ). These were selected to 
range across different tracers populations and different observational 
surv e ys. Fig. 4 , illustrates that Galactic disc has ne gativ e ( −0.10 
< ! [Fe/H]/ ! R < 0.00 dex kpc −1 ) and flattening radial metallicity 
gradient with increasing absolute vertical height above (or below) 
the Galactic mid-plane. Quantitatively, we find that the value of the 
metallicity gradient that we measure with the OBAF-type tracers 
from LAMOST in this work are broadly consistent with previous 
literature using a wide variety of stellar tracers (e.g. see table 1 of 
Önal Ta s ¸ et al. 2016 , and references therein). We note that the radial 
metallicity gradient that we find is generally shallower, by ∼0.015 

dex kpc −1 , across all vertical heights compared to the measured value 
by Hayden et al. ( 2014 ) using APOGEE red giant stars as a tracer. 
Ho we ver, the results from that study tend to show steeper radial 
metallicity gradients than what is found in other studies of similar 
type stars (e.g. see table 1 of Önal Ta s ¸ et al. 2016 , and references 
therein for a sense of the variation of radial metallicity gradient values 
as measured by different tracers). It is evident in previous studies, that 
the variation in the derived radial and vertical metallicity gradient 
may be a result on the spatial (vertical or radial) extent of the stellar 
population being probed. 

In addition to illustrating that the radial metallicity gradient 
becomes shallower at higher vertical heights above (or below) the 
Galactic disc, we also find that the intercept ( b R ) of the linear model 
(i.e. the metallicity of stars near the Galactic Centre assuming the 
radial metallicity gradient is valid across the full disc) decreases with 
increasing vertical distance away from the Galactic mid-plane (i.e. 
see Table 1 ). We will discuss this vertical metallicity gradient more 
in Section 4.3 . 

Finally, we find that the intrinsic scatter about the radial metallicity 
gradient is roughly constant across all vertical heights and is ∼0.30 
dex. Since few works in the literature fit for the intrinsic scatter it is 
difficult to compare this with previous studies. However, Anders et al. 
( 2017 ) applied a similar methodology to the one outlined in Section 
3 ). In that work, the authors modelled the metallicity (and its scatter) 
of red giants observed in APOGEE as a linear function of their 
Galactocentric radii accounting for the age of the population. For 
young stars (i.e. those with ages < 2 Gyr), Anders et al. ( 2017 ) found 
that the radial metallicity gradient was −0.066 ± 0.007 dex kpc −1 
and became shallower with increasing age. This value is consistent 
with the our results for stars that are in the Galactic mid-plane. They 
also found that the scatter around the radial metallicity gradient was 
a constant of ∼0.15 dex regardless of spatial position of the sample. 
While we found a larger scatter ( ∼0.30 dex), we found that this 
roughly constant across all vertical heights and radii, consistent with 
Anders et al. ( 2017 ). The larger scatter we find could be a result of 
underestimated metallicity uncertainties in the LAMOST data set. 
Taken together, these results suggests that the inner Galaxy (in the 
ranges probed by this study), while more metal-rich than the outer 
disc, becomes chemically more similar compared to the outer Galaxy 
as one goes away from the mid-plane. This could be a result of several 
physical processes, such as radial mixing (e.g. Hayden et al. 2015 ; 
Anders et al. 2017 ). 
4.2 Azimuthal variations 
In addition to deriving the radial metallicity gradient (see Section 
4.1 ), in this study we are also interested in whether there are azimuthal 
variations in the metallicity distribution (or radial gradient). Such 
azimuthal variations in the metallicity gradient (and thus the metal- 
licity distribution across the disc) have been predicted in simulations 
(e.g. Di Matteo et al. 2013 ; Grand et al. 2016 ; Fragkoudi et al. 2018 ; 
Khoperskov et al. 2018 ; Spitoni et al. 2019 ; Wheeler et al. 2022 ; Carr 
et al. 2022 ). Additionally, Hwang et al. ( 2019 ), unco v ered azimuthal 
variations in the metallicity distribution of external galaxies observed 
in the MANGA surv e y (e.g. see their fig. 13). Interestingly, azimuthal 
variation were detected in close pair systems where a host galaxy had 
a companion nearby. While, small azimuthal variations (at the 0.02 
de x lev el) hav e been detected in the Milk y Way disc on relativ ely 
local samples of stars (e.g. Bovy et al. 2014 ; Antoja et al. 2017 ), in 
this work we expand to well beyond the solar neighbourhood and 
use a different tracer population. 
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Figure 5. Left: The X –Y projection for the ∼97 000 stars with 0.00 < | Z | < 0.30 kpc colour-coded by the median metallicity derived with the LAMOST spectra. 
Middle: The X –Y projection of the metallicity gradient defined by the best-fitting model. Right: The X –Y projection of the residual (colour bar) between the 
observed metallicity (right-hand panel) and the predicted metallicity (middle panel). For reference, in all panels the position of the spiral arms (as determined 
by high mass star-forming regions) from Reid et al. ( 2014 ) are shown as black lines (both dashed and solid). In the right-hand panel, we also show the position 
of the spiral arms (black contour), as determined by the upper main sequence from (Poggio et al. 2021 ). The residual, ! [Fe/H], is defined as the observed 
metallicity subtracted from the predicted metallicity of each star given its Galactocentric radius. We find that there is structure at the 0.05–0.20 dex level. These 
residuals can be as large as three times the typical uncertainties in [Fe/H]. 

Figure 6. The average metallicity deviation at fixed radius, <δ[Fe/H] > , as 
a function of azimuthal angle ( φ in radians) for stars in the outer (9 < R < 
11 kpc; black line) and in inner (7 < R < 9 kpc; blue line) Galactic disc. 
If all stars at a constant radius (regardless of azimuthal angle) had the same 
metallicity <δ[Fe/H] > would be zero. We find average metallicity deviation 
at fixed radius as high as ∼0.10 dex, with slightly larger variations the outer 
disc (black line). 

To quantify whether there are azimuthal variations, in Fig. 5 we 
show the median metallicity as a function of X –Y position for stars 
with | Z | < 0.30 kpc (left-hand panel). In addition, we also show 
the best-fitting model (using the procedure outlined in Section 3 ) of 
the expected metallicity in the same X –Y space (middle panel). The 
residual between the observed metallicity at a given X –Y cell and the 
predicted metallicity in that same cell based on the radial metallicity 
relation is shown in the right-hand panel. For reference, in all panels 
we show the location of the spiral arms as identified using high-mass 
star-forming regions (shown as black lines, Reid et al. 2014 ). In the 
right-hand panel, we also show the location of the spiral arms, as 
determined by the o v er density of the upper main-sequence stars in 
Gaia (shown as black contours Poggio et al. 2021 ). Critically, if the 

same linear radial gradient model were a good fit to the data at all 
azimuthal angles (i.e. little to no azimuthal metallicity structure), the 
residuals should be close to zero for the full X –Y extent of the data 
(and along all azimuthal angles). 

The right-hand panel of Fig. 5 illustrates that we find deviations 
upwards of 0.20 dex (at the ∼2–3 σ level) between the predicted and 
observed metallicity at a given X –Y position in the Galactic disc. 
Additionally, the residual level (indicated by the colour bar in the 
right-hand panel of Fig. 5 ) appears to be dependent on where in the 
Galactic disc the stars are located. F or e xample, we find that the 
observed metallicities at around X ∼ –8.6 kpc and Y ∼ 1.5 kpc are 
higher than what is predicted from our simple linear radial metallicity 
model. We also find that the observed metallicities at X ∼ –10.5 kpc 
and Y ∼ -1.5 kpc are, on average, lower than what is predicted from 
our linear model. We also see hints that the azimuthal variations are 
largest in the outer rather than inner Galaxy (in the range probed by 
this study), though a larger data set that encompasses a wider swath 
of the Galaxy is required. Interestingly, for this OBAF-type sample 
of stars from LAMOST, we find that the azimuthal variations does 
not follow the expected location of the spiral arms (unlike for Poggio 
et al. 2022 , and see Section 5 ). 

Similar to Khoperskov et al. ( 2018 ) and Carr et al. ( 2022 ), we 
further quantify the azimuthal variations by subtracting off each star’s 
metallicity by the average metallicity of stars at a comparable shared 
radius. 5 This quantity, which we refer to as the average metallicity 
deviation at fixed radius, is defined as < δ[Fe/H] > = [Fe/H]( R , 
φ) − < [Fe/H](R) > φ . In this equation, [Fe/H]( R , φ) represents the 
metallicity of stars at a given Galactocentric radius and azimuthal 
angle ( φ), while the < [Fe/H](R) > φ term represents the average 
metallicity of stars at the same Galactocentric radius but across all 
azimuthal angles at that fixed R . In Fig. 6 , we show the average 
metallicity deviation at fixed radius, <δ[Fe/H] > , as a function of 
azimuthal angle ( φ in radians) for stars in the outer (9 < R < 11 kpc) 
disc (black line) and the inner (7 < R < 9 kpc) disc (blue line). The 
5 We define stars that have Galactocentric radii within 0.20 kpc of each other 
to have a shared radius. This is moti v ated by Carr et al. ( 2022 ) and given the 
known radial metallicity gradient, the average metallicity within this annulus 
should not change by more than 0.01 dex. 
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Figure 7. The vertical metallicity gradient, ! [Fe/H]/ ! Z , as a function of 
Galactocentric radius ( R ) for the OBAF-type stars (black circles/line) used 
in this study. For comparison, we also show vertical metallicity gradient 
measured using GALAH FGK-type stars (Nandakumar et al. 2022 , cyan 
circles/line), LAMOST surv e y red clump stars (Huang et al. 2015 , grey 
diamonds/line), LAMOST surv e y FGK-type stars (Yan et al. 2019 , brown 
circles/line), and APOGEE red giant branch stars (Hayden et al. 2014 , blue 
circles/line). The Galactic vertical metallicity gradient becomes shallower 
(i.e. ! [Fe/H]/ ! Z becomes less ne gativ e and closer to zero) with increasing 
distance from the centre of the Galaxy. 
error bars represent the standard error of the <δ[Fe/H] > at a given 
azimuthal angle. 

We find that the average metallicity deviation at a fixed R varies 
as a function of azimuthal angle at the level of up to ∼0.10 dex. 
Interestingly, this size of azimuthal variation (along with its pattern 
with azimuthal angle), is similar to what is expected ( <δ[Fe/H] > 
∼0.07 dex) theoretically if induced by radial mixing of stars due to 
perturbations from a Sagittarius-lik e dw arf galaxy (e.g. Carr et al. 
2022 ). Ho we ver, we note that other studies (e.g. Khoperskov et al. 
2018 , see their fig. 6) have found that azimuthal variations could also 
arise due to secular processes with and without assuming an initial 
radial metallicity gradient. In future work, we will compare more 
directly to simulations but the small azimuthal co v erage makes those 
comparisons currently difficult. 
4.3 Vertical metallicity gradient 
In addition to deriving the radial metallicity gradient and the 
azimuthal variations in the metallicity distribution, we also use 
the LAMOST OBAF-type stars to explore the vertical metallicity 
gradient. We apply the same procedure, outlined in Section 3 , to 
derive both the radial and vertical metallicity gradients. Previous 
studies (e.g. Önal Ta s ¸ et al. 2016 , and references therein) have 
shown that the vertical metallicity gradient likely varies as a function 
of Galactocentric radius. Therefore, we split the stars into equally 
spaced radial bins with ∼1 kpc in size. In order to ensure that we can 
adequately derive the vertical metallicity gradient we also require 
a minimum of 500 stars per bin. In Fig. 7 , we show the vertical 
metallicity gradient derived using the OBAF-type stars observed in 
LAMOST (black circles). We also tabulate the full linear model fit 
parameters for each radial bin in Table 2 . 

Table 2. Vertical metallicity gradient fit parameters across all radial bins. 
R ! [Fe/H]/ ! Z σ! [Fe/H]/ ! Z b Z σb Z λZ σλZ N 
(kpc) (dex/kpc) (dex/kpc) (dex) (dex) (dex) (dex) 
7.5 −0.221 0.011 −0.186 0.004 0.299 0.002 8708 
8.5 −0.155 0.009 −0.235 0.002 0.292 0.001 37 982 
9.5 −0.129 0.008 −0.299 0.002 0.319 0.001 42 871 
10.5 −0.054 0.008 −0.398 0.004 0.339 0.002 23 880 
11.5 −0.048 0.011 −0.464 0.006 0.367 0.003 11 320 
12.5 −0.040 0.022 −0.506 0.014 0.418 0.006 3213 
13.5 −0.066 0.066 −0.492 0.043 0.515 0.017 525 
Note . Column 1 tabulates the centre of the radial bin (in kpc). The deriv ed v ertical 
metallicity gradient slope and its uncertainty can be found in columns 2 and 3, 
respectively. The intercept of the linear model and its uncertainty are tabulated in 
columns 4 and 5, respectively. The intrinsic scatter around the linear [Fe/H]–| Z | 
relation and its uncertainty can be found in columns 6 and 7, respectively. 

We find that the vertical metallicity gradient changes with 
Galactocentric radius. In the solar neighbourhood (7 < R < 
9 kpc), the vertical metallicity gradient ranges between −0.22 
< ! [Fe/H]/ ! Z < −0.15 dex kpc −1 . The vertical gradient then 
becomes significantly shallower (–0.05 dex kpc −1 ) towards the 
outer Galaxy. As illustrated in Fig. 7 , these values for the ver- 
tical gradient are largely consistent with other tracers, especially 
in the solar neighbourhood. While there are some differences in 
our measured vertical metallicity gradient compared to others, the 
o v erall shallowing of the vertical gradient is seen in nearly all 
tracers. If more metal-poor thin disc stars are on average older 
than those which are metal rich, the ne gativ e v ertical metallicity 
gradient would imply that older thin disc stars can be found at 
larger vertical heights on average. This negative vertical metallicity 
gradient is therefore expected due to kinematic heating of thin disc 
population or early star formation in a more vertically extended 
disc. 
5  EXPLORI NG  T H E  A Z I M U T H A L  STRUCTURE  
IN  METALLICITY  DI STRI BUTI ON  IN  T H E  
GALACTI C  DISC  WI TH  GAIA D R 3  
With the radial and vertical metallicity gradients measured and the 
azimuthal variations quantified for the LAMOST hot star sample 
(Section 4 ), here we briefly discuss the future prospects of con- 
straining azimuthal structure in the chemical maps of the Galactic 
disc using Gaia DR3. We are moti v ated to explore the use of Gaia 
DR3 data because it is all sky and encompasses a larger swath of 
azimuthal angles than the LAMOST data set. In this section, we 
aim to simply explore whether the azimuthal variations can also be 
found in the Gaia DR3 Gradient sample (outlined in Section 2.2 ). 
Initially, we used this data set in Section 3 to validate our method to 
derive the radial and vertical metallicity gradients. Using our method, 
we find that the radial gradient is consistent with those reported 
in Gaia Collaboration et al. ( 2022b ). This ef fecti vely v alidates 
that our method give reasonable results for the radial and vertical 
gradients. 

Ho we ver, with these data, we can also constrain whether there is 
azimuthal structure using the same procedures as the LAMOST data 
set (see Section 4.2 ). We start by taking a subsample of ∼480 000 
stars in the complementary Gaia gradient sample of giant stars with 
0.00 < | Z | < 0.30 kpc and deriving the radial metallicity gradient. 
In the left-hand panel of Fig. 8 , we show the X –Y projection of the 
metallicity distribution in the Galactic disc for these ∼480 000 giant 
stars, which are 0.30 kpc from the mid-plane of the Galactic disc. The 
middle panel of Fig. 8 represents the best-fitting radial metallicity 
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Figure 8. Left: The X –Y projection for the ∼480 000 stars in the complementary Gaia DR3 gradient sample of giant stars with 0.00 < | Z | < 0.30 kpc colour 
coded by the median metallicity derived with using the Gaia RVS spectra. Middle: The X –Y projection of the metallicity gradient defined by the best-fitting 
model. Right: The X –Y projection of the residual (colour coding) between the observed metallicity (right-hand panel) and the predicted metallicity (middle 
panel). Similar to Fig. 5 , in all panels the position of the spiral arms (as determined by high-mass star-forming regions) from Reid et al. ( 2014 ) are shown as 
black lines (both dashed and solid). In the right-hand panel, we also show the position of the spiral arms (black contour), as determined by the upper main 
sequence, from Poggio et al. ( 2021 ). Interestingly, the residuals (right-hand panel) show azimuthal variations that track with the location of the spiral arms of 
(shown as black contours Poggio et al. 2021 ). 
gradient (i.e. the expected [Fe/H] at a given metallicity based on the 
data). In the right-hand panel of Fig. 8 , we show the residuals between 
the observed and predicted metallicities (i.e. the observed metallicity 
subtracted from the predicted metallicity of each star given its 
Galactocentric radius). For reference, in all panels we show the 
location of the spiral arms as identified using high-mass star-forming 
regions (shown as black lines, Reid et al. 2014 ). We also show in right- 
hand panel of Fig. 8 , the location of the spiral arms, as determined 
by the o v er density of the upper main-sequence stars (shown as 
black contours Poggio et al. 2021 ). Remarkably, we find (1) there is 
azimuthal structure in the residuals and it is at nearly the same levels 
( ∼ 0.10 dex) as the LAMOST sample, and (2) the residuals show 
azimuthal structure that seems to be close to the expected location 
of the spiral arms (e.g. Poggio et al. 2021 ) . This result indicates that 
giant stars near the spiral arms (as traced by the upper main sequence) 
may contain slightly more metals than those which lie in between the 
arms. This is also consistent with Poggio et al. ( 2022 ) who find metal- 
enhanced elongated structures located in near the spiral arms in the 
Galactic disc with a slightly different giant subsample of the Gaia 
DR3 data. We note that the location of the spirals as traced by high- 
mass star formation regions (e.g. Reid et al. 2014 ) is slightly different 
than those traced by the upper main sequence (similar to the result 
from Poggio et al. 2021 ). This result carries the same limitations 
as the OBA sample abo v e, namely that the abundances derived in 
Gaia are computed assuming a range of assumptions (e.g. local 
thermodynamic equilibrium), and the methodology outlined abo v e 
(in Section 3 ) explicitly models the data under a Bayesian formalisms 
assuming an intrinsic dispersion around the metallicity gradient inde- 
pendent of location. Further interpretation of these results will require 
chemodynamical modelling (e.g. Di Matteo et al. 2013 ; Fragkoudi 
et al. 2018 ; Khoperskov et al. 2018 ; Carr et al. 2022 ). We stress that 
this is just a first exploration of the azimuthal variations in metallicity 
in Gaia data and that follow-up work will be required to fully under- 
stand and map these large-scale chemical structures in the Galactic 
disc. 
6  SU M M A RY  
The industrial revolution in astrometric and spectroscopic surv e ys 
of the Milky Way has enabled a large-scale mapping of its disc. In 
particular, these new large-scale data sets have allowed us to chemi- 

cally map our Galaxy, leading to a refinement of our understanding 
of the way the Galaxy is structured. In particular, these data have 
been routinely used to show that our Galaxy has ne gativ e radial and 
vertical metallicity gradients. Ho we ver, the presence (or lack thereof) 
and size of azimuthal variations in the metallicity distribution of stars 
observed in our Galactic disc has been not well explored despite 
numerous theoretical studies. Therefore, in this work we aim to use 
a sample of relatively hot and young stars from the LAMOST surv e y 
along with a complementary sample of metallicities from the Gaia 
DR3 RV spectrometer (see Section 2 ) to constrain (1) the radial 
gradient in the Galactic disc, (2) the vertical gradient in the Galactic 
disc, and (3) the level of any azimuthal variations that may lie on top 
of the metallicity gradient and how it depends on azimuthal angle. 
The latter of these will determine whether azimuthal variations in the 
metallicity distribution follow the spiral pattern in the Milky Way. 
In order to do this, we set up a Bayesian framework (see Section 
3 ) to derive the linear radial and vertical metallicity gradient, which 
accounts for the uncertainties in [Fe/H], R, and Z. 

Our main results (see Sections 4 and 5 ) can be summarized as 
follows: 

(i) We find a ne gativ e radial metallicity gradient, ! [Fe/H]/ ! R , 
which can be as steep as −0.078 ± 0.001 dex kpc −1 for OBAF-type 
stars in the Galactic disc observed in the LAMOST surv e y. This 
gradient is broadly consistent with previous studies of the metallicity 
gradient with different tracers (from main sequence to red clump 
stars) and a wide variety of surv e ys. The gradient we that we find 
here is slightly shallower than those found in the APOGEE surv e y. 

(ii) The radial metallicity gradient is steepest in the Galactic mid- 
plane (with ! [Fe/H]/ ! R = −0.078 ± 0.001 dex kpc −1 ) but becomes 
shallower (and nearly flat) as one goes to a larger vertical extent 
( ! [Fe/H]/ ! R decreases to −0.001 ± 0.004 dex kpc −1 at 1.3 kpc 
abo v e the mid-plane). This is consistent with other tracer and studies. 

(iii) We find that there is resolvable azimuthal structure in devia- 
tions away from the radial metallicity gradient. These deviations can 
be as large as 0.05–0.10 dex. Excitingly, these azimuthal variations 
show large-scale structure and are predicted to originate due to 
secular processes (e.g. Di Matteo et al. 2013 ; Fragkoudi et al. 2018 ; 
Khoperskov et al. 2018 ; Wheeler et al. 2022 ) as well as tidal effects 
from the passage of the Sagittarius dwarf (e.g. Carr et al. 2022 ). The 
extent of azimuthal angles probed in this study is somewhat limited, 
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preventing direct comparisons with the simulation. Interestingly, 
while the azimuthal variations in the LAMOST OBAF star sample 
do not track the expected location of the spiral arms (see Fig. 5 ), 
the complementary Gaia DR3 sample of giants show azimuthal 
variations in the metallicity distribution that grossly follows the spiral 
arms (see Fig. 8 ) . This suggests that while chemical cartography can 
reveal the spiral structure of the Milky Way (e.g. see also Poggio 
et al. 2022 ), it is dependent on tracer population. Regardless, the 
presence and size of the azimuthal variations is irrespective of which 
sample is used. Further exploration on the azimuthal structures will 
be done in follow-up studies. 

(iv) We find a ne gativ e v ertical metallicity gradient, ! [Fe/H]/ ! Z , 
which can be as steep as −0.22 ± 0.01 dex/kpc for OBAF-type stars 
in the Galactic disc observed in the LAMOST survey. This gradient 
is broadly consistent with previous studies of the metallicity gradient 
with different tracers. 

(v) The vertical metallicity gradient in the solar neighbourhood (7 
< R < 9 kpc) ranges between –0.22 < ! [Fe/H]/ ! Z < –0.15 dex/kpc. 
The vertical metallicity gradient becomes shallower in the outer 
galaxy (12.5 < R < 13.5 kpc) ranging between –0.06 < ! [Fe/H]/ ! Z 
< –0.04 dex kpc −1 . This is consistent with other tracer and studies. 
This result is broadly consistent with other tracers and surv e ys. 

Taken together, our results show that while vertical and radial 
metallicity gradient are present in the Milky Way, there are further 
(azimuthal) complexities buried in the data that must be explored 
(see Section 5 ). We recommend further exploration in the azimuthal 
structure be carried out controlling for tracer population (i.e. spectral 
type) and stellar age. The results presented here illustrate the power 
in chemical cartography in this new industrial era of Galactic and 
stellar astronomy. 
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