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The star TYC 6044-714-1

2.0 , , , , . T A Carbon Enhanced
Rb Y Nb Rh Ag In Sb 1 Cs La Pr Eu Tb Ho Tm Lu Ta Re Ir Au Tl Bi _ .
1.5 r Zr Mo Ru Pd Cd Sn Te Xe Ba Ce Nd Sm Gd Dy Er Yb Hf W Os Pt Hg lib Th U - Metal Poor Star (CEMP)
- [Fe/H] =-2.1 dex
\ [C/Fe] = 1.35 dex

With both s- and r-process
element enhanced

loge(X)

with a relatively precise Th
abundance:

s-process material accreted
-5+ from an AGB companion

A(Th) =-1.70 £ 0.2 dex
[Th/Fe] = 0.50 + 0.24 dex

Prior r-process enrichment

23 — R-Process Solar Pattern
— S-Process Solar Pattern | . . \ \ Choplin et al. (2022) support that Th
551 can be produced in significant amounts
Atomic Number by the i—pI’OCGSS

Gull et al. (2018)



Objectives

1. To capture the signatures of the i-process



Methods

To submit the star to as many tests as possible to have a comprehensive
criterion at judging the presence of i-process signatures

1. Isotopic ratio measurements of Ba and Eu

2. Comparison of observationally-based element abundances with those

from nucleosynthesis models \

Abundances from observation depend on line formation
models, therefore they can be biased, especially those
from the most intense lines




Normalized flux

1.00

0.75

0.50

0.25 1|

0.00 ~

—0.25 A

ESO UVES spectra acquired in January 2025

addressed to:

Wavelength range [A] Obs. date

R = 1/AA S/N

e Derive element abundances of precision
A(X) £ 0.02

e A(Th) abundance of precision £ 0.15, whose

nominal
3282-4563 03/01/2025 65030 80
3282-4563 05/01/2025 65030 70
3282-4563 27/01/2025 65030 40
4726-6834 03/01/2025 74450 270
4726-6834 05/01/2025 74450 248
4726-6834 27/01/2025 74450 184

detection exceeds 3¢

e Enough precision to distinguish between s-,
r-, and i-process line profiles, i.e. AFlux < 2%

blue: S/N =185
red: S/N =480

V
~~~~~ Atoms without Yb /
Balmer 1D LTE
—_— 3cH
L2cH
—— TYC 6044-714-1
~— A(Yb) = 0.13+[0.04]-[0.04]
without Yb

Balmer —
L2CH + BCH —
Nil_
Fel+Sm2~

I
3
£
©
@

Y \IERE

| b

3685.0 3687.5 3690.0 3692.5 3695.0
Wavelength [A]

3697.5 3700.0

3702.5



Atmospheric parameters

0.5

-- Age =8 Gyr
—— Age =12 Gyr
1049 . Age =13 Gyr

1.5
2.04

2.5

log g

3.0 1

3.51

4.5 A

4.0 TO -

TYC 6044-714-1 T.4=4818K

Relative flux

6550 6555

Giant star

Teff =4818 + 89 K
log g =1.60 + 0.15 dex °
[Fe/H] =-2.10 £ 0.09 dex

5.0 T T
7000 6500 6000

5500 5000 4500 4000 3500

Teff

6560 6565 6570 6575
Wavelength [A)

e Ha profile fitting method calibrated in Giribaldi et
al . (2019, 2021, 2023)

e 3D NLTE models of Amarsi et al. (2018)

Metallicity ([Fe/H]) and surface gravity (log g)
determined under NLTE using line synthesis. Method
tested in Giribaldi et al. A&A 779, 110 (2023).

e  Microturbulence MUST by determined by LTE (Giribaldi
et al. in prep. 2025).

r0.95

r0.90

0.85



Barium isotopic ratios



Ba subordinate lines

1.0 6496.9 10 6141.71
x x
=] =
5 0.8 * 081
[0} [J]
N N
© ©
£ 0.6 £ 0.61
[e] (=]
z z
0.4 — vithoutBa TYC 6044-714-1 0.4 — withoutBa TYC 6044-714-1
— Obsenved spec. A(Ba) = 0.8+[0.06]—[0.06] = Observedispecs A(Ba) = 0.78+[0.06]-[0.05]
—— LTE r-proc. Ve =171 —— LTE r-proc. Vmic = 1.71

0.00 , vv V\/\, 0.000
~——— LTE r-proc. — Obs. - LTErproc — Obs.
J Noise error —0.025 A Noise error
6495.5 6496.0 6496.5 649'7.0 6497.5 6498.0 6498.5 6140.0 6140.5 6141.0 6141.5 6142.0 6142.5 6143.0 6143.5
Wavelength [A] Wavelength [A]

Residual
Residual

0.02 1 0.025 -
/\/\/\l\ /\ /\I\N\M A/\/"\AAAAA A"\}AV“ /\/\/\M’\N\/\/\m /\ /\A /\1\/\,\ /V\/\AA /W\A/\[\
v V\J

—0.02 1




Ba line at 4934 A sensitive to isotopic ratios



Ba line at 4934 A sensitive to isotopic ratios

Terf = 6064 K/ log g = 3.8 dex/ [Fe/H] = -1.49 dex
1.0 =
0.8+
X
= 10:6:4
L
0.4
— [r-process
mmme S=PTOCESS
o | e without Ba :
0.2 . Process 134Ba 35Ba 6B, 'Ba 38Ba
I-process Slow (s-) 0.0286 0.0222 0.0939 0.1048 0.7505
: . T . Rapid (r-) 0.0000 0.3924 0.0000 0.2690 0.3386
- Intermediate (i-) | 0.006-0.009  0.045-0.027  0.041-0.028  0.308-0.673  0.600-0.263
4933.6 4933.8 4934.0 4934 S e . :
Notes. Quantities related to the s- and r-processes are inferred from Goriely & Siess (2018)
Angstrom and Goriely (1999), respectively. Isotopic related to the i-process are taken from Martinet et al.

(2024).



Ba line at 4934 A sensitive to isotopic ratios

Barium isotopic ratios in metal-poor stars: calibrating the method
with globular clusters *

Paper I: Dwarf and giant stars in NGC 6752

G |a Nt R. E. Giribaldi!, L. Magrini', J. Schiappacasse-Ulloa!
—
stars
REW
f -4.3 \ -4.35 -4.4 -4.45 -4.5 -4.55 -4.6 -4.65
2.2 . . . L . . . A —4.0 1
uRGB ocRGB bRGB SG TO
2.0
—4.2
1.8 e
- = 44
16 o %0§
0 w
£ 144 Q © —4.6
L b
| A -as
Fe lines NLTE '
104 — Fe lines LTE
o Global fit —5.0
= 3D calib v 5
0.81|.... LOWESS regression Line 4934 (LTE) pr—metdo
— Polinomial fit 100% s-process —5.9- --- 4554 A
0.6 T T T T T T T T ' T T T T
260 240 220 200 180 160 140 120 100 -1 0 1 > 3

EW [mA]

Strength



Residual

Ba line at 4934 A sensitive to isotopic ratios

1.2

line 4?34.08

Interpretation 1:
Ba produced by both the r- and s-processes, with 28 and 72%
contributions

Interpretation 2:

The contribution of 28% may be shared between the r- and
i-processes. Considering the abundance due to Galactic
evolution A(Ba) = —=0.3 + 0.07 dex (measured in field stars;
Giribaldi et al. in prep), it would represent the 8% of the
total. Thus, a maximum of 20% is expected for the
i-process nucleosynthesis.

Process 134Ba 35Ba 1368, 137Ba 38Ba
Slow (s-) 0.0286 0.0222 0.0939 0.1048 0.7505
Rapid (r-) 0.0000 0.3924 0.0000 0.2690 0.3386
Intermediate (i-) 0.006-0.009 0.045-0.027 0.041-0.028 0.308-0.673 0.600-0.263

x
=]
Y
°
(0]
N
© : -
£ 50 100
S s-proc %
=2
0.0 1 — observed s-proc = 72[—-8][+8]%
—— s-proc 72% REW = -4.35
=i TProec Vmic = 1.71
<== 5-proc
without Ba TYC 6044-714-1
0.025
0.000 e e
—— s-proc 72% — Obs.
—-0.0251 r-proc — Obs.
+ s-proc — Obs.
—0.050 A Noise error
i-proc — Obs.
4933.75 4934.00 4934.25 4934.50

Wawelength [A]

Notes. Quantities related to the s- and r-processes are inferred from Goriely & Siess (2018)
and Goriely (1999), respectively. Isotopic related to the i-process are taken from Martinet et al.
(2024).



Residual

Ba line at 4934 A sensitive to isotopic ratios

1.2

line 4‘51)34.08

Interpretation 1:
Ba produced by both the r- and s-processes, with 28 and 72%
contributions

Interpretation 2:

The contribution of 28% may be shared between the r- and
i-processes. Considering the abundance due to Galactic
evolution A(Ba) = —=0.3 + 0.07 dex (measured in field stars;
Giribaldi et al. in prep), it would represent the 8% of the
total. Thus, a maximum of 20% is expected for the
i-process nucleosynthesis.

Parameter TO SG bRGB ocRGB uRGB
A(Ba) o(A(Ba)) /0.0035

Ter +12/-16  +15/-25 +16/-27 +16/-28 +16/-29
Viiiiz +12 +12 +12 +23 +23
[Fe/H] ¥7 F5 3 3 ¥4

x
=]
=
°
(0]
N
© - : -
£ 0 50 100
S s-proc %
=2
0.0 1 — observed s-proc = 72[—-8][+8]%
—— s-proc 72% REW = -4.35
=i TProec Vmic = 1.71
<== 5-proc
without Ba TYC 6044-714-1
0.025
0.000 1 e —
\f/ —— s-proc 72% — Obs.
—-0.0251 r-proc — Obs.
« s-proc — Obs.
—0.050 A Noise error
i-proc — Obs.
4933.75 4934.00 4934.25 4934.50

Wawelength [A]

Notes. Unities are expressed in terms of percentage of s-process contri-
bution. Errors related to those of Tt are computed by deviating the true
value by +50 K. Errors related to those of v,,;. correspond to variations of
+0.1 km s~!. Errors related to those of [Fe/H] are computed by deviating
the true value by +0.1 dex.



Eu isotopic ratios



Eu lines insensitive to isotopic ratios

Normalized flux
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©
S

— TYC6044-714-1

| = A(Eu)=-1.28

—— without Eu

RS WA e LA \w\/"wv‘ A

6638

6640 6642

6644 6646
Angstrom

1.00

0.99 A

0.98 -

Normalized flux

0.97 -

0.96 -

A(Eu) = -1.27+[0.2]-[0.36]

i

Normalized flux

TYC 6044-714-1
without Eu
non-LTE model

6437.0 6437.5 6438.0 6438.5

Wavelength [A]

6648 6650 6652

1.00 \IJA\/A"AV\/" 6645.08 AV'A‘A
0.98 A

0.96 A

0.94 1A(Eu) = -1.28+[0.12]-[0.13]

0.92 A

— TYC 6044-714-1
without Eu
—— non-LTE model

66445 6645.0 6645.5
Wavelength [A]




Normalized flux

Eu lines sensitive to ratios of the isotopes 151 and 153

1.0

0.8 A

0.6 -

0.4 -

0.21

0.0 1

— TYC6044-714-1

all without Eu
—0.2 AEU) = -1.32

W ’\/
A VS N\ [ \
| ’
Y | o
|

4122

4124

4126

4128 4130 4132 4134 4136
Angstrom




Residual

Eu lines sensitive to ratios of the isotopes 151 and 153

1.0 ¢ T = e HFS from da Silva
i K & Smiljanic (2025)
x
S o
= R 1 e NLTE departure
I s EEH’V coefficients of
E ===+ Atoms without Eu Storm et al'
5 0.6 1 --- Al without Eu (2024)
= —— r-proc.
?-proc. (extreme) TYC 6044-714-1
0497 — Ig:)rsc:ecr‘ved spec. Alkd) = -1'32+[0"/01‘];0i072£ ® |Og gf of aTiland
S— a 12C14N
0.05 /\«/ \ / el features were
Bl r-proc. — Obs. /\J\WA 7\ ,/\/\\ N modified
: i-proc. (extreme) — Obs. N \ \\f’/’ A \ / \ /
--- i-proc. — Obs.
—0.05 - Noise error BTgy I33gy
412l8‘75 412I9.00 41219.25 412I9.50 41219.75 413l0.00 Rapld ’ 0.4773 0.5227
HayeiengiiiA] Intermediate (low) 0.6175 0.3857
Intermediate (extreme) 8.900 0.1100

Martinet et al. (2024)



Residual

Eu lines sensitive to ratios of the isotopes 151 and 153

10— B i 4 g P .
.......................... HFS from da Silva
x & Smiljanic (2025)
- 0.8-
Al | 12c14y NLTE departure
N 12 . . P
5 - cH coefficients of
~««+  Atoms without Eu
g 0.6 1 --- All without Eu Storm et al.
=2 — r-proc. (2024)
i-proc. (extreme) TYC 6044-714-1
--= i-proc. A(Eu) = -1.29+[0.02]-0.02]
0.4 1 — Observed spec. \ Vmic = 1.71
0.05 - / \ / “\N\
0.00 +*—— r-proc. = Obs. = 7 ?\f\\a\_‘ .
i-proc. (extreme) — Obs. ,,/ oot \ /
—0.05 4 --- i-proc. — Obs. N/
Noise error 153Eu
4204.25 4204.50 4204.75 4205.00 4205.25 de1d 04773 0.5227
Wavelength [A] Intermediate (low) 0.6175 0.3857
Intermediate (extreme) 0.1100

Martinet et al. (2024)



N u CI eosynth eS i S mOd els : s-process : 2 Mo AGB (STAREVOL, Goriely & Siess 2018)

r-process : solar (Arnould+2007)
e i-process: 1 Mo AGB (STAREVOL, Choplin+2022)

6 (2 = 2.34) Pr, Nd, Sm, Gd, Dy, Er Yb, Hf, Th
- T v e / \ 4
1.5 — r(x2=4.74) \
y — i (x5 =1.35)
1.0+ —— s+r (2= 1.56)
Si
0.5+ % A\
0.0+ Y5 5
- 4 RIN £
., Mg r %  —
_erO.§
o R a5 g O e PSP
-c', 0 "3;&:ZIKKI.’.ZiI.’.Z??fII.’.I%’.IIZIZIIII%II.’..’.IIIIIZIII.’.I.’.” . .... ol »% ?.‘.%'.g?fIIIZIIIZIﬁT.:IZIiI%.’.:IIT
O —1-
E T T T T
20 40 60 80



Thorium abundance



Thorium abundance

1.0
x
=)
[ =
gl
N
% Atoms
€ 0.6 1 ____ without 23cH
S zzz: TG
= —— Observed spectrum 7
0.4 1 — LTE synthesis N / A(Th) = -1.97+[0.12]-[0.16]
-------- without Th g TYC 6044-714-1
T 0024 Synthetic — (I);serv\e_d / \‘\ /\ m /J\l
2 &N L without Th /\ J\/j\"\
2 0.00 - \ AL \ A oA Da A /\./V/\/\ - Wal AA
900 Y W ANV A VA V" AN
o
—0.02 - . T T T T
4016.5 4017.0 4017.5 4018.0 4018.5 4019.0 4019.5

Wavelength [A]



Thorium abundance

Residual

1.0

©
©
1

0.8 1

Normalized flux

S
~
1

0.6 -

Atoms

without *CH

IZCH

Observed spectrum
LTE synthesis
without Th

1o noise error

- ~~e

-

.......

----------

unidentified

A(Th)

=-1.97+[0.14]-[0.19]
TYC 6044-714-1

0.025

0.000 -

—0.025 -

Synthetic — Observed
without Th

30 noise error

20 noise error

10 noise error

4018.6

4019.0
Wavelength [A]

4019.2



Take home messages

1. If the products of the i-process are present in TYC 6044- 714 1 |ts Ba
line profiles are very similar to those of the £ proce S,

2. Inthe attempt to capt
itis paramou 1t tc
determl |



Backup slides



Atmospheric parameters

x G N — et o mesok | N e Method
= g scrutinised in
£ 0% | E Giribaldi et al .
& ; —Tur F0.90 ‘ ! (2019, 2021, 2023)
.', ==== Tex— 300 K
T T T T T T 0.85 -0
6550 6555 6560 Wavelength [AG]SBS 6570 6575 4500 500£" 5500 ° 3D NLTE mOde|S Of
Amarsi et al. (2018)
[Fe/H] = -2.095 * 0.092 Vmic =1.33 kms™! —1.75- [Fe/H]=-2.31 +0.068 Vimic = 1.71 kms ™1
_15] TYC6044-714-1 (non-LTE) TYC 6044-714-1 (LTE)
—2.00 e  Metallicity ([Fe/H]) and surface gravity (log
—2.01 S 0% X X T 2251 Y RX ,xxx%s?gx 5 xx’%% g) determined under NLTE using line
) i R A Y N I N I synthesis. Method scrutinised in Giribaldi et
—2:31 —— [Fe/H] = 0.000[0.027]REW + 5.419[0.148] —2.751 —— [Fe/H] = 0.001[0.02]REW + 5.15[0.107] al. A&A 779' 110 (2023)
------ [Fel/H] = 0.003[0.028]REW + 5.367[0.154] : === [Fel/H] = 0.001[0.021]REW + 5.149[0.114]
~3.01 I EFeZ/H] =04237[0;108]REW+ 6.638v[0,582] ~3.00 ' EFeZ/H] =0 022[0.'046]REW + 5.254'[0,247] ° Mlcroturbulence MUST by determlned by
S e e SR o R m R LTE (Giribaldi et al. in prep. 2025).

log(EW/A) log(EW/A)



A(Tesf) (Spec - IRFM) [K]

200

0

-200

-400

-600
5000 5500 6000 6500 7000
Tefr (IRFM) [K]

Giribaldi et al. A&A, 673A, 18 (2023)

T — 758 K]

400 '
! ! @ Alonso+1996
Spectral fitting
200 c.> E.i. Fe equilibrium |
® o
0 - 2o (@)
-200
-400
~600 ' ' '
4500 5000 5500 6000
Teg [K]

Giribaldi et al. A&A, 679A, 110 (2023)



Gyr

50

40 1

304

204

101

-10

—— olA(Th))
Schatz+2002

s Kratz+2007 (f1)
Kratz+2007 (f2)
Kratz+2007 (Zr seed)

Os (4260 A)
Ir
L1l [ Os (4420 A)
Eu
Eu Os (4260 A) Os (4420 A) Ir
Element

Nucleo-cosmo-chronology

At = 46.7[log(Th/r)o — log(Th/7) ops]

where r is a stable third-peak r-process element (here
Eu, Os, and Ir) (e.g. Cayrel et al. 2001)

For Th/Eu we obtain between a star age of 8-20 Gyr

Using the coefficients of Schatz et al. (2002)

A(Eu) = -1.29 £ 0.20 and A(Th) = -1. 9718 :‘9‘

We obtain an age of 15.47 + 0.87 + 37} + 978 Gyr, where

the errors are related to those of A(Eu), A(Th), and log(Th/Eu)j,
respectlvely The errors of A(Th) are an important source of un-
certdmty 1n the age determination, as pointed by Cayrel et al.
et al. (2002). It would be required a spectrum with
S/N ~ 750, &t the same resolution, to determine A(Th) with an

nal precision of 0.04 dex, and thus an associated age error
of 1 9 Gyr) for example.



Ytterbium (Yb)

Normalized flux

1.00

0.75 A

0.25|===

Normalized flux

0.001

Atoms without Yb
Balmer 1D LTE

— Len

12y

—— TYC 6044-714-1
w— A(Yb) = 0.13+[0.04]-[0.04]

—0.251 — without Yb

Balmer —

12CH + 13CH —
Nil_
Fel+Sm2~

Balmer —

3685.0

3687.5

3690.0

3692.5

369'5.0
Wavelength [A]

024
0.0 -
-024

Atoms without Yb
Balmer 1D LTE
13cH

IZCH

TYC 6044-714-1

without Yb

we A(Yb) = 0.13+[0.04]—[0.04]

Fel+Sm?2

[Yb/Fe] = 1.39
Yb=0.13 +-0.04

3692.5

3693.0

3693.5
Wavelength [A]

3694.0

3694.5

3697.5

Normalized flux

1:0 4

0.5 A

0.0 A

—0.5 1

Yb flux contribution of ~2%

[Yb/Fe] =1.35
A(Yb) = 0.09+[0.06]—[0.06]
— TYC 6044-714-1
- without Yb
—— LTE model

~1.0
3

288.53289.03289.53290.0
Wavelength [A]




Osmium abundance



1.0 = - p s
0.8 1 y Al s
x \ AY I .
2 0.6 .
2 041 u« ‘ v\
£
S 021
0.0 A
—— TYC6044-714-1
—— A(Os) = -0.54+(0.15][0.26)
—0.2 4 —— without Os
42'56 42'58 42I60 42'62 42'64
Wavelength [A]
1.0 o 4420.46
. Ayt - 4260.85
1.0 -
X 0.9 X
= =
© ©
N 0.81 N
E 12CH E
S 0.7 - S ;
- A(Os) = -0.14+[0.09]-[0.11] = A(Os) = -0.54+[0.15]-[0.26]
0.6 - —— TYC 6044-714-1 — TYC 6044-714-1
z - without Os 0.7 1 - without Os
—— LTE model —— LTE model
4419.5 4420.0 4420.5 4421.0 4260.0 4260.5 4261.0 4261.5

Wavelength [A]

Wavelength [A]




Iridium abundance



Normalized flux

A
1.0 — . - _ N W & - : - ‘
Y\f A( i, 7\ 5 U\ N /o\\ /WW /;(
0.8 1 \ i \
Vo ‘ V
0.6 1 I
0.4 |
Yy ) Il
0.2 | ’ \
Y v
0.0 1
| — mvce04a-7141
—0.29 _ A(Ir) = 0.7+[0.06]-[0.07]
—— without Ir
-0.4 . T T T T T
3508 3510 3512 3514 3516 3518
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1.1

Normalized flux

3513.65

—— TYC 6044-714-1
] without Ir
| —— LTE model

£

3513.0

3514.0 3514.5
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Hafnium abundance



Hafnium (Hf)

Normalized flux
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=
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e
(=)

4093.15
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O
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0.6

A(H.f) = -0.46+[0.05]-[0.05]
: — TYC 6044-714-1
without Hf

——— LTE model

4092.5 40913.0 409I3.5

Wavelength [A]

Normalized flux

A(Hf) = -0.534[0.05]—[0.0%]

—— TYC 6044-714-1

0.5 1 without Hf
—— LTE model
3917.5 3918.0 3918.5

Wavelength [A]




Ba

subordinate lines

I

6141 A

[ — “\/ﬂ\/f e

Abundances from subordinate
lines may show erratic results
likely due to chromospheric
effects, specially affecting
intense lines.

Barium anomalies are frequent
in chromopherically active
stars, younger than ~8 Gyr (The
Barium Puzzle, e.g. D'Orazzi et
al. 2009, 2012; Reddy &
Lambert 2017; Baratella et al.
2020).



Microturbulence adapted to Ba lines

2.5 =
2.0 -~ - o)
-0 l
>E1~5 # K e
1.71+£0.09 e =
159401 e :%
1.0 VB2 TO-1 : N
- V52 TO-2 19+0.13
Fe lines NLTE 1.0%+0.1
0.5 — Felines LTE i
o  Global fit
— 3Dalib Line 6141 (LTE)
0 | ] | ] ]
é%OO 4600 4800 5000 5200 5400

T T
uURGB o0cRGB

| T
bRGB SG

Teff [K]

5600

Fe lines under 1D LTE

based on 3D LTE modeling
(Dutra-Ferreira et al. 2016)

¢ (kms™) = 0.998 +3.16x 107 X - 0.253 ¥
=286 %x107* XY +0.165 Y2,

where X = T — 5500 [K] and Y = logg — 4.0.
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The star TYC 6044-714-1
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