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How do we trace the formation of elements?

* The elements can be traced in a number of astrophysical events:

Low-mass stars

Meteoritic grains °

Massive stars
Transient events (GBRs, kilonovae)
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How do we trace the origin of the elements?

* Direct tracers = Kilonovae (Sr) * Indirect tracers = old stars (Sr)
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What can we observe?

B Ground Not measurable
M Isotopes W Space
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Information from Stars

RA=146.91375, DEC=—0.64448, MUD=51630, Plate= 266, Fiber= 15

B T A L EANV T ' !
[ K H, Gl olll : : QL H, S :
S —gHr,é Hg Mg ; Na O NS 12
) : i ; Classical theary (5000 K)
— |l I
3 I 1= 2hv3/c? 1/(e™"]-1)
T ‘ £ f
=
£
5 T a4t b
2ol R Temperature
BHE 5 : : P g | i (MetaIIICIty’
S [ | :
o P T T T aos /- opoot (s Chemistry
4000 5000 6000 7000 2000

Wavelength [4&]

http://skyserver.sdss.org/drl/en/get/specByld.asp?ID=75094093029441536

Camilla J. Hansen, IAP, Goethe Univ. Frankfurt



Spectral analysis
& prism
Data reduction

spectrum
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Spectral analysis

l
Wy = / Fe— f/\ d\. Equivalent Width (EW or W)
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Abundances (A)

me2 N, /N,
mc? u(T)

W

log (X) = log {constant

=logC+logA +logg fA—6_x—logk.,.

‘ ‘ Atomic ‘ :
data Absorption
EW Const. Abundance it Temp. coefficient >
Equivalent (oscillator pressure/logg
strength)

width
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Line lists:

" - VALD ( http://vald.astro.uu.se/)
| m p a Ct a n d a S S u m pt I O n S = NIST (https://physics.nist.gov/PhysRefData/ASD/lines_form.html )
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Density (counts)

Relative flux

Relative flux

v p— T T arney
I R =400

800 HES /ﬁ\ 1
r CH [

600} Cak | ]
: |

400F  HE 0107-5240 ]

200f th“f’H d

D: ]W | 1 i
3500 4000 4500 5000

D e AR n s e AR~
X CH ]
e HE 0107-5240 a

2.0:\(‘4M M
r | a

1.5F CaK | n
C (+CHQ13) _

1.0 [ M [Pt e ]
Y v ’ \ CD-38245 | .

0.5F R = 2000
C §S0 2.3m/DBS ]

0”.. ' BT ET A B ST AT ST AR S NS i ST A ST ST A A ST E

1.5

1.0

0.5

3900

IERANBAEES RALEE REAREE LR

Al aay

]
]

4000 4100 4200 4300 4400

HE 01 07 5240

l CaKl CD 38 245
U v \ [/ R=40,000
VLT-UT2/UVES

e e s s o aa d e s a ¥l s s a sl

3920

3925 3930 3935
Wavelength (A)

Old stars vs the Sun

5 Mgl Fell FelMgl Mgl

CD -38 245

Relative Flux

TN T N N M 48 T A T T N M Y A

N | | 4 01075240

TN T T T T T T N A TN N A T A O
5165 5170 5175 5180 5185 5190
Wavelength [A]

Beers & Christlieb 2005, ARA&A

Camilla J. Hansen, IAP, Goethe Univ. Frankfurt



Spectral analysis

flux

Norm.

Blue vs visual spectra

08

06—

Normalized flux

0.4

0.2

N L " 1 " N " 0.0 s N L

| N s L 1

L

Waovelength [nm]

336 338 340 342 510

Camilla J. Hansen, IAP, Goethe Univ. Frankfurt

514 516
Wavelength [nm]

518

Images: C. J. Hansen



Analysing UV-Linies

Wikipedia
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The Milky Way and its stars

* Tracing nuclear processes
is easiest in old metal-
poor stars = chemically
speaking simpler

> ANATOMY OF THE MILKY WAY gcesa

¢ I\/_IajOr COmponentS: HalO, p a e | 7GIobuIarclusters
disks, bulge ]

e Old starsin halo & bulge
\Stellar halo

* Observational pros/cons

wWww.esa.int Ewropean Space Agency
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Spectral analysis

Tools of the

astronomer/
spectroscopist:
* Spectra 2

(observations) : .
 Stellar models: 200

Temperature,

646000676492 0.9937599

pressure, etc. Interpolation point : Tefi~ 5044, logg= 2.7 2= Ovi- 1.10 M/H- 0.21

« Atomic data " 6i92 6494 6496 6498

Wavelength
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Chemical Evolution of the Milky Way

€ Big Bang Looking back
* The Sun ([Fe/H]=0) Pr—
Chemical
* Traces of SN la ([Fe/H] >~ -1) concentration
B CS 22892+ 0%2 . % %
* AGB stars ([Fe/H] >~ -2.5?) IR T :
D AT 3 / The Sun as
% ok ¥ < reference:
* NSM (NS-NS merger) o, ] [X/Fe]=0
e Core-collapse supernovae :
*7 E ...... <.> PRI ST SR T T S S N N1 L L
[Ba/Fe] = log(Ba)«- log(Ba)e - (log(Fe)-- log(Fe)e) —4 3 ~2 0 Hansen et
[Fe/H] al. 2012
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Galactic chemical evolution

THE ASTROPHYSICAL JOURNAL, 900:179 (33pp), 2020 September 10 Kobayashi, Karakas, & Lugaro
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Nuclear reactions F—

Reactions!

Stable nuclei
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Heavy element abundances

* Different stars show different patterns

e Some elements differ more than others

Individual stellar abundance offsets with respect to Simmerer

etal. (2004) —
;

Average abundance offsets with respect to Arlandini et al. (1999) “stellar model” —

c
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nhot
sufficient!
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No site — just observations
H represented by r-rich stars
L represented by r-poor stars

Abun(Z) = (CHAH(Z) + CLAL(Z) )*1O[Fe/H]
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Indirect tracers of n-capture processes

* S-process * R-process
* Rapid (t.,,< tg) & far from stability
* High n-density (>10%3 cm3)

Rare SN or NS mergers

* Slow (te,, ~ tg) & close to stability

* Low n-density (~108 cm3)
* AGB or massive fast rotating sta
Trace element: Eu

* Trace element: Ba
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S-process in metal-poor stars

[X/Fe]
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Fig. 7. Phase-folded RV curves for the stars HR CMa, HD 50264, and
HD 135148. Red data points are literature data, and blue data points
are our contributions. HD 50264 has few literature data points, but with
our additions we have enough to characterize the orbit and constrain
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S-process in metal-poor stars
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CERES

* CERES: Chemical Evolution of R-process Enhanced Stars
(Pl Hansen)

* Observations made with UVES/VLT in Chile — high-
resolution spectrograph, high signal-to-noise (50-200)
* Sample size: 52 stars

* Homogeneous analysis
* Line list (atomic data), stellar models,

H N

synthetic spectrum code ~
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[X/Fe]
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[Ba/Eu]
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Heavy elements in dwarf galaxies

* Extreme Eu enhancement in Fornax
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Figure 5. Absolute Eu (upper panel) and relative [Eu/Fe] abundances (lower
panel) vs. metallicity following the same notation and references as in Figure 2.
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Tracing nuclear processes -
iIn metal-poor stars

Table 3. NLTE atomic models used in this study.

Species Reference H 1 collisions
Cr* Amarsi et al. (2019a,¢) AK
Or* Przybilla et al. (2000),

Sitnova & Mashonkina (2018) BVMI9
Nal Alexeeva et al. (2014) BBDI10
Mgi-11  Bergemann et al. (2017a) BBSI12
Sil-11 Mashonkina (2020) BYB14
Ca1-11  Mashonkina et al. (2007, 2017b) BVY17
Sci1i Zhang et al. (2008) SH84 (0.1)
Ti1-11 Sitnova et al. (2016) SYB20
Cri-1 Bergemann & Cescutti (2010) SH84 (0.0)
Mni-11  Bergemann et al. (2019) BV17, BGEI9
Fe 1-11 Mashonkina et al. (2011, 2019) YBKI8,

YBKI19

Coi-11  Bergemann et al. (2010) SH84 (0.05)
Zru Velichko et al. (2010) SH84 (0.1)
Nd 11 Mashonkina et al. (2005) SH84 (0.1)
Bari Gallagher et al. (2020) BY17, BY 18
Eu1l Mashonkina & Gehren (2000) SH84 (0.1)
Pb1 Mashonkina et al. (2012) SH84 (0.1)
Thi Mashonkina et al. (2012) SH84 (0.1)

Key elements

C, O, Na, K, Ti
+ Co or Mn &

Mg or Ca
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Progenitor mass (M)

explosion energy(10° erg)
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e Binarity and fundamental parameters (M)
* Early chemical enrichment and nuclear

processes
* High-resolution spectra allow for accurate

elemental abundances, which we can use to Goals and limitations:

place constraints on e.g. nuclear formation e Elemental abundances — not

Processes isotopic (only ~7 elements)

We need >8 abundances and odd+even e 3D, NLTE
elements for a good trace e ELT CUBES....
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