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* Near-infrared (H-band): 1.51-1.70 microns
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* Near-infrared (H-band): 1.51-1.70 microns
* Multiobject spectrographs, 300 fibers
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* Near-infrared (H-band): 1.51-1.70 microns
* Multiobject spectrographs, 300 fibers
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* Near-infrared (H-band): 1.51-1.70 microns
* Multiobject spectrographs, 300 fibers

* Operates out of:

Apache Point Observatory (APO) in New
// Mexmo (2.5m and 1m telescopes)
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* Near-infrared (H-band): 1.51-1.70 microns
* Multiobject spectrographs, 300 fibers

* Operates out of:

OApache Point Observatory (APO) in New
Mexmo (2.5m and 1m telescopes)

o Los Campanas Observatory (LCO) in
Chile for APOGEE-2S (2.5m telescope)

: ﬁ:";"u, (i

.

‘{
1y
‘/




SDSS

(
| 408 Ei! oEE ENE lll LT jr—

4

* Near-infrared (H-band): 1.51-1.70 microns
* Multiobject spectrographs, 300 fibers

* Operates out of:

OApache Point Observatory (APO) in New
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Galactic Genesis
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APOGEE abundances have revolutionized our understanding ot the Milky Way disk
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APOGEE abundances have revolutionized our understanding ot the Milky Way disk
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APOGEE abundances have revolutionized our understanding ot the Milky Way disk
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With APOGEE abundances, we have been
able to identity groups of chemically similar

stars with distinct detailed compositions
that trace key physical processes in the
Galactic disk.




[s APOGEE all we need in the disk? [s it missing anything?
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APOGEE measures these elements

Abundance relative to the Sun



[s APOGEE all we need in the disk? [s it missing anything?
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But what about the neutron-capture elements?



Relative Flux

Relative Flux

Adding the s-Process Element Cerium to the APOGEE Survey:
|dentification and Characterization of Ce 1l Lines in the H-band

Spectral Window

Katia Cunha, Verne V. Smith, Sten Hasselquist, Diogo Souto, Matthew D. Shetrone,
Carlos Allende Prieto, Dmitry Bizyaev, Peter Frinchaboy, D. Anibal Garcia-Hernandez, Jon Holtzman
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s-process elements are unique

« Strong relationship between star’s [s/alpha] abundance and age

- Relationship varies across the disk; strongly
metallicity and spatially dependent

« (e.g., Casali+2020, Magrini+2021, Viscasillas Vazquez+2022, Ratcliffe+2023, Molero+2024)
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s-process elements are unique

« Strong relationship between star’s [s/alpha] abundance and age

- Relationship varies across the disk; strongly
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metallicity and spatially dependent
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s-process elements are unique

« Strong relationship between star’s [s/alpha] abundance and age

- Relationship varies across the disk; strongly
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s-process elements are unique

« Strong relationship between star’s [s/alpha] abundance and age

- Relationship varies across the disk; strongly
metallicity and spatially dependent

« (e.g., Casali+2020, Magrini+2021, Viscasillas Vazquez+2022, Ratcliffe+2023, Molero+2024)

r-process elements are unique

« Events that produce r-process
elements are rare yet highly
productive and energetic

- e.g9., Wehmeyer+2015, 2019,
Francois+2024, Lucertini+2025

« r-process element abundance ratios
(e.g., |Eu/alpha]) have demonstrated
discriminating power (e.g.,
Monty+2024)
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[s APOGEE all we need in the disk? Is it missing anytning?

“What is the observed dimensionality of chemical
apundance space in the disk?”
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We can directly test this by identifying chemically similar
stars in APOGEE ond following them up in the optical

where we can access strong
neutron-capture element lines
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Are stars that APOGEE says are

chemically similar also chemically
similar in the neutron-capture elements?




%

“Galactic Chemical Doppelgéngers”
| o | ~ coined by Ness et al. 2018

- Apparently unrelated pairs of field stars that
appear as chemically similar as stars born
together™.
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Optical investigation of APOG

- Sample: 25 pairs of stars that APOGEE DR17/ say
cluster stars for comparison

Manea+2025, in prep.
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Optical investigation of APOGEE-1dentified chemical doppelgangers

- Sample: 25 pairs of stars that APOGEE DR17 says are chemical doppelgdngers (including in Ce) and 12 open
cluster stars for comparison

. Pairs selected to have similar Teff, logg, and “ages” (|C/N] ratio) & SNR > 300 APOGEE spectra
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Optical investigation of APOGEE-1dentified chemical doppelgangers

- Sample: 25 pairs of stars that APOGEE DR17 says are chemical doppelgdngers (including in Ce) and 12 open
cluster stars for comparison

. Pairs selected to have similar Teff, logg, and “ages” (|C/N] ratio) & SNR > 300 APOGEE spectra

- Obtain R~60,000 optical spectroscopy and analyze their neutron-capture element similarity.

Manea+2025, in prep.
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Similar [Fe/H], C/N, and APOGEE-reported compositions
indicates doppelgdngers formed at a similar Galactic
radius and time (e.g., Minchev+2018, Lu + 2024)
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Stars deemed to be chemically indistinguishable by APOGEE can differ

by up to 0.2 dex in neutron-capture element abundances
Manea+2025, in prep.
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Optical investigation of APOGEE-1dentified chemical doppelgangers
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average abundance difference

Optical investigation of APOGEE-1dentified chemical doppelgangers

M 67 #— Random field pairs
== APOGEE Doppelgangers _ Random field pairs
= = APOGEE Doppelgangers (-0.02 < [Fe/H] < 0.02) (-0.02 < [Fe/H] < 0.02)

w
0.101 Actual result: APOGEE-sampled elements new elements only in optical ¥
0.08 (used in doppelganger selection) (NOT used in doppelganger selection) |
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Stars deemed to be chemically indistinguishable by APOGEE on
average show neutron-capture abundance differences between 0.02

and 0.04 dex beyond the typical difference among open cluster stars.
Manea+2029, In prep.
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APOG nces, even from SNR > 300 spectra, are not
necessarily sufficient for identitying chemically similar stars across all
elements.

e : : , :

2IWhat more can we learn more about the Milky Way disk’s stellar populations
O :
Llwhen we also consider the neutron-capture element abundances of

E|APOG

(As demonstrated by high-res optical surveys such as GAIA-ESO and GALAH, a lot.)
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Possﬂole Physﬁcal Interp“ret'atlons
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compositions indicates
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at a similar Galactic
radius and time
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Imio’iéat,i'on' ‘s



: - s " s 3 ., .
’y Sl '_ ’ .". '. . - n \
~ .-'.'..b > = . I - . :
e > Sl LI gt : . el . » g © .
. 'I'..'.:. . s nt : . . . . X '.-‘ ) . . ; .. 2
— .t . oo ™ . : . » ~ '

. -: c i'

T
. v




Possﬂ:)le Phyéical Interpretatlons

Implication | _
Maybe these stars formed at slightly
different radii and s-process elements a -
have a slightly steeper radial gradient} .
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_ Possible Physical Interpretations

doppelgdangers
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Summary

Stars deemed to be chemically indistinguishable by APOGEE can differ
by up to 0.2 dex in neutron-capture element abundances.

Stars deemed to be chemically indistinguishable by APOGEE on

average s
and 0.04 ¢

NOW Neutro

N-capture ap

Jndance differences between 0.02

ex bevond the typical difference among open cluster stars.

APOGEE abundances, even from SNR > 300 spectra, are not

necessarily

sufficient for identitying chemically similar stars across all
elements.

Also, optical spectroscopy is important
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Random Intra-Cluster Pairs
(M67 and NGC06819)
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‘Regular” abundance analysis

Star A
Abund(Fe)star o = <Abund(Fen)star ;V_/U W V
Fe e =

Star B

Abund(Fe)star s = <Abund(Fe))sTar B>

Fe

AAbund(Fe) = <Abund(Fe)star a> - <Abund(Fe))star B>



‘Regular” abundance analysis

Susceptipble to uncertain atomic data
which affects our conversion of each
ine’s strengtn into an apbundance

Abund(Fe)srs

Abund(Fe)st;

Fe Fe Fe

AAbund(Fe) = <Abund(Fe)star a> - <Abund(Fe))star B>



Differential abundance analysis

vv W V Star A

Star B




Differential abundance analysis
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Differential abundance analysis

VW W“

Star A

AFey\

AAbund(Fe) = <AFe)>



Differential abundance analysis

Bypasses abundance uncertainties
due to uncertain atomic data,

systematic wavelength-specific
reduction issues, etc.

AAbund(Fe) = <AFe)>
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(Uncertainty-corrected)
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Correlation with dispersal source

Well correlated

Uncorrelated

Krumholz&Ting+2018 simulations suggest
AGB star nucleosynthetic products have
shorter “correlation lengths” in the
interstellar medium:
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Correlation with dispersal source

Well correlated

Uncorrelated
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Zhang+2025 simulations find that AGB star

products are more well-mixed

azimuthally than supernova products

Heavily doctored figure
that illustrates the
results of Zhang+2025
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[C/N] has been demonstrated to be an
effective tracer of giant star age but can be
unreliable in some stars with extra mixing

(e.g., Shetrone+2018)
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effective tracer of giant star age but can be
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(e.g., Shetrone+2018)

1 T
-0.1 : 0.0 B I.APIO(;E;E I I B R I I I I B R I
l = _ —
~0.2 | 02 = OGES _‘
| L 2 ] —e "~ [ OTautvaisiene et al. 2015 -
0.3 | k=g _ "~ @Mean value APO - GES -
. : = | . : — -0.4 __ T
B - = 7w gl FOl - 7
< —0.4r - ‘ % ¢ - = B _
S =i O -0.6 - -
~0.5 | - e N
gl _ _ . -
-0.6 ': 0.8 - @/" N
| B _l_ |
o : Sp00+2022 - 1.0 | Casali+2024 -
: | | | | | | | | | | | | I | | | | | | | | | | I | I
—08 555850 875 9.00 9355 950 975  10.00 7. 8.0 8.5 9.0 9.5 10.0

log(Agelyr)) log(Agelyr])



