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APOGEE
APOGEE: Apache Point Observatory 
Galactic Evolution Experiment”
• Data Release 17: 700,000 stars
• Galactic Genesis: 5 million stars

• Stellar parameters and abundances 
determined with ASPCAP (Garcia-
Perez+2017)

• SynSpec (Hubeny+2017)
• NLTE treatment for Na, Mg, K, and 

Ca
• Spectral grid matching with FERRE 

(Allende-Prieto+2017)
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With APOGEE abundances, we have been 
able to identify groups of chemically similar 

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

Galactic disk.
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But what about the neutron-capture elements?

Is APOGEE all we need in the disk? Is it missing anything?





Other APOGEE-
measured 
elements

[Ce/Fe] is one of the least 
precisely measured elements in 

APOGEE.
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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)

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

• e.g., Wehmeyer+2015, 2019, 
François+2024, Lucertini+2025 

• r-process element abundance ratios 
(e.g., [Eu/alpha]) have demonstrated 
discriminating power (e.g., 
Monty+2024)

r-process elements are unique [Eu/Si]

Monty+2024
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where we can access strong 
neutron-capture element lines

We can directly test this by identifying chemically similar 
stars in APOGEE and following them up in the optical

Are stars that APOGEE says are 
chemically similar also chemically 
similar in the neutron-capture elements?



“Galactic Chemical Doppelgängers”

Apparently unrelated pairs of field stars that 
appear as chemically similar as stars born 
together*.

ESA/Hubble

Open Cluster

*stars born together are highly chemical similar 
(e.g., Bovy 2016, Poovelil+2020, Sinha+2024)

coined by Ness et al. 2018



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

Optical investigation of APOGEE-identified chemical doppelgängers

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

Image Credit: Shaun C. Tarpley 
Photography 

Harlan J. Smith 2.7m Telescope at 
McDonald Observatory

Harlan J. Smith 2.7m Telescope at McDonald Observatory 
Equipped with the Tull high-resolution (R~60,000) optical spectrograph

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

Manea+2025, in prep.



Similar [Fe/H], C/N, and APOGEE-reported compositions 
indicates doppelgängers formed at a similar Galactic 

radius and time (e.g., Minchev+2018, Lu + 2024)

doppelgängers

“Galactic Chemical Doppelgängers”
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Measure abundance differences from the high res optical spectra:

Δ[
X/
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]

La II

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.Re
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Actual result:

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+2025, in prep.Re
su
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(As demonstrated by high-res optical surveys such as GAIA-ESO and GALAH, a lot.) 
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(Analytical) 
Emerick+2020 
(Hydrodynamical)

Zhang+2025 
(Hydrodynamical)



Possible Physical Interpretations

Maybe C/N isn’t a perfect age indicator (so 
these stars didn’t form at the same time)
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doppelgängers

👵👶
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Possible Physical Interpretations



Maybe these stars formed at slightly 
different radii and s-process elements 
have a slightly steeper radial gradient 

than other elements
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[alpha/Fe] radial gradient

[iron-peak/Fe] radial gradient

[s/Fe] radial gradient

[r/Fe] radial gradient



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 show neutron-capture abundance differences between 0.02 
and 0.04 dex beyond the typical difference among open cluster stars.

APOGEE abundances, even from SNR > 300 spectra, are not 
necessarily sufficient for identifying chemically similar stars across all 

elements.

Summary

Also, optical spectroscopy is important



BACKUP



Selecting chemical doppelgängers
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“Regular” abundance analysis

Fe Fe Fe

Fe Fe Fe

Star A

Star B

Abund(Fe)STAR A = <Abund(Feλ)STAR A>

Abund(Fe)STAR B = <Abund(Feλ)STAR B>

ΔAbund(Fe) = <Abund(Feλ)STAR A> - <Abund(Feλ)STAR B>

Susceptible to uncertain atomic data 
which affects our conversion of each 
line’s strength into an abundance
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Differential abundance analysis

Star A

Star B

ΔAbund(Fe) = <ΔFeλ>

ΔFeλ ΔFeλ ΔFeλ

Bypasses abundance uncertainties 
due to uncertain atomic data, 
systematic wavelength-specific 
reduction issues, etc.





Emerick et al. 2020

Supernovae products
AGB star products
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Krumholz&Ting+2018 simulations suggest 
AGB star nucleosynthetic products have 
shorter “correlation lengths” in the 
interstellar medium:
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Zhang+2025 simulations find that AGB star 
products are more well-mixed 
azimuthally than supernova products
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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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