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Information from stellar spectra
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Topics to be covered

e Stellar spectra at different resolution
e Observations: how and where do we obtain spectra?
e Chemical abundance measurements

e Some results from stellar spectroscopy

Mostly on low-mass stars (<~ 1 solar mass)



Stellar spectra at different resolution



Major absorption lines in the solar spectrum
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Spectral classification of stars
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Spectral type and temperature

Hertzsprung-Russell Diagram

Effective Temperature, K
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High spectral resolution observation
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High-resolution solar spectrum (~1.5% of visible light)
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Abundance measurements
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Elements in spectra
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The Origin of the Solar System Elements

big bang fusion cosmic ray fission
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The chemical composition of the solar system

The early measurements date back to 1920s (e.g., Payne 1925)
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Tools to disperse lights

Prism Grating Grism

High efficiency, easy to make
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Light dispersion by gratings
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Resolving power
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Echelle spectrographs

(12 Cell) Cross Disperser
{Light Monitor)
Filters
SSREE B 111
11man mEaE.
_ Aazrrzull:m-l-l-l 2
Slit T ———
e e ———
Telescope 3 - “umn-lr'll--lm-“-." :um!.n E
Collimater ————————

gm D a0 ] I

IE Irsinl 5
Wil ENIEEE CTMIEEEITIInE

#1381 EEEBINaN | B

Shutter Echelle

Carrectaor Lenses

Field Flattener & CCD

Camera Mirrar



High-resolution spectrographs




Spectrographs




Multi object spectrograph (MOS)
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[Mg/Fe)

Spectroscopic SUrveys
Classical observation (up to ~1000 stars)
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Surveys
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Classical observation vs surveys

Surveys provide large and homogeneous datasets, which
are suitable for studying chemical evolutions of galaxies

Classical observations offer more flexibility. You can tune
the instrument setup to study selected elements to a desired
precision



Modelling of stellar spectra

See also R. Hoppe's talk



Why do we see absorptions lines?
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Why do we see absorptions lines?
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How do we model absorption lines?

Stellar photosphere model
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| o E—
1D LTE calculations = = /

. . p = /.."Zé:
e Most public codes were developed in ~'70s | - \M/
e Still widely used
Gray+21

e Plane-parallel or spherically symmetric models

e Atomic/ molecular level population is given by
Boltzmann's equation (independent of radiation)

e Source function is given by a black body



From LTE to non-LTE

e Radiation and level populations are solved together
e It requires extensive data on transitions

Energy [eV]

- Lind & Amarsi 2024
SPDFGH[SPDFGH[‘QPDF(_-HIQPDFCHI



From LTE to non-LTE
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1D LTE / non-LTE difference
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From 1D to 3D

e It requires a 3D model of photosphere
e Radiative transfer needs to be solved in the 3D model
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Normalised flux

1D 3D difference
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1D / 3D difference
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Some results
from stellar spectroscopy



Some notations

Abundances are usually in log scale and relative to hydrogen
A(X) = log €(X) = log (N, / N,) + 12

They are often measured relative to the Sun
[X/H] = A(X) - A(X),,,,

Metals: everything heavier than helium

Metallicity: Mass of all the metals, or

[(All metals)/H], but often represented by [Fe/H]
[X/Fe] = [X/H] - [Fe/H]

Logarithmic abundance

(39 | Prese‘nt-day sol;r abundanlces
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Why do we measure surface chemical composition?

e The chemical composition is largely unchanged at the
surface of low-mass stars during their evolution

e The chemical composition of a 10 Gyr-old star
= that of interstellar gas at 10 Gyr ago

e The Universe started with H and He. All the other metals

are produced by stars.



Interpreting chemical abundances
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Property of the first stars
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Number

Property of the first stars
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Studying mass of the first stars from metal-poor stars
Lagae et al. (2023)
Extremely metal-poor (EMP) = more likely to be enriched by the first stars
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Studying mass of the first stars from metal-poor stars
Ishigaki et al. (2018)
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A star with a PISN abundance pattern

2E 10-M_ CCSN
1:_/ l /\
— OF + AL /-/\ —
ti, C s \/ § = \1\.—\
R -1 x ¥
5 !
it 3 I
3 -—r—*r-rr—r—TTTr—TTTT T TrrrrTTTTTT
BeB C N O FNeNaMgAl Si P S Cl Ar K CasSc Ti V CrMn Fe CoNi Cu Zn Ga Ge
2:_85-M700$N
1
i AN AAA A 2
(7] C
2 1F ’ \/ " & \J
DE .
-3 -+
BeB C N O FNeNaMgAI Si P S Cl Ar KCaScTi V CrMnFe Co Ni CuZnGaGe
“E 260-M_, PISN
1F
s 10 $
F F |
= E
R -1E
s {
-2 ]
T — A
BeB C N O FNeNaMgAl Si P S Cl Ar KCaSc Ti V CrMnFe Co Ni CuZnGaGe

Atomic number

Xing et al. (2023)

Abundance pattern matches a
prediction from a 260 Msun PISN



Lithium problems

Lithium is found where it shouldn’t exist, and it is not
found where it should exist

e Cosmological Lithium problems
e Li-rich stars



Lithium production by Big Bang nucleosynthesis

baryon density 2,h?
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Cosmological Lithium problems
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Is this really an issue of Big Bang nucleosynthesis?
Since Li is very fragile, could this be due to stellar evolution?



Li-dip

Stars w/o Li detection Stars w/ Li detection
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A(Li)

Stars with Li detections

Li abundance at low metallicity e Ty et R
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Li at extremely low metallicity

Plateau seen at higher metaII|C|
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Lithium problems

Lithium is found where it shouldn’t exist, and it is not
found where it should exist

e Cosmological Lithium problems
e Li-rich stars



Li-rich stars
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Li in giant
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Li-rich stars at every evolutionary status

A small fraction of stars show enormous Li enhancements

Luminosity (log(L/L,))
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S A Li production related to mixing in the
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Cremezr F _ Charbonnel & Balachandran 2000
I R ey : But there are also Li-rich stars before
' j the red giant branch phase
Normal stars
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Li, Aoki, Matsuno et al. (2019)



Li isotope ratio in Li-rich stars
Sitonova, Matsuno et al. (2023)

If you can fix A(Li), you can

g_,_‘ 0.6 - .
- _ _ measure the isotope ratio
0.4 Same A(Li), but with
different 6Li[7Li
0.2
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Possible 6Li detection in a Li-rich star

A(Li) difference
between two Li lines

PDF
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Sitonova, Matsuno et al. (2023)

With an ad-hoc 3D
correction, a significant
amount of 6Li is needed

There is no model that can
explain both 6Li and 7Li
enhancements



Chemical enrichments of
disrupted galaxies in the Milky Way



Galaxies grow through mergers and accretions
mm) Accretion remnants in the Milky Way (building blocks)

A way to study more than “a galaxy”
e Galaxy interactions

e Chemical evolutions

e Nucleosynthesis processes

Credit: Takayuki Saitoh


http://www.youtube.com/watch?v=Rdd9KAUcvgQ&t=64

Accretion remnants in kinematics of stars

Spatial coherence quickly disappears

0.8 Gyr
20¢ The main progenitor
Satellite being accreted
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Koppelman et al. (2020)


https://docs.google.com/file/d/1i2UX3ZZZKzRadVAAsJ-eEqwf_r2N-u3t/preview

Accretion remnants in kinematics of stars

Spatial coherence quickly disappears Energy-Angular momentum
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https://docs.google.com/file/d/1i2UX3ZZZKzRadVAAsJ-eEqwf_r2N-u3t/preview

Data-driven identification of substructures
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from the sun

Dodd+23

See also, e.g., Yuan+20



Chemical abundance

0.00 A1

Properties of the substructures 0251
e Does each substructure correspond to and & 007 L-leiEDG ’.. .Fgl
. . > _g —=0.759
contain a single accreted galaxy: 2 -100- ® ’
e What is the star formation history of the accreted ™ ~*°] QA
-1.50 A1 s
galaxies? .
L 0 2

Constraining astrophysical processes

e |s star formation in these accreted galaxies similar
to that in MW?

e |s chemical enrichment different?

L, [10% kpc km/s]

Dodd+23



Chemical characterization of substructures Khoperskov+23
IN-SItU STarS sk

A better membership
Stars with different origins can -4

overlap > Significant overlap

Associating substructures

A single accretion can form
more than one substructures




Example: [a/Fe] ratio

Enroic(:)hments by CCSNe

%
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a5}
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8 -1.0
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T -1.5 a elements
g O, Mg, Si, S,...
2.0 ' '

1 2 3
t [Gyr]

A more massive galaxy forming stars efficiently




Example: [a/Fe] ratio

Enrichments by Type la SNe

[Fe/H] or [a/H]+const.

0.0

—0.5 pelay timsy Fe_ -7

—1.07

-1.51 a elements
O, Mg, Si, S, ...
_20 : T
1 2 3
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A more massive galaxy forming stars efficiently




Example: [a/Fe] ratio

[Fe/H] or [a/H]+const.

0.0 0.6
a 0.5
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o 0.4
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~1.01 & L 0.3
S,
0.2
-1.5-
0.1
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Time

A more massive galaxy forming stars efficiently

3

More massive galaxies
have [a/Fe] at high [Fe/H]
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0.5 1
0.4 1
)
% 0.3 1
=
0.2 1
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0.0
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5 —1.0 —=0.5 0.0
[Fe/H]



Example: two distinct populations among halo stars

High-a stars
Formed in a more massive

0.4 o o & .
p & o ygg:uﬁ R galaxy, Milky Way
o

0.6 T T T T T

S ozl Lo e 4 s el
el t et | Low-astars
ol e i Formed in less massive galaxies,
16 14 -1z -10 -os -o0es -o4 accreted dwarf galaxies

[Fe/E]
Nissen & Schuster 10

We can learn about formation of stellar populations
using elements with known origins



The formation history of the Milky Way
Present day

Big Bang Thick disk Thin disk
AL AL
I N4
I I
13.8 G ~-10 Gyr ) Y_
Rt z~2 Quiet history
0.00 4
—0.25 1
. i‘; “R20 L-RL64 ED-6 . ...... ED-4
The last major merger R O
?3 —1.00 4 ";%5'5 <
W —1.25 4 Zl
~1.50 - wy
—-1.75 A ‘ : - : .
BB .. 2 Dodd+23

L, [10% kpc km/s]
Ruiz-Lara+22



The formation history of the Milky Way

Present day
Big Bang Thick disk Thin disk

A A
I© N4 N
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v
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“1s.e Y z~2 Quiet history
0.00 A1
—-0.25 4
_ % B0 e ik ;50-4
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. . D Sifhd =03 &
Thamnos  Sequoia Helmi Streams = 12: ®
' Bamnd PED-1
Accretion remnants oy w <’
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-4 =2 0 2

L, [10% kpc km/s] Dodd+23
Ruiz-Lara+22



The formation history of the Milky Way
Present day
Big Bang Thick disk Thin disk

A A
4 \4

v
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[Mg/Fe]

Precise abundance for more substructures

Matsuno+22a, b

0.6 - other MW stars All the abundances are on the same scale
' (Nissen & Schuster 10, Reggiani+ 17)
041 = e a4 s, | Seg. and HS have distinct
O aat W Aeld A and lower [Mg/Fe] than
0.21-% vv‘?’l A
o ¢ b $D012%2 | MWand
W‘: s U ‘\v ‘ “ 0.00
0.0 A = | ' —0.25
Sequoia Helmi streams (this study) % 0% unise e0s i epg
+2 stars from Nissen+ 21 2 <100 ‘
-0.2 . . : & e
-2.5 -2.0 -1.5 -1.0 -0.5 150 wue
[Fe/H] T 7

L, [10% kpc km/s]



[Na/Fe]

The astrophysical origin of low [Mg/Fe]

The naive interpretation is large type la supernovae contribution
The detailed abundance pattern is the key
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0.0 L 1y -
_042- X . :‘;,j .v'.',“. £
. f L S
-0.4 1 [ ' gkdp
v .
-0.6 - v :
=25 =2.0 -15 -1.0 -0.!
[Fe/H]

[Ca/Fe]

0.7

0.6 1
0.5
0.4
0.3+
0.2+
0.1
0.0
—-0.1

-0.2
-2.5

-2.0

.5
[Fe/H]

-1.0

-0.5

[Ti/Fely

0.7
0.6 -
0.5
0.4 - L
034 1% 3
0.2{1% [4

0.1 4
0.0 1
—011

w
v

3 . L ‘ BTV
g e e f A B
“ e £5 p

5 |4 Ay A A

g 2 \ /i

v

—0:2 T
-2.5 -2.0

=15 =10 <05
[Fe/H]



The astrophysical origin of low [Mg/Fe]

We fit abundance patterns of individual objects

Parameters

- a(slopein IMF)

- Z[(Representative metallicity of CCSNe)

) Nla/NCC

[X/Fe]

1.0+

0.5

0.0

=0:51

-1.0

140808004701109, [Fe/H]=-1.37

Na Al Cajy W 8 Cr. Fe_ NiiZn
Mg Si Sc+v Mn Co Cu

- —

‘: :l ! 1
=== Poplll CCSN
- Pop Il + Normal CCSNe =~ —— Normal CCSNe + SN la

14,

10 15 20 25 30
z

Ishigaki+21



The astrophysical origin of low [Mg/Fe]

0.150
0.125 ,
Sequoia
The number ratios 0-100 Helmi Streams
0.075
between SNIa and SNII Other halo stars
0.050
0.0254 .7
Q
0.000

=25 —20 -1.5 —10 -0.5
[Fe/H]

The abundance patterns of Seq. and HS are very well explained
by large contributions from type la SNe

Suggestive of slower chemical evolution, lower stellar mass



[Mg/Fe]

Precise abundance for more substructures

Matsuno+22a, b

0.6 - other MW stars All the abundances are on the same scale
' (Nissen & Schuster 10, Reggiani+ 17)
041 = e a4 s, | Seg. and HS have distinct
O aat W Aeld A and lower [Mg/Fe] than
0.21-% vv‘?’l A
o ¢ b $D012%2 | MWand
W‘: s U ‘\v ‘ “ 0.00
0.0 A = | ' —0.25
Sequoia Helmi streams (this study) % 0% unise e0s i epg
+2 stars from Nissen+ 21 2 <100 ‘
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[Mg/Fel

What does the different abundance indicate?

0.7

Matsuno+22a

0.6 1
0.5 1
04 ¢

03{ |
0240

0.1 1
0.0 1
—0.1 1
-0.2

|~ The majority are different from Gaia-Enceladus

| Two stars are on the Gaia-Enceladus path

Gaia-Enceladus like
merger simulation

Sequoia-like orbits

-2.5

20 15
[Fe/H]

-1.0

-0.5

v_@
Koppelman et al. (2020)

Sequoia = an accreted galaxy + ~20% Gaia-Enceladus



3D non-LTEvs 1D LTE

3D non-LTE correction for halo stars
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Matsuno, Amarsi (2024, in prep.)
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[Mg/Fe]

New population seen in 3D non-LTE analysis
Matsuno, Amarsi (2024, in prep.)
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E[km?Zs~?]

Matsuno, Amarsi (2024, in prep.)

New population seen in 3D non-LTE analysis
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Contours: kinematic substructures

The two sub-populations differ in kinematics
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Constraining nucleosynthesis with substructures

Origin of elements 4__' Properties of galaxies

Kinematic substructures

e They were once dwarf galaxies, having undergone their own
chemical enrichments

e Their stars are now orbiting around the Milky Way. Some are in the
solar neighbourhood.

A new opportunity to constrain the origin of elements



R-process elements

About half of elements heavier than Fe are produced by so-called rapid
neutron-capture process

Their formation requires very high neutron density,
and the site is still debated



A promising site for R-process nucleosynthesis

The most promising site is NSMs
e oObservations of the afterglow of GW170817 (e.g., Tanaka+17)
e numerical simulations of the nucleosynthesis (e.g., Wanajo+14)

But there should be a “delay
time” in NSMs
They require two NSs to merge

Is this consistent with
observation?

Image credit: Goddard Space Flight Center/NASA



An opportunity to provide a new constraint

[f NSMs are the main source of r-process elements, similarly to [a/Fe],
[Eu/a] should depend on the star formation efficiency

0.6

We expect high
[Eu/a] for stars from

dwarf galaxies
(including those in
kinematic substructures) 014

0.5 1

[Eu/a]

A more massive galaxy forming stars efficiently




The largest sample of Eu abundance from GALAH

An optical high-resolution spectroscopic survey with a multi-object

spectrograph
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[Eu/Mg]

Matsuno+21b

Example: testing r-process sites with Gaia-Enceladus

1.001 iE”Sit“ [Eu/Mg] is clearly higher in stars formed in
nceladus _ : .

0.75- Gaia-Enceladus than those formed in-situ

0.504

sl : Exactly what we would expect if Eu is

0.00. ‘ " produced by NSMs

.:‘-' 5 .2 1 e
-0.25

orsbb bbb W /

-2 -1 0
—1.00 T T T [Fe/H]
-2.0 =15 -1.0 -0.5 0.0

[Fe/H] A more massive galaxy forming stars efficiently

[Eu/a]




Eu enrichments in MW and in dwarf galaxies

[Eu/Mg]

1.00 1

U754
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[Mg/Fe]

A clear sequence between [Eu/Mg] and [Mg/Fe]
among old stellar populations in and around the
Milky Way

Eu production with a delay by NSM
Just like Fe production with a delay by SNe Ia



There are lots of potential opportunities

Because some substructures are known to be peculier

0.2 E.g., Helmi streams are extremely low in
| Srand Y (Aguado+21;Matsuno+22b)

Uit ... 4 There are works in progress on Nitrogen,
- "y 1 and neutron-capture elements

5% <0 <185 =10 ~05
[Fe/H]



The era of large spectroscopic surveys

Matsuno+22a, b
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These are complementary

[Mg/Fe]

__ Heracles
;

Hob6——+—

OFS: oo

Sagittarius

Horta+23

Helmi Streams
e AR
v

TMgrre]

e High-precision for a small sample (Monty+20, Aguado+21, Matsuno+22a,b, Ceccarelli+24...)

e.g., chemical membership, evaluating contamination

e Moderate precision for a large sample (Buder+21, Ruiz-Lara+22, Horta+23 ...)
e.g., chemical evolution trend, global picture



Take away

e There will be massive data from spectroscopic surveys in the near
future

e C(lassical observations remain important as they offer flexible,
high-precision observations

e The cosmological Li problem seems to be a stellar evolution problem,
but there are still mysteries (Li-depletion in EMP stars, Li-rich stars)

e Metal-poor stars constrain the properties of the first stars

e Disrupted galaxies open a new opportunities to study the origin of

elements



