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Crediti: David R. Law (Dunlap Institute, University of  Toronto. Gabriel Pérez Díaz, SMM (IAC). Licenza Creative Commons

Filmato disponibile al seguente indirizzo: https://www.youtube.com/watch?v=i2gR72eXbok

https://www.youtube.com/watch?v=i2gR72eXbok
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Per creare questa mappa dell'intero cielo, si sono utilizzati i dati di oltre 1,8 miliardi di stelle. La mappa mostra la luminosità totale e il colore delle 
stelle osservate da Gaia, pubblicati come parte della Early Data Release 3 (Gaia EDR3). (Crediti: ESA/Gaia/DPAC, A. Moitinho, ESA Standard Licence)
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Crediti: ESA/ATG medialab

Gaia misura le distanze utilizzando la 
parallasse trigonometrica:


 

Poiché gli angoli di parallasse delle stelle 
sono estremamente piccoli, definito il 
parsec come la distanza a cui il raggio 
dell'orbita terrestre (1 AU) sottende un 
angolo di 1 secondo d’arco, si ha:





dove la distanza si misura in pc e l’angolo 
in secondi d’arco (arcsec)

tan(p) =
1 AU

d

d ≈
1
p
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Complicazioni: le stelle non sono immobili, ma 
hanno un moto proprio. 


Soluzione astrometrica a 5 parametri di Gaia: 
fornisce contemporaneamente posizione ( ), 
parallasse (distanza), e moti propri (velocità 
angolari con cui si sposta la stella, )

α, δ

μα, μδ

In alto: le scie raccontano il cammino delle stelle nel cielo, proiettato nei 400 000 anni a venire. Crediti: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO.                   
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In alto: le scie raccontano il cammino delle stelle nel cielo, proiettato nei 400 000 anni a venire. Crediti: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO.                   
In basso: mappa delle velocità radiali Gaia. Crediti: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO. Ringraziamenti: ESA/Gaia/DPAC/CU6, D. Katz, N. Leclerc, 
P. Sartoretti and the CU6 team.

Utilizzando lo spostamento Doppler osservato 
nelle righe spettrali di una stella rispetto alle 
loro lunghezze d'onda a riposo, gli astronomi 
sono in grado di misurare la velocità radiale 
della stella, ovvero se questa si stia 
allontanando o avvicinando a noi.


Combinando le componenti tangenziali e 
radiali della velocità, otteniamo il moto delle 
stelle in 3D per circa 34 milioni di stelle.
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SPETTROSCOPIA

Le righe spettrali stellari si formano negli strati esterni più freddi:

• Le regioni interne, più calde, emettono uno spettro continuo

• La luce, nel  suo viaggio verso l’esterno, incontra gli strati più 

freddi e meno densi; gli atomi e gli ioni presenti in questi strati 
freddi assorbono specifiche lunghezze d’onda 


• Le lunghezze d’onda assorbite appaiono come bande nere nello 
spettro che emerge dall’atmosfera
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Crediti per le immagini degli spettri stellari: IAU OAE/SDSS/Niall Deacon. Licenza: Creative Commons Attribuzione 4.0 Internazionale (CC BY 4.0)
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SPETTROSCOPIA

Gli astronomi classificano le stelle in base al loro tipo spettrale, che dipende 
essenzialmente dalla loro temperatura superficiale, detta temperatura efficace (o effettiva)



ETÀ STELLARI
Isocrone stellari: sono curve tracciate sul diagramma di Hertzsprung-Russell (H-R) che 

uniscono punti corrispondenti a stelle aventi le stesse età ma masse diverse

Crediti: Ivan Ramirez. Licenza: CC BY 4.0
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ETÀ STELLARI
Astrosismologia: si basa sull'osservazione di oscillazioni causate da onde sonore che si 
propagano attraverso l'interno delle stelle, influenzando la loro luminosità e temperatura 

superficiale. Dallo studio di queste oscillazioni è possibile determinare raggi, masse ed età 
delle stelle con estrema precisione.

I satelliti Kepler/K2, TESS e PLATO; campi magnetici e onde sonore in un interno stellare [crediti immagine: Rafael A. García (SAp CEA), Kyle 
Augustson (HAO), Jim Fuller (Caltech) & Gabriel Pérez (SMM, IAC)]

2027



Posizioni e moti dettagliati —> dinamica stellare e fusioni galattiche 
Età stellari —> caratterizzazione completa della storia chimica delle componenti della Via Lattea 

Composizione chimica delle stelle in tutte le fasi evolutive (solo nella Via Lattea) —> evoluzione stellare e nucleosintesi 
  

SURVEY SPETTROSCOPICHE SU LARGA SCALA CONCLUSE: 
RAVE | Periodo: 2003-2013 | ~500,000 stelle brillanti e vicine (9 < I < 12) | R ~ 7500 | Lunghezza d'onda: 8410-8800 A (tripletto del Ca 
II)

SDSS | Periodo: 2005-2011 | ~250,000 stelle deboli (14 < g < 20.3) | R ~ 2000 | Lunghezza d'onda: 3800-9200 A (ottico)

Gaia-ESO Survey | Periodo: 2011-2018 | ~115,000 stelle (soprattutto nel disco Galattico) & ammassi aperti | R ~ 17000 (GIRAFFE) 
47000 (UVES) | Lunghezza d'onda: 4000-9000 A

APOGEE | Periodo: 2011-2021 | ~600,000 giganti rosse (H < 14), ammassi aperti, alcuni ammassi globulari | R ~ 22500 | Lunghezza 
d'onda: 1.51-1.70 𝜇m (infrarosso)

GALAH | Periodo: 2014-2023 | ~600,000 nane e giganti FGK (V < 14), ammassi aperti, alcuni ammassi globulari | R ~ 28000 | 
Lunghezza d'onda: 471-789 nm

Gaia DR3 (2022) | ~5e6 stelle FGK | R ~ 11500 | Lunghezza d'onda: 845-872 nm


SURVEY SPETTROSCOPICHE SU LARGA SCALA PIENAMENTE OPERATIVE: 
LAMOST | Periodo: 2012-ora | >1e6 (a bassa risoluzione), > 5e6 (a media risoluzione) | R ~ 1800 o 7500 | Lunghezza d'onda: 
3700-9000 A


… E MOLTO ALTRO STA ARRIVANDO: 
WEAVE@WHT (La Palma, Canarie)

4MOST@VISTA (Paranal, Chile)

MOONS@VLT (Paranal, Chile)

Oggi l'Archeologia Galattica sta vivendo una vera e propria rivoluzione, spinta dall'accesso a una quantità di dati senza precedenti:

Slide courtesy: S. Lucatello



Alcuni risultati: gradienti di abbondanze radiali e verticali nel disco Galattico; mappatura della storia evolutiva del disco

[X/Y] = log(NX/NY)star - log(NX/NY)Sun


A(X) = log (X) = log(NX/NH)star + 12ε

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

Figura da Hayden et al. (2015)



Alcuni risultati: mappatura di eventi di accrescimenti di satelliti

Figure da Helmi et al. (2018)

L’analisi dei moti di milioni di stelle in Gaia DR2 ha evidenziato un comportamento anomalo di un grande 
gruppo di stelle vicine (orbite estremamente eccentriche, moto retrogrado). Analizzando il loro DNA chimico, 
gli astronomi hanno visto che le loro proprietà chimiche e (diagramma [ /Fe] vs [Fe/H]) erano compatibili con 

l’evoluzione di una galassia nana —> scoperta di Gaia-Encelado
α





Tradurre i dati in scoperte | Modelli di evoluzione chimica delle galassie

Descrivono come la composizione chimica del mezzo interstellare da cui si formano le stelle varia al passare 
del tempo nelle diverse componenti Galattiche (alone, disco spesso, disco sottile e nucleo centrale) e nelle 

galassie esterne, sotto l’azione di diversi processi fisici (accrescimento di gas dall’alone caldo, mergers, 
formazione stellare, venti galattici, moti radiali di stelle e gas, etc.)


—>   Codici a sé o moduli inglobati in complesse simulazioni idrodinamiche (anche cosmologiche)

Computazionalmente “economici” 
Possono seguire l’evoluzione di un 
grandissimo numero di elementi 
chimici su un PC

Fanno un massiccio uso di risorse di calcolo ad alte 
prestazioni (e.g. CINECA supercomputers) 
Possono seguire l’evoluzione di un set limitato di elementi 
chimici



Produzione degli elementi

Nucleosintesi del Big Bang: H, D, 3He, 4He, 6Li, 7Li

(e.g., Pitrou et al. 2021)

Processi di spallazione dei raggi cosmici nel mezzo interstellare: Li, Be, B

(e.g., Meneguzzi et al. 1971; Lemoine et al. 1998)

Stelle singole di massa bassa ed intermedia (1–8 M⊙): 3He, 4He, 12C, 13C, 14N, 17O, F, elementi da processi s (Sr, Y, Zr, Ba, Pb, …)

(e.g., Cristallo et al. 2009, 2011, 2015; Lagarde et al. 2012; Ventura et al. 2013, 2018, 2020, 2021; Karakas & Lugaro 2016; Cinquegrana 
& Karakas 2022)

Novae (sistemi binari costituiti da stelle di massa bassa ed intermedia): 7Li, 13C, 15N, 17O, 26Al, 60Fe…

(e.g., José & Hernanz 1998; José et al. 2020; Starrfield et al. 2020)

Supernove di tipo Ia (SNeIa; sistemi binari costituiti da stelle di massa bassa ed intermedia): Si, S, Ca, Ti, V, Cr, Mn, Fe, Ni, Co, Cu, Zn

(e.g., Iwamoto et al. 1999; Leung & Nomoto 2018, 2020; Seitenzahl et al. 2013)

Crediti: R.N. Bailey



Produzione degli elementi

Electron-capture supernovae (8–10 M⊙): elementi da processi s (Sr, Y, Zr, …)

(e.g., Poelarends et al. 2008; Doherty et al. 2015; Jones et al. 2019)

Stelle massicce (M > 10 M⊙): 4He, 7Li (?), 12C, 13C, 14N, 15N (?), 17O, 18O, F, P, Na, Al, elementi 𝛼, elementi del picco del Fe, 
elementi da cattura neutronica lenta (s) e veloce (r)


   (e.g., Heger & Woosley 2010; Nomoto et al. 2013; Pignatari et al. 2015; Nishimura et al. 2017; Limongi & Chieffi 2018; 

   Roberti et al. 2024; Limongi et  al. 2025)


Coalescenza di sistemi binari compatti (sistemi formati da due stelle di neutroni o una stella di neutroni e un buco nero): 
elementi da processi r

(e.g., Lattimer & Schramm 1974, 1976; Hotokezaka et al. 2013; Rosswog 2013)

Crediti: R.N. Bailey



Time-delay model

Paradigma fondamentale dell'evoluzione chimica galattica: spiega l'andamento del rapporto [ /Fe] in funzione 
della metallicità, [Fe/H], attraverso la differente scala temporale di rilascio degli elementi chimici da parte di due 
classi distinte di progenitori: 

• Stelle massicce: producono grandi quantità di elementi  (O, Mg, Si, Ca, Ti) su tempi scala brevi (3-30 Myr). 

Esplodono come CCSNe lasciandosi dietro un oggetto compatto (stella di neutroni o buco nero)

• SNeIa (stadio finale dell’evoluzione di particolari sistemi binari formati da una nana bianca e da una compagna di 

massa bassa meno evoluta):  producono grandi quantità di elementi del picco del ferro, non lasciano alcun oggetto 
compatto dietro di sé

α

α

Tempo
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Un’applicazione particolare del time-delay model: il rapporto isotopico del carbonio… al TNG



Un’applicazione particolare del time-delay model: il rapporto isotopico del carbonio… al TNG
INAF – TIME ALLOCATION COMMITTEE

Application for observing time Category: B
Period AOT51 (April 2025 – September 2025) Submit using: www.tng.iac.es/submit.html

1. Title

Galactic evolution of the carbon isotopic ratio

2. Abstract

Determinations of abundance ratios in stars can be used to constrain theories of stellar and galactic evolution.
Unluckily, we still miss a satisfactory picture of how some key elemental and isotopic abundance ratios evolve
in our Milky Way. The atmospheric abundances of the two stable isotopes of carbon may be altered by
several processes during a star’s lifetime. Therefore, in order to get insight into the evolution of the 12C/13C
abundance ratio from the Big Bang to the present time, it is mandatory to observe unmixed stars with well-
defined ages. We have selected 6 nearby (d ≤ 450 pc) subgiant branch stars (free from evolutionary effects)
with precise age determinations. Our proposed GIARPS observations will put unprecedented constraints on
models of Galactic evolution and stellar synthesis of 13C, while also allowing to check the consistency of
12C/13C abundance ratios measured from CH and CO bands in stars. This is a pilot programme, to verify
the potentialities of GIARPS for these challenging observations. If successful we foresee to request further
time.

3a. Number of requested hours per telescope and instrument (must include overheads)

TNG

DOLORES DOL.+MOS NICS HARPS-N

24

GIANO-B

27

SIFAP2

REM

ROSS REMIR

3b. Observing modes TNG: X Visitor Service ToO

REM: Rapid Response Queuing ToO

4a. Preferred months

first choice: April second choice: May

4b. Other scheduling constraints (use also box 14)

June to September: impossible

5a. Past and future of the project

a) Hours already awarded to the project: 0

b) Hours foreseen to complete the project:
(not including this request)

0

5b. Exoplanet YR

6. Principal investigator

Name Donatella Romano
Institute INAF, Osservatorio di Astrofisica e

Scienza dello Spazio

Address Via Gobetti 93/3, 40129, Bologna, Italy

e-mail donatella.romano@inaf.it

Phone +39 051 6357 336

7. Co-investigators (name and institution)

Piercarlo Bonifacio, Observatoire de Paris,
France/INAF-Osservatorio Astronomico di
Trieste, Italy
Alessio Mucciarelli, Università di
Bologna/INAF-Osservatorio di Astrofisica
e Scienza dello Spazio, Italy
Elisabetta Caffau, Observatoire de Paris,
France/INAF-Osservatorio Astronomico di
Trieste, Italy
Martina Rossi, Università di Bologna/INAF-
Osservatorio di Astrofisica e Scienza dello
Spazio, Italy
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Primo step: l’idea
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Figure 1: Top panel. Expected 12C/13C ratio as a function of Galactic age for three GCE models assuming
the yields of Karakas (2010) for low- and intermediate-mass stars and either Meynet & Maeder (2002),
Hirschi et al. (2005), Hirschi (2007), Ekström et al. (2008) (black line) or Limongi & Chieffi (2018) (purple
lines) ones for massive stars. Thick/thin lines refer to models with/without the contribution of novae to 13C
synthesis. Yellow circles are data for brown dwarfs (ages < 150 Myr; Zhang et al. 2021; Gonzalez Picos et al.
2024), the Sun (Ayres et al. 2013) and HD140283 (Spite et al. 2021). Small blue squares are data for very
metal-poor Galactic halo stars from Molaro et al. (2023), to which we assign old ages of 12.5 ±1 Gyr. The
red arrows indicate the ages of our targets. Above the pink-shaded region the observations can place only
lower limits to the 12C/13C ratios. Yet, they turn out to be extremely useful to discriminate among models.
Bottom panel. Accurate, precise, and physically self-consistent ages and metallicities (Nataf et al. 2024) of
a sample of 19 subgiant branch stars observable with GIARPS in AOT51. The sizes of the circles refer to
the V magnitudes of the objects. For this pilot project we have selected the 6 most brilliant objects covering
reasonably well the full range of ages and metallicities (empty red circles).

3a.

Primo step: l’idea Secondo step: il target



Figure 2: Portion of synthetic spectra for a subgiant star with Teff =5540 K, log g = 3.2 dex, [Fe/H] = −1
dex and 12C/13C = 5 (black line) and 40 (red line).

Figure 3: Portion of synthetic spectra for a subgiant star with Teff =5100 K, log g = 3.2 dex, [Fe/H] = −0.5
dex and 12C/13C = 5 (black line) and 40 (red line).
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2020, AJ, 160, 120 • Josè J. & Hernanz M. 1998, ApJ, 494, 680 • Karakas A. I. 2010, MNRAS, 403, 1413 • Kurucz R. L.
2005, MSAIS, 8, 73 • Lagarde N. et al. 2024, A&A, 684, A70 • Limongi M. & Chieffi A. 2018, ApJS, 237, 13 • Maeder
A. 1992, A&A, 264, 105 • Meynet G. & Maeder A. 2002, A&A, 390, 561 • Molaro P. et al. 2023, A&A, 679, A72 • Nataf
D. M. et al. 2024, ApJ, 976, 87 • Romano D. et al. 2017, MNRAS, 470, 401 • Romano D. et al. 2019, MNRAS, 490, 2838
• Spite M. et al. 2021, A&A, 652, A97 • Sun Y. et al. 2024, MNRAS, 527, 8151 • Zhang Y. et al. 2021, A&A, 656, A76 •

Zhang Z.-Y. et al. 2018, Nature, 558, 260

3b.

Ottico IR

HARPS-N GIANO-B

11. List of targets (note that the absence of a proper object list, or poor target visibility, may weaken the proposal)

Name α δ Epoch Mag. Time Additional Information

TYC1448-343-1 188 17 31.85 +19 15 35.14 J2000 V=10.38 2hr K=8.59
TYC1978-1594-
1

165 06 38.56 +23 15 10.51 J2000 V=10.78 3hr K=9.01

TYC1983-1091-
1

168 19 16.21 +29 15 49.39 J2000 V=10.84 3hr K=8.89

TYC3089-246-1 268 21 01.66 +39 19 26.47 J2000 V=10.99 3,5hr K=8.98
BSD55-784 175 08 23.82 +30 30 21.92 J2000 V=11.03 3,5hr K=9.17
TYC3044-206-1 223 59 54.10 +38 07 19.34 J2000 V=11.13 4hr —

12. Observational strategy and justification of requested time, including overheads.

Our team includes members with a considerable experience in the determination of 12C/13C ratios from
high-resolution stellar spectra. We will observe the targets in GIARPS mode and infer the carbon isotopic
ratios of our sample stars (Teff = 5500–5800 K, log g ≃ 3.5–3.8 dex, and −0.9 < [M/H] < −0.3, from
Gaia archive) by fitting appropriate synthetic spectra, computed by varying carbon abundances and 12C/13C
ratios, to the observed ones in small spectral windows where either CH lines (HARPS-N spectra) or CO lines
(GIANO-B spectra) are prominent (see Figs. 2 and 3, respectively, as an example). We shall use 1D/3D
model atmospheres computed with the ATLAS (Kurucz 2005)/CO5BOLD code (Freytag et al. 2012), which
will permit to assess the effects of granulation on the derived abundances.
Our extensive tests suggest that a SNR ≃ 75 is needed to derive carbon isotopic ratios that allow a meaningful
comparison with the predictions of GCE models. Low 12C/13C ratios can be determined with an error of
±5 on the ratio. For ratios above 100, only lower limits can be set. Lastly, the CO lines become weaker
and weaker with decreasing the stellar metallicity, making the derivation of the 12C/13C ratio from K-band
features extremely challenging for the most metal-poor stars. Our observational strategy will consist in setting
the time to be spent on each target to the minimum necessary to obtain an accurate 12C/13C ratio from the
G-band (HARPS-N guided observations). In the unfortunate event that the carbon isotopic ratio could not
be inferred from IR CO lines, our high-quality infrared spectra will still be usable to measure the abundances
of poorly-studied species, such as sulfur (from Multiplet 3 at 10450 Å; Caffau et al. 2007) and phosphorus
(from a few lines in the H band; see Table 3 in Jönsson et al. 2020).
We used HARPS-N ETC (with Spectral Type K0, Airmass 1.2, CCD Read Mode High, Days from New Moon
14, Seeing 1.2) to find that we need 19 hr of integration time (2 hr for the brightest target, 4 hr for the
faintest one) to reach SNR ≃ 75 at 4300 Å for all targets. Overheads (5 hr) are computed following the
instructions in the user manual, Sect. 4.3, considering splitting all observations in 1800-sec sub-exposures
and the execution of the program over three nights. Overall, we request 24 hr of HARPS-N time. As stated
above, while our time request is HARPS-N-driven, we ask GIARPS to perform simultaneous observations
with GIANO-B. We shall execute multiple shorter exposures with GIANO-B while HARPS-N is integrating.
We use GIANO-B ETC (with Spectral Type K0III, Seeing 1.2, Airmass 1.2) to find that a 300-sec exposure
results in SNR >40 (>30) at 23000 Å for our most (less) luminous target. In the region of SI Multiplet 3
(10450 Å) a lower SNR of 20–25 is obtained, yet perfectly suited to S abundance derivation. Repeated
integrations will increase the SNR by a factor of ≈

√
N , with N = 16 (32) for the brightest (faintest) target.

To effectively correct for tellurics the IR spectra, we will also observe some bright, hot stars twice per night
at different airmasses. This adds 3hr (1hr per night) to the overall time request that thus totals 27 hr.

4.



Figure 2: Portion of synthetic spectra for a subgiant star with Teff =5540 K, log g = 3.2 dex, [Fe/H] = −1
dex and 12C/13C = 5 (black line) and 40 (red line).

Figure 3: Portion of synthetic spectra for a subgiant star with Teff =5100 K, log g = 3.2 dex, [Fe/H] = −0.5
dex and 12C/13C = 5 (black line) and 40 (red line).
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Figure 4. Phosphorus abundance determination from the P I 10529 . 524 Å line in the solar spectrum. Top panel: Synthetic spectra after varying the abundances 
of P by ±0 . 1 dex (blue shaded profiles), together with spectra that contain only the P I transition (solid blue), and other species (grey). The orange dotted vertical 
line marks the line centre, while the orange shaded strip marks the wavelength range used in the fit. Bottom panel: Observed spectrum (blue points) compared 
with the best-fitting synthetic spectrum (solid orange) and models corresponding to ±1 σ uncertainty in A (P) (orange dashed). The light-grey dashed ‘stair-step’ 
curve (right-hand y-axis) shows the pixel mask: cont (continuum windows), line (pixels included in the fit), and bad (pixels excluded). The orange shaded region 
is the same fitting window as in the top panel. Similar plots for the other analysed P lines are available in the Supporting Information. 

This masking strategy ensures that pixels affected by other spectral 
lines or strong telluric absorption are excluded from continuum esti- 
mation. As the continuum normalization is generally well performed 
in Section 2 , PYSME applies only a constant scaling to the synthetic 
spectrum, determined by the mean flux level of the continuum pixels. 
The phosphorus abundance is then derived by minimizing the χ2 over 
the line mask region only. 

We adopt the best-fitting phosphorus abundance and the corre- 
sponding fit uncertainties (the statistical uncertainties of 
the fitting) output from PYSME as our final measurement and its 
associated uncertainty. Upper limits are identified following a method 
similar to the one described in E. X. Wang et al. ( 2024 ): if the EW 
of a fitted line at its best-fitting abundance A (P)λ is smaller than 
three times the EW obtained at A (P)λ + σA (P)λ , the measurement 
is classified as an upper limit and excluded from further analysis. 
When measurement uncertainties properly reflect the noise level 
in the spectrum, this criterion helps mitigate selection bias by 
avoiding the preferential inclusion of stronger lines influenced by 
noise. 

We expect the phosphorus abundances derived from all selected 
lines for a given star to be consistent within their respective 
uncertainties. However, we find that for a few lines, the derived 
abundances systematically deviate from the mean value obtained 
from the other lines. This discrepancy may arise from several factors, 
such as inaccurate log gf values, improper continuum placement, or 
undetected blending features that are not captured by the synthetic 
spectra. These problematic lines are marked with Ngiant or NCepheid 
as 0 followed by parentheses in Table 2 and are excluded from 

subsequent analysis. Most of these lines are used in only a few stars, 
and we defer discussion of specific cases where the affected lines are 
present in the majority of stars to Appendix B . 

Finally, the weighted average and standard deviation of the A (P) 
from all available P I lines are taken as the final A (P) and its 
corresponding error. 
4  RESULTS  
We present the results of phosphorus abundance measurements for 
individual stars and clusters in this section. 
4.1 Phosphorus abundance for the standard stars 
Our measurement of the solar spectrum from GIANO shows good 
consistency with previous determinations, as shown in Fig. 6 . The 
same line selection procedure as for other stars was applied to the 
standard stars. A total of 13 phosphorus lines were initially selected. 
Among them, one line is too weak to provide reliable measurements 
and is therefore treated as an upper limit, while another three are 
significantly blended with telluric absorption features or do not show 
a clear absorption profile. It is evident that the lines affected by telluric 
contamination tend to deviate from the remaining measurements (i.e. 
the 9525 . 741 and 11183 . 24 Å line in Fig. 6 ), which justifies their 
exclusion from the final abundance calculation. The final phosphorus 
abundance, 5.46, is obtained as the weighted mean of the remaining 
reliable P lines. This value is in good agreement with the solar 
phosphorus abundance derived using 1D LTE spectral synthesis in P. 
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A B S T R A C T 
We present phosphorus abundance measurements for a total of 102 giant stars, including 82 stars in 24 open clusters and 20 
Cepheids, based on high-resolution near-infrared spectra obtained with GIANO-B. Evolution of phosphorus abundance, despite 
its astrophysical and biological significance, remains poorly understood due to a scarcity of observational data. By combining 
precise stellar parameters from the optical, a robust line selection and measurement method, we measure phosphorus abundances 
using available P I lines. Our analysis confirms a declining trend in [P / Fe] with increasing [Fe / H] around solar metallicity for 
clusters and Cepheids, consistent with previous studies. We also report a [P / Fe] –age relation among open clusters older than 
1 Gyr, indicating a time-dependent enrichment pattern. Such a pattern can be explained by the different stellar formation history 
of their parental gas, with more efficient stellar formation in the gas of older clusters (thus with higher phosphorus abundances). 
[P / Fe] shows a flat trend among Cepheids and clusters younger than 1 Gyr (along with three Cepheids inside open clusters), 
possibly hinting at the phosphorus contribution from the previous-generation low-mass stars. Such a trend suggests that the 
young clusters share a nearly common chemical history, with a mild increase in phosphorus production by low-mass stars. 
Key words: stars: abundances – stars: late-type – stars: variables: Cepheids – open clusters and associations: general. 
1  I N T RO D U C T I O N  
Spectroscopic analysis of stars allows us to determine the abundances 
of various elements in their atmospheres, effectively revealing 
their chemical compositions. These elemental signatures reflect the 
composition of the molecular cloud from which the stars were born, 
capturing the initial conditions of star formation. Consequently, mea- 
suring the chemical compositions of stars across different elements 
provides crucial constraints on the evolutionary history of the Milky 
Way and constitutes one of the central goals of Galactic archaeology 
(or Galactic palaeontology; see e.g. E. Tolstoy 2011 ). For instance, 
observations of α-elements (e.g. O, Mg, Si, S, Ca, and Ti) in the 
⋆ E-mail: jian-mingjie@outlook.com 

Milky Way help distinguish different components of the Galactic 
disc (e.g. the thin and thick disc; M. R. Hayden et al. 2015 ; F. 
Anders et al. 2017 ). When combined with our understanding of the 
nucleosynthetic origins of these elements (e.g. C. Kobayashi, A. I. 
Karakas & M. Lugaro 2020 ), such measurements offer key insights 
into the chemical evolution of our host galaxy, solar system, or even 
life (C. Fernández-Garcı́a, A. J. Coggins & M. W. Powner 2017 ). 

However, the chemical evolution of some elements remains elusive 
due to a lack of observational constraints. Phosphorus is one such 
element. The observable spectral lines of phosphorus are mostly 
located in the ultraviolet and infrared wavelength regions, making it 
impossible to measure its abundance using optical spectra. Given 
that ultraviolet observations are heavily affected by interstellar 
extinction, the infrared becomes the most suitable wavelength range 
for studying phosphorus abundance and thus provides the most useful 

© The Author(s) 2025.
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited.
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Figure 4. Phosphorus abundance determination from the P I 10529 . 524 Å line in the solar spectrum. Top panel: Synthetic spectra after varying the abundances 
of P by ±0 . 1 dex (blue shaded profiles), together with spectra that contain only the P I transition (solid blue), and other species (grey). The orange dotted vertical 
line marks the line centre, while the orange shaded strip marks the wavelength range used in the fit. Bottom panel: Observed spectrum (blue points) compared 
with the best-fitting synthetic spectrum (solid orange) and models corresponding to ±1 σ uncertainty in A (P) (orange dashed). The light-grey dashed ‘stair-step’ 
curve (right-hand y-axis) shows the pixel mask: cont (continuum windows), line (pixels included in the fit), and bad (pixels excluded). The orange shaded region 
is the same fitting window as in the top panel. Similar plots for the other analysed P lines are available in the Supporting Information. 

This masking strategy ensures that pixels affected by other spectral 
lines or strong telluric absorption are excluded from continuum esti- 
mation. As the continuum normalization is generally well performed 
in Section 2 , PYSME applies only a constant scaling to the synthetic 
spectrum, determined by the mean flux level of the continuum pixels. 
The phosphorus abundance is then derived by minimizing the χ2 over 
the line mask region only. 

We adopt the best-fitting phosphorus abundance and the corre- 
sponding fit uncertainties (the statistical uncertainties of 
the fitting) output from PYSME as our final measurement and its 
associated uncertainty. Upper limits are identified following a method 
similar to the one described in E. X. Wang et al. ( 2024 ): if the EW 
of a fitted line at its best-fitting abundance A (P)λ is smaller than 
three times the EW obtained at A (P)λ + σA (P)λ , the measurement 
is classified as an upper limit and excluded from further analysis. 
When measurement uncertainties properly reflect the noise level 
in the spectrum, this criterion helps mitigate selection bias by 
avoiding the preferential inclusion of stronger lines influenced by 
noise. 

We expect the phosphorus abundances derived from all selected 
lines for a given star to be consistent within their respective 
uncertainties. However, we find that for a few lines, the derived 
abundances systematically deviate from the mean value obtained 
from the other lines. This discrepancy may arise from several factors, 
such as inaccurate log gf values, improper continuum placement, or 
undetected blending features that are not captured by the synthetic 
spectra. These problematic lines are marked with Ngiant or NCepheid 
as 0 followed by parentheses in Table 2 and are excluded from 

subsequent analysis. Most of these lines are used in only a few stars, 
and we defer discussion of specific cases where the affected lines are 
present in the majority of stars to Appendix B . 

Finally, the weighted average and standard deviation of the A (P) 
from all available P I lines are taken as the final A (P) and its 
corresponding error. 
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consistency with previous determinations, as shown in Fig. 6 . The 
same line selection procedure as for other stars was applied to the 
standard stars. A total of 13 phosphorus lines were initially selected. 
Among them, one line is too weak to provide reliable measurements 
and is therefore treated as an upper limit, while another three are 
significantly blended with telluric absorption features or do not show 
a clear absorption profile. It is evident that the lines affected by telluric 
contamination tend to deviate from the remaining measurements (i.e. 
the 9525 . 741 and 11183 . 24 Å line in Fig. 6 ), which justifies their 
exclusion from the final abundance calculation. The final phosphorus 
abundance, 5.46, is obtained as the weighted mean of the remaining 
reliable P lines. This value is in good agreement with the solar 
phosphorus abundance derived using 1D LTE spectral synthesis in P. 
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Figure 9. Cluster or stellar age versus phosphorus abundance for our targets. 
The A(P) and [P / Fe] measurements from Z. G. Maas et al. ( 2019 ) are plotted 
in grey as a reference. The blue lines and transparent strip represent separate 
linear fits and their 95 per cent confidential interval to the cluster data, applied 
independently to those younger and older than 1 Gyr, while the orange ones 
are the linear fit to the cluster and Cepheid sample on the young side. The 
[P / Fe] –age trend from D. K. Feuillet et al. ( 2018 ) is plotted as a reference. 
5.2 Young OCs and Cepheids as evidence for local, quiescent P 
enrichments 
OCs younger than ∼1 Gyr and Cepheids in Fig. 9 exhibit a flat 
or slightly increasing A (P) (or [P / Fe] ) with decreasing age. This 
behaviour aligns well with the expectations for a single-zone GCE 
model. These clusters and stars are young and located in the solar 
neighbourhood, meaning they were likely born locally and share a 
nearly common, recent chemical history. They represent the current, 
more quiescent phase of evolution in our part of the Galaxy. In this 
local environment, we see a slow enrichment of phosphorus over the 
last ∼1 Gyr. 

Such gentle phosphorus enrichment may be explained by the 
contribution from low-mass stars. Fig. 11 shows the evolution of 
phosphorus in a single stellar population at two different initial 
metallicity (ini Z) values, following the same set-up as the yields 
in Fig. 1 . Overall, the main phosphorus production at both lower and 
higher metallicities originates from massive stars, which is consistent 
with the conclusions of previous studies (e.g. G. Cescutti et al. 2012 ). 
The contribution from lower mass stars, i.e. asymptotic giant branch 
(AGB) stars, reached a level of 10−8 M⊙ in the later evolution time 
at ini Z = 0 . 0001. However, the contribution of AGB stars to the 
phosphorus production at ini Z = 0 . 01 is an order of magnitude 
higher than in the metal-poor case, making it more significant at later 
times in the evolution of the single stellar population. This increased 
phosphorus production by AGB stars is reflected in the peak of the 
IMF-weighted total yield at the lowest stellar masses, as seen for 
ini Z = 0 . 004 and 0.01 in Fig. 1 . These slight subsolar metallicities 

are also proximally corresponding to the previous generation of the 
OCs and Cepheids in our study. In the relative absence of vigorous 
massive star formation in the immediate solar vicinity, the enrichment 
from these lower mass stars can become a noticeable contributor to 
the ongoing chemical evolution, explaining the slight upward trend 
in A (P) towards the present day. 

We note that this interpretation is sensitive to the uncertainties in 
the nucleosynthetic yields adopted here, highlighting the need for 
more precise yield determinations. Also, the contribution of ONe 
nova, recently discussed by K. Bekki & T. Tsujimoto ( 2024 ), is not 
considered here, but it may contribute to some extent to phosphorus 
production. 
6  SUMMARY  
In this work, we present a detailed abundance analysis of phosphorus 
for 82 giant stars in 24 OCs, together with 20 Cepheids (17 in 
the Galactic field and 3 in OCs). The analysis is based on high- 
resolution NIR spectra obtained with the GIANO-B spectrograph. 
To achieve this, we developed and implemented a robust line se- 
lection and fitting procedure, which carefully accounts for blending, 
telluric contamination, and line-strength variations, ensuring reliable 
abundance measurements. 

Our key findings include: 
(i) Our results confirm the previously observed modest decreasing 

trend of [P / Fe] with increasing [Fe / H] for stars around solar 
metallicity. 

(ii) Using the high-precision age of OCs, we uncover a distinct 
‘V-shape’ in the phosphorus–age relation, revealing two separate 
chemical evolution pathways and mixtures for the Milky Way’s thin 
disc: 

(a) For clusters older than ∼1 Gyr in our sample, we find that 
phosphorus abundance increases with stellar age. We interpret 
this trend as a fossil record of diverse star formation histories 
and phosphorus enrichments. With a similar metallicity, older 
clusters formed from a gas that was more rapidly enriched, a 
consequence of more intense star formation in the earlier epochs 
of the Galactic disc. 

(b) For clusters younger than ∼1 Gyr and Cepheids in our 
sample, the [P / Fe] and A (P) trend with age is nearly flat with 
a small negative slope. This points to a more quiescent, local 
enrichment history, where the gentle increase in phosphorus 
of the younger clusters may be attributable to the contribution 
from low-mass stars at solar metallicities. 

(iii) We find no correlation between the A (P) abundance and the 
current spatial location of OCs and Cepheids. 

Future observations of more young OC giant stars or Cepheids may 
further clarify the [P / Fe] –age trend in the very young population of 
our Milky Way. 
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Figure 4. Phosphorus abundance determination from the P I 10529 . 524 Å line in the solar spectrum. Top panel: Synthetic spectra after varying the abundances 
of P by ±0 . 1 dex (blue shaded profiles), together with spectra that contain only the P I transition (solid blue), and other species (grey). The orange dotted vertical 
line marks the line centre, while the orange shaded strip marks the wavelength range used in the fit. Bottom panel: Observed spectrum (blue points) compared 
with the best-fitting synthetic spectrum (solid orange) and models corresponding to ±1 σ uncertainty in A (P) (orange dashed). The light-grey dashed ‘stair-step’ 
curve (right-hand y-axis) shows the pixel mask: cont (continuum windows), line (pixels included in the fit), and bad (pixels excluded). The orange shaded region 
is the same fitting window as in the top panel. Similar plots for the other analysed P lines are available in the Supporting Information. 

This masking strategy ensures that pixels affected by other spectral 
lines or strong telluric absorption are excluded from continuum esti- 
mation. As the continuum normalization is generally well performed 
in Section 2 , PYSME applies only a constant scaling to the synthetic 
spectrum, determined by the mean flux level of the continuum pixels. 
The phosphorus abundance is then derived by minimizing the χ2 over 
the line mask region only. 

We adopt the best-fitting phosphorus abundance and the corre- 
sponding fit uncertainties (the statistical uncertainties of 
the fitting) output from PYSME as our final measurement and its 
associated uncertainty. Upper limits are identified following a method 
similar to the one described in E. X. Wang et al. ( 2024 ): if the EW 
of a fitted line at its best-fitting abundance A (P)λ is smaller than 
three times the EW obtained at A (P)λ + σA (P)λ , the measurement 
is classified as an upper limit and excluded from further analysis. 
When measurement uncertainties properly reflect the noise level 
in the spectrum, this criterion helps mitigate selection bias by 
avoiding the preferential inclusion of stronger lines influenced by 
noise. 

We expect the phosphorus abundances derived from all selected 
lines for a given star to be consistent within their respective 
uncertainties. However, we find that for a few lines, the derived 
abundances systematically deviate from the mean value obtained 
from the other lines. This discrepancy may arise from several factors, 
such as inaccurate log gf values, improper continuum placement, or 
undetected blending features that are not captured by the synthetic 
spectra. These problematic lines are marked with Ngiant or NCepheid 
as 0 followed by parentheses in Table 2 and are excluded from 

subsequent analysis. Most of these lines are used in only a few stars, 
and we defer discussion of specific cases where the affected lines are 
present in the majority of stars to Appendix B . 

Finally, the weighted average and standard deviation of the A (P) 
from all available P I lines are taken as the final A (P) and its 
corresponding error. 
4  RESULTS  
We present the results of phosphorus abundance measurements for 
individual stars and clusters in this section. 
4.1 Phosphorus abundance for the standard stars 
Our measurement of the solar spectrum from GIANO shows good 
consistency with previous determinations, as shown in Fig. 6 . The 
same line selection procedure as for other stars was applied to the 
standard stars. A total of 13 phosphorus lines were initially selected. 
Among them, one line is too weak to provide reliable measurements 
and is therefore treated as an upper limit, while another three are 
significantly blended with telluric absorption features or do not show 
a clear absorption profile. It is evident that the lines affected by telluric 
contamination tend to deviate from the remaining measurements (i.e. 
the 9525 . 741 and 11183 . 24 Å line in Fig. 6 ), which justifies their 
exclusion from the final abundance calculation. The final phosphorus 
abundance, 5.46, is obtained as the weighted mean of the remaining 
reliable P lines. This value is in good agreement with the solar 
phosphorus abundance derived using 1D LTE spectral synthesis in P. 
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Figure 9. Cluster or stellar age versus phosphorus abundance for our targets. 
The A(P) and [P / Fe] measurements from Z. G. Maas et al. ( 2019 ) are plotted 
in grey as a reference. The blue lines and transparent strip represent separate 
linear fits and their 95 per cent confidential interval to the cluster data, applied 
independently to those younger and older than 1 Gyr, while the orange ones 
are the linear fit to the cluster and Cepheid sample on the young side. The 
[P / Fe] –age trend from D. K. Feuillet et al. ( 2018 ) is plotted as a reference. 
5.2 Young OCs and Cepheids as evidence for local, quiescent P 
enrichments 
OCs younger than ∼1 Gyr and Cepheids in Fig. 9 exhibit a flat 
or slightly increasing A (P) (or [P / Fe] ) with decreasing age. This 
behaviour aligns well with the expectations for a single-zone GCE 
model. These clusters and stars are young and located in the solar 
neighbourhood, meaning they were likely born locally and share a 
nearly common, recent chemical history. They represent the current, 
more quiescent phase of evolution in our part of the Galaxy. In this 
local environment, we see a slow enrichment of phosphorus over the 
last ∼1 Gyr. 

Such gentle phosphorus enrichment may be explained by the 
contribution from low-mass stars. Fig. 11 shows the evolution of 
phosphorus in a single stellar population at two different initial 
metallicity (ini Z) values, following the same set-up as the yields 
in Fig. 1 . Overall, the main phosphorus production at both lower and 
higher metallicities originates from massive stars, which is consistent 
with the conclusions of previous studies (e.g. G. Cescutti et al. 2012 ). 
The contribution from lower mass stars, i.e. asymptotic giant branch 
(AGB) stars, reached a level of 10−8 M⊙ in the later evolution time 
at ini Z = 0 . 0001. However, the contribution of AGB stars to the 
phosphorus production at ini Z = 0 . 01 is an order of magnitude 
higher than in the metal-poor case, making it more significant at later 
times in the evolution of the single stellar population. This increased 
phosphorus production by AGB stars is reflected in the peak of the 
IMF-weighted total yield at the lowest stellar masses, as seen for 
ini Z = 0 . 004 and 0.01 in Fig. 1 . These slight subsolar metallicities 

are also proximally corresponding to the previous generation of the 
OCs and Cepheids in our study. In the relative absence of vigorous 
massive star formation in the immediate solar vicinity, the enrichment 
from these lower mass stars can become a noticeable contributor to 
the ongoing chemical evolution, explaining the slight upward trend 
in A (P) towards the present day. 

We note that this interpretation is sensitive to the uncertainties in 
the nucleosynthetic yields adopted here, highlighting the need for 
more precise yield determinations. Also, the contribution of ONe 
nova, recently discussed by K. Bekki & T. Tsujimoto ( 2024 ), is not 
considered here, but it may contribute to some extent to phosphorus 
production. 
6  SUMMARY  
In this work, we present a detailed abundance analysis of phosphorus 
for 82 giant stars in 24 OCs, together with 20 Cepheids (17 in 
the Galactic field and 3 in OCs). The analysis is based on high- 
resolution NIR spectra obtained with the GIANO-B spectrograph. 
To achieve this, we developed and implemented a robust line se- 
lection and fitting procedure, which carefully accounts for blending, 
telluric contamination, and line-strength variations, ensuring reliable 
abundance measurements. 

Our key findings include: 
(i) Our results confirm the previously observed modest decreasing 

trend of [P / Fe] with increasing [Fe / H] for stars around solar 
metallicity. 

(ii) Using the high-precision age of OCs, we uncover a distinct 
‘V-shape’ in the phosphorus–age relation, revealing two separate 
chemical evolution pathways and mixtures for the Milky Way’s thin 
disc: 

(a) For clusters older than ∼1 Gyr in our sample, we find that 
phosphorus abundance increases with stellar age. We interpret 
this trend as a fossil record of diverse star formation histories 
and phosphorus enrichments. With a similar metallicity, older 
clusters formed from a gas that was more rapidly enriched, a 
consequence of more intense star formation in the earlier epochs 
of the Galactic disc. 

(b) For clusters younger than ∼1 Gyr and Cepheids in our 
sample, the [P / Fe] and A (P) trend with age is nearly flat with 
a small negative slope. This points to a more quiescent, local 
enrichment history, where the gentle increase in phosphorus 
of the younger clusters may be attributable to the contribution 
from low-mass stars at solar metallicities. 

(iii) We find no correlation between the A (P) abundance and the 
current spatial location of OCs and Cepheids. 

Future observations of more young OC giant stars or Cepheids may 
further clarify the [P / Fe] –age trend in the very young population of 
our Milky Way. 
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