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cosmic ray fission
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Abundance relative to the Sun

Big Bang Nucleosynthesis
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The Formation of Stars

Slide from B. Cote




* High-mass stars (> 8 M,)

high-mass star

> -
/ neutron
star
—_—
\ S

supernova very high-mass star
Type |l supernova (SN 1) black

Core collapse supernova (CCSN) hole

high-mass stars

main sequence

red supergiant

* Low- and intermediate mass stars (0.8-8 M

. — —~ @ —
white

dwarf
main red giant “planetary”
sequence nebula

Encyclopaedia Britannica

+ Supernovae Ia (SN Ia)



The Process of Nuclear Fusion

Each year, the Sun produce 25 millions of millions
more energy than what humanity consumes in a yeat.

E = mc2

helium
nucleus

® @ 7N
i f |
+ 6
» @ I

\.-\/-/ 4.001503 au

4.03188 au

proton neutron

Slide from B. Coté



* Nuclear chart: number of protons vs. neutrons

* Valley of stability

* Unstable nuclei will
B-decay towards stability
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* Fusion can only work up to iron

— Binding energy is smallest Stable nucle

* Neutron capture processes

— s-process: slow
— r-process: rapid

— I-process:
intermediate

Known nuclei

incognita

Protons

tron capture

>

2 8 Neutrons



* High-mass stars (> 8 M,)

— Stellar wind: elements from the main sequence
— SN II/CCSN: a-elements, elements beyond iron (+ r-process?)
— Neutron stars / black holes - compact object mergers (+?): r-process
* Low- and intermediate mass stars (1.2-8 M,)
— Red giant and AGB stars: stellar winds, dust formation -> C, N, F, Na, ... + s-process

— White dwarf - SN Ia: iron-peak elements (Fe, Ni, Co,...)

* Low-mass stars (< 1.2 M,): no relevant contribution



sulfur

brief life (millions of years)

TYPE IA SUPERNOVA

traces
of other

iron elements £

white
dwarf

long life (billions of years)

C. Chiappini 2002



Globular clusters

Galactic halo\ - /
. .
)
*
_ .. . -
_Galactlp bulge - _ 0, B stars
Galactic center

Gas and dust
Emission nebula

Open cluster .
L 3

30 kpc

1 pc = 3.26 lyr= 3.086 10 Km
Pearson Education
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* Galaxy simulations: cosmological / chemical evolution
* The average evolution of the interstellar gas (homogeneously mixed)

* Aim: reproduce observables by the fine-tuning of the models and their parameters

T. Ishiyama



* Analytic/numerical

— Analytic: Instantaneous Relaxation Approximation (IRA):
low-mass stars live forever;
high-mass stars explode/implode instantly

— Numerical (the magnitude of the timestep!)
* Closed/open system
— Interaction with environment: gas in- & outflows
— G-dwarf problem: too few metal-poor G stars
* Number of zones or components
— Radial zones (rings)

— Or components: disk, halo etc.

* Homogeneous/inhomogeneous mixing

— Instantaneous gas mixing or evolution of multiple gas volumes



[X/Fe]
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de Castro et al. 2016



"

_ When stars form, hey Io the chemical l
8l composition of the gas on their surface S

| Looking at the surface of a 10 Gyr old star §

tells us about the composition of the
galactic gas 10 Gyr ago

. M31.Wikipedia @Adan Evans. o s ST




* Measuring the age of the stars is hard - asteroseismology

* Metallicity is easily observed, and it should increase for younger stars!
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single
CCSN

signature?

» Literature
- Lit. limits

AFS16
ALL12
AND10
AOKO02a
AOKO02b
AOKO02c
AOKO02d
AOKO05
AOKO06
AOKOD7a
AOKO7c
AOKO08
AOKO09
AOK10
ADK12
AOK13
AOK14
ARNO5
BABOS
BAROS

E BN BEEENENG®OS OSSO O 0 0 00

<CCSNe> + <Low- and
intermediate-mass stars;

SNla> + <..>

https://jinabase.pythonanywhere.com/index
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[O/Fe]

1.0+

1.0-
0.8

®  Disk stars

— Constant delay time

-

DTD function (¢ ')

Coté et al. 2019
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* Interstellar matter (ISM)
— New stars are born from it
— It is becoming more and more enriched in heavy elements

* Stars
— Enclose the ISM (stellar remnants enclos it for ever)
— Synthesize heavy elements during life

* Dark matter
— Increases the mass - more gas inflow

* Environment, companions

— Interaction: what mass, what composition?

M33: Kiss Péter
Bagoly-halmaz: Santa Gabor
Rozefta-kéd: Kernya Jénos



* The change of mass of the gas: dM,,, = dM,, - dM.+ dM,,. - AV,

1. dM,,  inflows from the intergalactic space
2. dM.  mass enclosed in newly-born stars
- - o = : . T L ‘

3. dM,,. mass recycled to the ISM by stars, G .‘ VERE e
supernovae, etc. e e,

4.dnm, . gas outflows to the intergalactic space

* True independently for all isotopes
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M33: Kiss Péter *
Bagoly-halmaz: Sénta Gébor
Rozefta-kod: Kernya Jaffos- - =
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Tumlinson, Peeples & Werk (2017)

Outflows
(metal-rich gas) Diffuse 9a
s

Outflows
(metal-rich gas)




» Composition: primordial, of Big Bang (? — not in interactions with another galaxy)

* Form of function:

— Exponential decay dM, =dM ,-n,{ye_m . .
X
— Two-infall | \ / >

Modifying the infall rate

12> —— Original
:'>: 10.0- —— Classical two-infall
o]
Z 75
b
E 50 ] Keres et al. (200
£ 2.5

0.0/

0 p) 4 6 8 10 12

Galactic age [Gyr]



* Stellar birthrate function:
how many stars are born in the interval (¢, t+dt) and (m, m+dm)

— Star formation rate * initial mass function

* Star formation rate: total mass of gas locked into new stars in a timestep
— Schmidt-Kennicuttlaw  (k=1,5) M, (t) = vo"(t)

V: star formation efficiency ' 52.,,,.; s ]
0: surface mass density of gas TO00E grmiid e gisuns 3067~ 5
e, 0 ° : B > ot ,;‘:'" ~
* Initial mass function (IMF): - -

0.100 g " # 3
how many stars form between m and (m+dm) 2 | o e .
- » P igh—Mass Slope |

— Empirical forms (Salpeter, Kroupa) \;\ 0.010E \

— General form:  g(m)dm = Cm* dm © .

[ Brown Dwarf
_ . 0.001 - Boundary
Kroupa: n=0035a=13 m<05M : IMF
d(m)dm =n-m™%,¢ n=0,019; a = 2,2 0,5Mg <m < 1Mg L : : -
n=0019 a=27 1Mg<m 0.01 0.10 1.00 10.00 100.00

M (M)



* Yield: How much mass of an isotope is returned back by the stars

* Unprocessed + newly synthesized material

* Tables for stars of different masses,
based on stellar nucleosynthesis models

 Uncertainties: nuclear physics, stellar structure models (convection), winds ...

1E.3llllIllllllllllllllll//l_’{:’él'lll

26 e o
Al =]

* Depends on the mass of the current stars

/ |/ —@— this paper
/! /' —m—Woosley and Weaver (1995)
- /"] 4 Rauscheretal.(2002)
o¥// /& Thielemannetal.(1996)
i —0O— Meynet et al. (1997)
T, —0- Palacios et al. (2005)
/ ~<©  Langer et al. (1995)

1“ IIIIlIl'fllllllllllIIIIIIIIIIII

Yield(M,)

10 20 30 40 50 60 70 80 80 100 110 120 130 140

Limongi & Chieffi 2006 M(M,)



* Main synthesizer of iron

* The explosion occurs at different times after the white dwarf is created

* DTD, Delay time distribution:
— Prompt/tardy SN Ia: exploded in 100 Myr or not

WD born
y ( ) Time
>
o '
Delay time

> —

| .
: i Y

51 ol " " i 04 )

(SN Ia exploded)



* Gas outflows: driven by dynamics - proportional to stellar formation

— Young stars: winds, magnetic field

— Mass loadingn: dM , =ndM__.
* Radial flows o
— Flows inwards
— Driven by the low angular momentum of —
infalling material E lo* =
~ g
— Contributes to the gradients in composition &
10%
{107

Devin Silvia



* Initial mass of the gas

* Rate of inflows and outflows
* Star formation rate, initial mass function - distribution of stars born
* Number density of supernovae

* Element production of stars with different masses (yields)



* The change of mass of the gas: dM,,, = dM,, - dM. + dM,.- M,

1. dM,,  exponentially decaying inflows
2. dM.  star formation rate * initial mass function

3. dM

Trec

4. dM,

yields of stars; delay times for SN Ia gl gitee M /4

gas outflows, by stars newly born

ut

* True independently for all isotopes
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* OMEGA = One-zone Model for the Evolution of Galaxies
— NuPyCEE package
— https://github.com/NuGrid/NUPYCEE

* User-friendly, quick, but valuable GCE simulations


https://github.com/NuGrid/NUPYCEE

* Input: nuclear physics, stellar simulations

* SYGMA: evolution of one stellar population

* OMEGA: the galaxy model itself

* GAMMA: for mergers

* STELLAB: stellar abundances built-in, ready to compare with OMEGA!

Galaxy Hydro &

arge-Scale Simulation
Simple Stellar '
Population Model AldA) ac ‘ 4
N[ CLIZAHE) T
SN S A QYGMA
LCS = .

lcll.lt Abundances




* OMEGA+

— Uses NuPyCEE for OMEGA Circumgalactic Circumgalactic
inflow outflow

— +:JinaPyCEE
— https://github.com/becot85/JINAPyCEE

* Two zones:
— The galaxy itself, see OMEGA

— + Hot gas reservior
(From here, the material can fall back)



https://github.com/becot85/JINAPyCEE

If you have any questions, either about the material or the installation,
don’t hesitate to contact me: blanka.vilagos@astro.su.se



