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The heavy element abundance profiles of galaxies place stringent
constraints on galaxy growth and assembly history. As the Milky Way is

currently the only spiral galaxy in which we can measure temporally resolved
chemical abundances, it enables insights into the origin of metallicity
gradients and their correlation with the growth history of galaxies. However,
until now, these abundance profiles have not been translated into the
integrated-light measurements that are needed to compare the Milky Way
with the general galaxy population. Here we report the measurement of

the light-weighted, integrated stellar metallicity profile of our Galaxy. We
find that the integrated stellar metallicity profile of the Milky Way has a
A-like broken shape, with amildly positive gradient inside a Galactocentric
radius of 7 kpc and a steep negative gradient outside. This broken integrated
metallicity profile of the Milky Way is not unique but is not common among
Milky Way-mass star-forming galaxies observed in the MaNGA survey and
simulated in the TNG50 cosmological simulation. Our results suggest that
the Milky Way might not have a typical metallicity distribution for a galaxy
of its mass, and thus offers valuable insight into the rich variety of galaxy
enrichment processes.

Our home galaxy, the Milky Way, provides unique and strict con-
straints to galaxy formation and evolution because of the detailed,
temporally resolved observations that we can obtain from individual
stars. However, the integrated properties of the Milky Way are poorly
understood, and this limits a detailed comparative analysis of the
properties of the Milky Way in the context of the general galaxy popu-
lation, for the vast majority of which only integrated properties are
measurable.

With the recent advent of massive spectroscopic surveys, which
aremapping millions of stars across the Galaxy, direct measurements
of integrated stellar population properties (for example, elemental
abundances) of the Milky Way are becoming possible. In this work, we
present the measurement of the radial integrated stellar metallicity
profile of our Galaxy, carefully accounting for the selection function
of the data, and perform direct comparison with other similar-mass,

star-forming galaxies both in the local Universe and in cosmological
simulations of galaxy formation.
We determine the integrated stellar metallicity (traced by the

abundance ofironas defined by [Fe/H] = Iog(NNFﬂ),whereNFe/NH

Feg/NHg
is the number ratio between iron and hydrogen in a given star and
Nreo/Nio is that ratio in the Sun) profiles from 2 to 15 kpc of the Milky
Way by using chemical abundances, ages and distances of individual
stars derived from spectra observed with APOGEE' and astrometric
data from Gaia”. We transform the observations from a sample of tar-
geted stars to theintrinsic, entire stellar population by correcting for
the survey selection function for stars of different abundances sepa-
rately. The obtained luminosity density distribution of intrinsic popula-
tions of different abundances is then used to calculate the
light-weighted average stellar metallicity (Methods).

'Max Planck Institute for Astronomy, Heidelberg, Germany. 2South-Western Institute for Astronomy Research, Yunnan University, Kunming, People’s
Republic of China. *Department of Physics & Astronomy, University of Utah, Salt Lake City, UT, USA. “Centro de Investigacion en Astronomia, Universidad

Bernardo O’Higgins, Santiago, Chile.

e-mail: lian@mpia.de; bergemann@mpia-hd.mpg.de

Nature Astronomy | Volume 7 | August 2023 | 951-958

951


http://www.nature.com/natureastronomy
https://doi.org/10.1038/s41550-023-01977-z
http://orcid.org/0000-0001-5258-1466
http://orcid.org/0000-0002-9908-5571
http://orcid.org/0000-0003-1065-9274
http://orcid.org/0000-0003-1805-0316
http://crossmark.crossref.org/dialog/?doi=10.1038/s41550-023-01977-z&domain=pdf
mailto:lian@mpia.de
mailto:bergemann@mpia-hd.mpg.de

Article

https://doi.org/10.1038/s41550-023-01977-z

0.4
Age = 0-4 Gyr
L Age = 4-8 Gyr
02 [ Age = 8-12 Gyr
., -#- Total
ol n
: . u -
T e N
9 L i =
£ - P-4
02 - J
Tt "R
L I ] L I T . " ;\
] . .o H
19
-04 | i *
N
_0_67 1 1 1 1 1 Lo b

R (kpc)

Fig.1| Average light-weighted stellar iron abundance profiles of the Milky
Way galaxy as a whole and of three different age populations. The integrated
metallicity of allages and that in each age bin are average values of 26 MAPs,
weighted by their bolometric luminosity (Methods). Error bars and shaded
regions indicate the 1o uncertainties of the average metallicity measurements.
Thessizes of the coloured squares indicate the fraction of the total luminosity for
eachradial bin contained in each mono-age component.

When accounting for stars of all ages, the light-weighted inte-
grated stellar metallicity of the Milky Way is overall subsolar. The
radial profile of the integrated stellar metallicity shows a break at
6.9 + 0.6 kpc, with a positive slope of 0.031+ 0.010 dex kpc™ within
the break radius and a negative slope of —0.052 + 0.008 dex kpc™
beyond it (Fig. 1 and Methods). This break, however, is not seen in
the metallicity profiles of mono-age populations, which are either
flat in the old age bin, or steep and negative in younger stellar popu-
lations. The steep gradient of young populations is consistent with
observations of young stars and H 11 regions in the Milky Way®°. The
fraction of total luminosity in the old (8-12 Gyr), metal-poor stellar
population decreases with radius, while the opposite is true for the
younger, more metal-rich populations. This is consistent with the
moreradially compactstructure, thatis shorter scalelength, of the old
population'®", This radially varying contribution of the old, metal-poor
versus young, metal-rich stellar populationsin the disk givesrise to the
positive slope of metallicity profile in the inner Galaxy'. For the same
reason, the negative slope in the outer Galaxy reflects the gradient of
the young and intermediate-age populations that dominate at larger
radii. These results suggest an intriguing connection between the
integrated stellar metallicity profile and the structural evolution of
the Milky Way.

To compare the Milky Way with other galaxies, we meas-
ure the integrated stellar and gas-phase metallicity profiles of 321
face-on, star-forming galaxies with Milky Way-like stellar mass
(llog(M,/Myw)| < 0.2 dex) in the MaNGA (Mapping Nearby Galaxies at
Apache Point Observatory) Integral Field Unit (IFU) survey” (Methods).
Inaddition, we compare our results with profiles of 134 Milky Way-mass,
star-forming galaxies in the TNG50 cosmological magnetohydro-
dynamical simulation'". Figure 2 shows the total (that is, average
stellar, left and middle panels) and present-day (that is, gas-phase
or young stars, right panel) metallicity profiles of these MaNGA and
TNGS50 galaxies in comparison with that of the Milky Way. All profiles
are normalized to their galaxy’s effective radius (R.) to marginalize
over the effect of galaxy size. Because of uncertainty in the current
measurement of the Milky Way’s size (Methods), we adopt a range of
effective radii of 3.4-6.7 kpc (ref. 16) for the Milky Way, correspond-
ing toascalelength of 2-4 kpc assuming a single-exponential profile;
we thus show the Milky way’s metallicity profiles for the two extreme
cases. Itis evident that, regardless of the Milky Way’s size, the integrated

metallicity profiles of our Galaxy are inconsistent with the bulk of Milky
Way-mass MaNGA and TNG50 galaxies, which—when averaged across
the populations—generally show flatter radial metallicity distributions.
Theflatter stellar metallicity gradients of local galaxies are qualitatively
consistent with other independent measurements of MaNGA galax-
ies” and different IFU surveys'®, and are also consistent with those of
nearby massive star-forming galaxies2?, for which spectroscopic
observations of resolved luminous stellar populations (for example,
red or blue supergiants) are available.

Although appearing to be uncommon, the broken stellar metal-
licity profile of the Milky Way is not unique in either the observed or
simulated samples or in other local observations®. To estimate the
frequency of the Milky Way-like profile in these samples, we quantify
the inner and outer gradients of the metallicity profiles of individual
MaNGA and TNG50 galaxies with a broken linear function, the same
as that of the Milky Way (Methods). We find a small fraction of the
comparison galaxies (-1% in the MaNGA sample and 11% in the TNG50
sample) that have normalized inner and outer gradients (in dex R, ™)
consistent with those of the Milky Way within uncertainties, including
the uncertainties due to the Milky Way’s size. We highlight one such
galaxy ineach samplein Fig. 2. We note that the fraction in our MaNGA
sample might be underestimated because of limited spatial resolution
and radial coverage of the data.

Regarding the present-day metallicity profiles, Milky Way-like
galaxies generally show a monotonic, negative gradient, qualitatively
consistent with the Milky Way. Quantitative comparison of the gradi-
ent normalized to the effective radius, however, is rather sensitive to
the adopted size of our Galaxy. The metallicity gradients of galaxies
are comparable to that of the Milky Way when assuming a small size
of our Galaxy, but tend to be flatter than the Milky Way when a larger
sizeis adopted.

The analysis of the simulated galaxies confirms that there is
an innate relationship between the shape of the galaxy metallicity
profiles and the disk structure evolution, as shown in Figure 3. In the
inner regions (Fig. 3a), the Milky Way and TNG50 galaxies with Milky
Way-like disk structure evolution show a positive metallicity gradient
accompanied by a positive gradient of the luminosity profile of the
young population. This indicates reduced recent star formation in
theinnermost regions of these galaxies, and could be a manifestation
of the growth of the bulge** or of inside-out quenching of star forma-
tion” %, possibly due to active galactic nucleus feedback asis the case
for TNG50 galaxies>*>%.

Inthe outer regions (Fig. 3b), however, TNG50 galaxies with Milky
Way-like structure typically show aflatter metallicity gradient. As sug-
gested from empirical chemical evolution models or zoom-in simula-
tions, asteep outer metallicity gradient could possibly be induced by
anumber of processes: inside-out ignition of star formation due to
decreasing gas density with radius and inside-out disk growth due to
increasing gas accretion timescale with radius™°, radial gas inflow
alongthe disk that carries enriched material inwards***and an abrupt,
metal-free gas accretion event via, for example, a minor merger that
preferentially dilutes the disk at larger radii****. The simulated galaxies’
metallicity gradients shaped by these processes may also depend on
how they areimplemented in the models. For instance, in the metal-free
gas accretion scenario, the resulting dilution as a function of radius
strongly depends on the radial distribution of gasinfall and therefore
the mass and orbit of the infalling satellite. These requirementsonthe
infalling-satellite parameters could make the accretion-induced steep
metallicity gradient uncommon.

Tosummarize, we find that theintegrated, light-weighted metallic-
ity profile of the Milky Way is non-monotonic, with a positive gradient
inside 7 kpc and a negative gradient outside. This metallicity profile
is not unique but is uncommon among Milky Way-mass star-forming
galaxies both in the local Universe and in a state-of-the-art cosmo-
logical simulation. The overall shape of the Milky Way’s gradient is
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Fig.2| Comparison between the metallicity profiles of the Milky Way and
galaxies in the MaNGA survey and TNG50 simulation. The blue and magenta
shaded regions represent the mean + s.d. of the distributions of 321 MaNGA
galaxies and 134 TNGS50 galaxies, respectively. The filled symbols and error bars
denote their median metallicity profile and the error of the median. Left: average
radial light-weighted stellar metallicity profile of the Milky Way (black and grey)
in comparison with those of low-redshift Milky Way-mass star-forming galaxies
inthe MaNGA survey (blue). Light-blue curves denote the profiles of individual
MaNGA galaxies in our sample. One example galaxy that shows a Milky Way-like
broken profile is highlighted with a thickened line. Given the uncertainty of the
Milky Way’s size, we adopt two values of 3.4 and 6.7 kpc to illustrate the range of
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the Milky Way'’s profile normalized to the effective radius. Middle: the same as
the left but showing the comparison with galaxies from the TNG50 simulation
(magenta). As on the left, an example galaxy with a similarly broken profile is
highlighted. Right: comparison among the same galaxy samples as on the left and
inthe middle but for their present-day metallicity gradients. For MaNGA galaxies,
we use the oxygen abundance ([O/H]) measured in their ionized gas from optical
emission lines (Methods) to represent their present-day metallicity. For the Milky
Way and TNG50 galaxies, we use the [Mg/H], whichis tightly correlated with
[O/H] (ref. 95), of their young (0-4 Gyr) stellar populations to represent their
present-day metallicity (Methods).
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Fig.3| Correlation between the integrated stellar metallicity gradients
normalized to the galaxy effective radius and the disk structure evolution.
a,b, The disk structure evolution is quantified as the difference between the slope
of radial luminosity surface density profiles (A log(Z,)/AR) of young (0-4 Gyr)
and old (8-12 Gyr) stellar populations, inside (a) and outside (b) the break radius
identified in the metallicity radial profiles. Filled circles denote Milky Way-mass,
star-forming galaxies in the TNG50 simulation, colour-coded by their effective
radius. Two insets on the left-hand side of each panelillustrate the luminosity
surface density profiles of young and old populations in two example TNG50

galaxies (black squares): one with strong evolution at the top and one with nearly
parallel growth (a) or inverse evolution (young population being more compact,
b) at the bottom. The possible position of the Milky Way in these two diagrams

is denoted by ashaded ellipse, whichis stretched by the large uncertainty on the
Milky Way'’s effective radius, due in turn to uncertainties in the disk scale length
measurement and to the possible deviation from a single-exponential density
profile. We adopt the same range of effective radius of our Galaxy as in Fig. 2 and
assume equally likely values within this range.

set by the temporal evolution of itsinner and outer disk components.
The chemical structure of the inner galaxy can be explained by the
growth of the bulge or by inside-out quenching of star formationinthe
inner regions. The structure of the outer regions of the Milky Way, how-
ever, ismore challenging to explain in the accepted galaxy-formation
framework, as the steep metallicity outer profile, combined with the
current estimate of the effective radius, makes our Galaxy an atypical

system compared with the observed and simulated Milky Way-like
galaxy samples. This discrepancy may point either to the erroneous
measurement of the Galactic disk size, which may be addressed with
upcoming surveys such as WEAVE, the 4-metre Multi-Object Spec-
troscopic Telescope and the Sloan Digital Sky Survey V (SDSS-V), or
to an uncommon physical process operating during the evolution of
the Milky Way.
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Methods

Data

Thisworkis based onthe datafromthelastinternal datarelease of the
APOGEE survey after the SDSS-IV Data Release 16 (refs. 35-37). APO-
GEE is a massive near-infrared, high-resolution spectroscopic survey'
that provides robust and precise stellar parameters and elemental
abundances for more than a half million stars, mainly red giant branch
stars, innearly 1,000 discrete fields that are semiregularly distributed
throughout the Galactic disk, bulge and halo®®**, The observed sample
israndomly selected, onafield-to-field basis, from candidates defined
inthe 2MASS H-(/ - K;), colour-magnitude diagram. The stellar spectra
are obtained using custom spectrographs** with the 2.5 m Sloan tele-
scope and the New Mexico State University 1 mtelescope at the Apache
Point Observatory****, and with the 2.5 m Irénée du Pont telescope at
Las Campanas Observatory*. The spectra are reduced and chemical
abundances (for example, [Fe/H], [Mg/Fe]) and stellar parameters (for
example, surface gravity and effective temperature) of individual stars
are produced by custom pipelines using a new custom line list (the
APOGEE Stellar Parameter and Chemical Abundances Pipeline)** 5,
The stellar ages and spectrophotometric distances are derived by
applying the astroNN deep-learning code to the spectroscopic data
from APOGEE and astrometric data from Gaia, and are providedinthe
astroNN Value Added Catalog with typical age uncertainties of 30% and
distance uncertainties of 10% (refs. 49,50).

We have corrected the APOGEE abundances of Fe and Mg for the
effects of non-local thermodynamic equilibrium (NLTE). This physi-
cal processis not captured by standard LTE models and is often taken
into account explicitly®™. We used the Fe and Mg NLTE model atoms
developed by Bergemann et al.’>*>, NLTE corrections were calculated
foragrid of stellar model atmospheres covering the stellar parameter
space of APOGEE observations for individual Mg 1and Fe1lines, which
are detectable in the H-band APOGEE spectra®*. The NLTE abundance
corrections are typically within £0.10 dex for Fe and Mg abundances
inindividual stars, but they amount to less than 0.02 dex for the inte-
grated light-weighted abundances. Corrections for the NLTE effect
change the metallicity gradient only by less than 2%.

Integrated light-weighted metallicity measurements
Theintegrated stellar metallicity in the Milky Way is derived using the
density distribution of mono-abundance populations (MAPs) after
carefully correcting for the APOGEE survey selection function®. The
process of correcting for the APOGEE selection function is described
in greater detail by Lian et al.”*, but in summary, using PARSEC isoch-
rones*® and the combined three-dimensional (3D) extinction map”,
we estimate the probability that a star, at agiven Galactic position and
[Fe/H]and [Mg/Fe]abundances, would be selected as acandidate and
then eventually observed. The observed number density of APOGEE
stars at this position and abundance, divided by this observational
probability, gives rise to the local density of the underlying population.
This conversion fromsampled tointrinsic number density is conducted
forallindividual MAPs at different Galaxy positions independently. We
consider MAPs in the range of abundance where the vast majority of
the Milky Way’s stars are located: [Fe/H] between —0.9 and +0.5, with
binwidth of 0.2 dex, and [Mg/Fe]between—0.1and 0.4, with bin width
of 0.1dex. The luminosity density of each MAP is then obtained by
sampling the PARSEC isochrones assuming a Kroupa initial mass func-
tion*®, In total, we obtain 3,056 individual luminosity measurements
for each MAP spanning Galactocentric radii of 0-25 kpc and vertical
distances of 0-14 kpc.

With the 3D luminosity density distribution, we first obtain the
luminosity surface density of each MAP as afunction of radius by inte-
grating the density distribution in the vertical direction. We bin the
density measurements of MAPs into a series of narrow radial bins,
from 0 to 15 kpc with bin width of 1 kpc. For each radial bin, we fit the
vertical density distribution with a single exponential profile and derive

the surface luminosity density by integrating the best-fitted density
model. These surface luminosity densities are used to weight each
MAP to measure the average light-weighted metallicity of the Milky
Way. These values then have the same physical meaning as unresolved
stellar metallicity measurements in external galaxies and therefore
allow direct comparison between them. The average light-weighted
metallicity is calculated via

> [Fe/H]o;

[Fe/H]y = S o

where g, ;indicates the luminosity surface density of MAP i, and [Fe/H];
denotes theiron abundance of that MAP. The same calculation is per-
formed to obtainthelight-weighted magnesium abundance ([Mg/H]),
used inthe comparison with the gas-phase metallicity of galaxies, which
is usually represented by oxygen abundance ([O/H]). The calculationis
performed in the radial range 2-15 kpc, where the vertical structures
of alldominant MAPs are well determined. The stochastic uncertainty
of the integrated metallicity is estimated through Monte Carlo simu-
lations, considering uncertainties of abundances of each MAP and of
the obtained surface mass density that are propagated from number
density errors at each spatial position. As a conservative estimate, we
assume the uncertainties of [Fe/H] and [Mg/Fe] in each MAP to be 0.1
and 0.05 dex, respectively, which are half of the bin widths used for
MAP definition.

Since the radial metallicity distribution in the Milky Way varies sys-
tematically with height from the disk plane**~®, correcting the survey
selection functionis essential to derive the unbiased integrated average
stellar metallicity and its radial distribution. However, the main result
ofthis paper—that s, that the Milky Way presents a metallicity profile
witha pronounced break—is not strongly dependent on the correction
for the selection function. The radial metallicity profiles obtained
using APOGEE datawithout accounting for the selection function show
similar behaviour to those corrected for the selection function (Sup-
plementary Fig.1versus Fig.1), withaclearbreakatr -~ 6 kpc, a positive
gradientinside the break radius and a strong negative gradient outside.
Thisrough consistencyisbecause of the semiregular layout of APOGEE
fields on and off the disk plane, which minimizes the geometric selec-
tion effect. However, both the inner and outer gradients are steeper
than the integrated stellar metallicity. This suggests that our results
arerobust against uncertainties inthe correction for survey selection
function, butsuch correctionis necessary foranaccurate understand-
ing of the average metallicity distribution in the Milky Way.

Metallicity profilesin age bins

Toinvestigate the origin of the brokenintegrated metallicity profilein
the Galaxy, we study the metallicity profiles of stars at different ages.
These time-resolved metallicity profiles are obtained by first unfold-
ing the number density of each MAP at a given position along the age
dimension using the observed age distribution. Then, for each age
bin, we perform the same analysis as above to derive the surface lumi-
nosities of MAPs and light-weighted average metallicity as a function
of radius. Considering age uncertainties of ~30%, we consider three
broad age bins from 0 to 12 Gyr with even steps of 4 Gyr.

We are not able to account for the selection function and then
calculate the intrinsic density for a given mono-abundance and
mono-age bin if none of these stars are observed. Since very young
stars (age < 0.5 Gyr) have a very small fraction evolving through the
RGB phase and there are possibly no such young stars observed by
APOGEE, the contribution of very young populations in the luminos-
ity and average metallicity of total populations in this work is pos-
sibly underestimated at all radii. We have performed tests in which
we manually increase the luminosity density of the youngest age bin
(0-2 Gyr; abroader age bin of 4 Gyrisadopted in the main paper) in our
calculations and found that this does not affect our results significantly.
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A factor of two change in the luminosity of the youngest age bin is a
conservative estimate given that only very young stars are possibly
missing:itresultsinonlya<0.02 dex variationin the average metallicity
of total populations. Note that since the vertical density distribution
and surface density of MAPs are calculated separately, before being
combined into the ‘all age’ and ‘mono-age’ bins in Fig. 1, the obtained
average metallicity of total populationsis not precisely identical to the
arithmetic average of mono-age populations.

Measurement of metallicity gradients
To measure the metallicity gradient of the Milky Way, because of the
visibly non-monotonic profile, we fit abroken linear function,

apx+b, x<R,

AoueX + (@in — Aou)Rp + b, X > Ry,

tothe profile with four free parameters: zero point (b), break radius (R,)
and gradient in- and outside (a;,, a,,.) the break radius. The fit is per-
formedintheradial range 2-15 kpc. The uncertainties of the best-fitted
gradients are estimated through Monte Carlo simulations considering
the stochastic uncertainty of integrated metallicity measurement for
each radial bin. The best-fitted break radius is at 6.9 + 0.6 kpc. The
obtained gradients arein unit of dex kpc™. The normalized gradientin
dex R, ', however, is subject to large uncertainty because of the rather
uncertain size estimate of the Milky Way, originating from significant
uncertainty in the Milky Way’s disk scale length'® and the complexity of
the disk density profile, which may deviate from a single-exponential
shapess,b4—66‘

Comparison sample from the MaNGA survey

We compare our findings of the metallicity profiles of the Milky Way
with those of similar-mass, star-forming galaxies from the SDSS-1V
MaNGA survey” and the TNG50 cosmological simulation'", Raw
MaNGA data are spectrophotometrically calibrated® and reduced
by the Data Reduction Pipeline®®. From the final MaNGA Product
Launch 11, we select 321 face-on galaxies (axis ratio b/a > 0.5, using
aand b from the NSA catalogue®’) with a specific star formation rate of
>10"yr™ (using the total star formation rate measurement from the
Max-Planck-Institut fiir Astrophysik-Johns Hopkins University cata-
logue™) and |[log(M,/Myw)| < 0.2 dex, assuming log(Myw/M.,) =10.76
(ref. 71). Among them, 256 galaxies are in the Primary+ sample that
areobserved outto1.5 R.and 249 galaxies arein the Secondary sample
observedoutto2.5R..

We take stellar metallicities in each galaxy from the Firefly MaNGA
Value-Added Catalogue’ ™, which uses the Firefly full-spectrum fitting
code” and the MaStar stellar library’®””. Note that because the MaStar
stellar library only considers solar a« abundance, the derived stellar
metallicity is comparable to the iron abundance [Fe/H].

The spaxels of each galaxy are binned using a Voronoi tessellation
to ensure a minimum spectrum signal-to-noise ratio of 10 (ref. 78).
We require each Voronoi-binned cell to have an uncertainty of stellar
metallicity measurement less than 0.5 dex. We notice that the derived
radial profiles of MaNGA galaxies may be slightly flatter than the intrin-
sic ones due to insufficient spatial sampling’®. Therefore the fraction
of Milky Way-like metallicity profiles in local galaxies might change
quantitatively in adifferent IFU survey but probably not qualitatively.
For instance, no clear signature of broken metallicity profiles is seen
in massive late-type galaxies in the Calar Alto Legacy Integral Field
ArealFU Survey', which has a higher spatial resolution than MaNGA. A
more detailed and comprehensive comparison using spatially resolved
extragalactic observations of different spatial resolutionsis needed to
accurately quantify the frequency of Milky Way-like profilesin the local
Universe, whichis however beyond the scope of this paper.

MaNGA spectra have a wavelength range between 3,800 and
10,000 A. We have performed atest to calculate the average metallicity

profile of the Milky Way using r-band instead of bolometric luminosity
and found consistent results.

Comparison sample from the TNG50 simulation

To compare the Milky Way results with those from current
galaxy-formation models, we select Milky Way-like galaxies in the
TNGS50 simulation by applying the same selection criteria (that s, stel-
lar mass and specific star formation rate cuts) as used for the MaNGA
survey. TNG50 returns 134 galaxies satisfying these criteriaatthez=0
snapshot.

TNGS50is acosmological magnetohydrodynamical simulation for
the formation and evolution of galaxies that encompasses a volume
of about 50 comoving megaparsecs, thus it samples many thousands
of galaxies above 10® M,, across galaxy types and environments'",
In the simulation, processes such as density-threshold star forma-
tion, stellar evolution, chemical enrichment, galactic winds gener-
ated by supernova explosions, gas cooling and heating, and seeding,
growthand feedback from supermassive black holes are all simultane-
ously followed®*®, with an average mass and spatial resolution in the
star-forming galaxies of 8.5 x 10* M, and 50-200 pc, respectively'**.
The TNG50 galaxies at z= 0 have been shown to have structures and
properties that are overall consistent withmany observational findings:
of relevance for the purposes of this comparison, these include the
gas-phase metallicity gradients®, the radial star formation rate surface
density profiles in comparison with MaNGA galaxies® and the stellar
sizes and overall stellar morphologies in comparison with SDSS data
and others®*. All this allows us to compare the case of the Milky Way
with arelatively large set of simulated and reasonably realistic galaxies.

Following the same procedure as for the Milky Way data, we obtain
theintegrated light-weighted metallicity profiles of the selected TNG50
galaxies and measure their metallicity gradients and break radii by fit-
ting the light-weighted metallicity profiles of stellar particles within
+4 kpc fromthe mid-plane andin the 3-25 kpc range. As we obtain pro-
files outwards from 2 kpc for the Galaxy, we apply a similar minimum
radius for fitting the profiles of simulated galaxies. Because TNG50
galaxies are generally more extended than the Milky Way, we apply
a maximum radius of 25 kpc to cover the simulated galaxies at least
out to 2.5 effective radii. For their present-day metallicity gradient,
tobe consistent with the Milky Way, we use the metallicity gradient of
young stars with ages of 0-4 Gyr. The results from these fits are shown
inFig. 3. The effective radii of TNG50 galaxies are measured using the
luminosity distribution at the z= 0 snapshot.

Metallicity profiles of gas and young stars

Inthe main text, we use the metallicity profiles of young stars (0-4 Gyr)
in the Milky Way and TNG50 galaxies to represent their present-day
metallicity profiles. To verify this approach we compare the metallicity
profiles and gradients between the gas and young stars in our TNG50
galaxies (Supplementary Fig. 2). The metallicity profile of young stars
closely follows that of gas, although the latter is just slightly steeper
by 0.0026 + 0.0064 dex kpc™ on average (the gradient s calculated in
the3-25kpcrange). This difference does not affect the comparisonin
the main text.

For MaNGA galaxies, we measure the gas metallicity of the same
cells with stellar metallicity measurements using emission line fluxes
produced by the Data Analysis Pipeline®>*®. For each cell, we require the
signal-to-noise ratio of the strong emission lines ([0 11]A3,727, 3,729, Hp3,
[0111]A4,959,5,007, Ha, [N 11]A6,584) to be above 5, so that their ratios
place the cell in the star-forming region defined by the conventional
demarcation line® in the Baldwin-Phillips-Terlevich diagram®. We
correct for the galacticinternal extinction using the Balmer decrement
method, assuming case Brecombination with anintrinsic Ha/Hp ratio
of 2.87 (ref. 89) and a standard Milky Way extinction law’°. To account
for systematics in gas metallicity measurements between different cali-
brations, we test four widely used strong-line metallicity calibrations:
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R23 (([011]A3,727,3,729 + [0 111]A4,959, 5,001)/Hp3; ref. 91), N202 ([N 11]
\6,584/[011]A3,727,3,729; ref. 92) and two O3N2 (([O 111]A4,959, 5,001/
HB)/(IN11]A6,584/Ha)) calibrations’*”*. The metallicity profiles derived
with these calibrations have large differences in absolute metallicity
values but roughly consistent radial gradient shapes. We adopt the R23
calibration, which gives an average metallicity profile of our MaNGA
sample most consistent with the young populations in the simulated
galaxies and the Milky Way, but we emphasize that our qualitative
findings do not depend on the choice of calibrator.

Data availability
All data presented in this work are available in a public repository at
https://github.com/lianjianhui/Source-data-for-MW-gradient-paper.git.
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