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Introduction: chemical evolution of galaxies =
QN

- The evolution of the Galaxy is closely connected to the evolution of its stellar population

- Stars in the Galaxy born, evolve and die and enrich the ISM with their chemical products

- The distribution and evolution of the chemical products depend on both the dynamical Galaxy
evolution and the stellar evolution

- We need a field which is able to understand both the dynamical effect of Galaxy evolution and the
stellar evolution and nucleosynthesis

) JUSTUS-LIEBIG-
4 TECHNISCHE
GOETHE, unversmaT  IGm 55w IK
GIESSEN

01.08.2024 | ELEMENTS School . Dr. M.Molero | UNIVERSITAT & o




Introduction: chemical evolution of galaxies =

molecular clouds stellar death
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formation of stars
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The astronomers periodic table
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Introduction: chemical evolution of galaxies

molecular cloud molecular cloud

T R

star

tuppie = 13.7 Gyr
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Introduction: chemical evolution of galaxies =
L Bulge Halo ‘\ ENLTS
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o B[]

by observing the Sun we

Introduction: chemical evolution of galaxies

. get this
The abundance of elements in the
stellar photosphere near the surface of ot T v _ .
a star remains unchanged over the ~ v :e Feen H H g
lifetime of a star ‘.:”_f iZ: g g g’
g 1():
The observed heavy-metal abundances é 124 i
of stars today measure the abundances § 10° g
of the ISM when the star was formed § iﬁf ]
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Introduction: stellar evolution

The gravitational force is balanced by the gas pressure generated by thermonuclear fusion reactions

The star contracts

Main Sequence and the T increases
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NGC 3918

C-0

C-O White Dwarf

Hubble 5 NGC 5307
Planetary Nebula Gallery HST « WFPC2

PRC97-38b * ST Scl OPO « December 17, 1997 b rcrmiscre %“g@ggg& E=I
H. Bond (ST Scl), B. Balick (University of Washington) and NASA 5 pRmsIeT "




Can reach T high enough to
ignite C into the core

H
He
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Average binding energy per nucleon (MeV)

H He C O Si Fe Si O C He H
1. Thermonuclear reactions cease in the center and the

S gravitational pressure can no longer be counteracted
o
c : 14 3
— 2. The core contracts until p ~ 10™* g/cm
H
3. Nuclear interactions involve a repulsive force which causes
L v 7 the collapse to stop
8 Fe 56 U238
7 ‘\ 4. The stop produces a bounce and a shock wave is launched
6 Fission outwards in radius
5
4
3 33 Fusion Explosive Nucleosynthesis - CC-SNe
2
L~ H
1
H
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Neutron capture process

S-process

=10%)

r-process
= stable

meassured
= FAIR

Solar system abundances (28Si
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Neutron Capture Processes

Z,A)+n—->ZA+1)+y

The new nucleus may be unstable to  decay (one n
is transformed into one p)

ZA+1) > Z+1LA+ D) +e +1,

# tecHniscHE  JUSTUS-LIEBIG-

g
/=, UNIVERSITAT @UNJVERSITAT e =P
GIESSEN

DARMSTADT

GOETHE, Q

UNIVERSITAT
FRANKFURT AM MAIN

iy




Neutron capture elements

Weak s-process: (rotating) massive stars
M > 8 M,,) - neutrons released from the reaction
22Ne(a, n)*Mg
s-process: the unstable nuclide created by neutron
Capmawglgy Rfsexg %é&%hl%ﬁﬂ&k?‘a&?ﬁf%? ithas
% 2c\il?lrmg the %%%phase -

neutrons rele sed from t reac io C(a,n)'°0

I-process: th erez%}tf 0 tlp e neutron
captures befor ﬁ?: llﬁ ﬁggcay occurs
Strong s-process: Low-metallicity low-mass AGB

stars - neutrons released from the reactions
3C(a, n)'°0, ?’Ne(a, n)>Mg
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Neutron star mergers (MNS)

ZAMS o
l —— Blackbody + Sr1t
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Neutron star mergers (MNS)

Delay time for MNS: T=1,+ Tow

¢ \* gravitational radiation delay

lifetime of the secondary component

Landau&Lifshitz (1966)
0.15A44
=— Gyr ———Pp

T, w =
¢ mymy(my + my)

df(z,,) = df(A, M) = g(AYM)dAdM
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Neutron star mergers (MNS)

min(t,t,)
T L

SF history

| i

50M,,
[ @(m)dm
9M,,
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the fraction stars in the correct
mass range which can give rise
to a merging event

delay time distribution
(DTD)
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Introduction: chemical evolution of galaxies

wind outflow

star-_
formatio

return

Credits: Lilly et al. (2013)
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Introduction: chemical evolution of galaxies

Observations - Stellar Stellar evolution &
spectroscopy & photometry nucleosynthesis

Chemical evolution models
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Basic ingredients of chemical evolution

- Infall/outfl f

- Boundaries of the system: closed or open model nfalljou f)w 01§48 .
- Mergers with other galaxies

ey - Primordial composition (H, He, Li, Be)

- Chemical ition of the infalli
emical composition of the infalling gas . Pre-enriched

- Gas flows and their chemical composition
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Basic ingredients of chemical evolution

- Stellar birthrate function B(m, t) = ¢p(mw(t)dmdt

/\

Star formation rate  Initial mass function
(SFR) (IMF)

Ruiz-Lara et al. (2020)
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Basic ingredients of

- Stellar yields

Massive stars (M > 8 M) ——»

Low-intermediate mass stars (0.3 < M,
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Y(Fe)
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Equations of chemical evolution

- The evolution of the mass of gas in the form of the chemical element i

M, (R.0,0) = — y(R,0,DX(R,0.1) + X; ;JAR, 6, 1) — X/(R, 0, ) W(R, 0, 1) — X(R, 0, DMy (R, 6, 1) + R(R, 0. 1)

N —

} } }

accretion of gas  lost of gas lost by feeding the
through infall  galactic winds central BH
lost of gas because of SF restitution of gas
processes from stars
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The time-delay model

[X/H] = log(X/H) — log(X/H)

15
1.0
I Massive stars: short lifetimes
— 05 important Fe and Mg producers
§ i
s
= 00+
Type Ia SNe: long lifetimes
051 main Fe producers
-1.0 T T T T T T T T
-45 -40 -35 -30 -25 -20 -15 -10 -05 00
[Fe/H1 Molero et al. (2021)
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The time-delay model o =[]

[X/H] = log(X/H) — log(X/H)

Matteucci (2012)
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Applications: the [Eu/Fe| vs. [FFe/H|

[Eu/ Fe|

QUICK SOURCE
Molero et al. (2021)b
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Fe from SNE la

Quick sources: massive stars and/or MNS
with a constant delay for merging
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Applications: the [Eu/Fe| vs. [FFe/H|

— B=—15, Model 15b

Em| ®
e
25 . - B=0.9, Model 35b

o — G|« MNS sole producers of Eu: model with a
constant and short delay

«  MS co-produce Eu with MNS, they
become the main production site and
dominate the relation

[Eu/Fe]

only MNS

Either NS all merge on short timescales or
they cannot be the major producers of Eu
MNS +
Massive stars

e.g.,

Matteucci+14,Cescutti+15,Wehmeyer+15,Cote+19,Si

monetti+19,Kobayashi+20,Cavallo+21,Molero+21a,b,
Van der Swaelmen+23
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Applications:

[Y/Fe]

[Ba/Fe]

the [s/Fe| vs. Age
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Applications: the [s/Fe| vs. Age

01.08.2024 |

[Y/Fe]

[Ba/Fe]

1.00 Rac = 7 kpc 7 <Rgc <9 kpc Rec = 9 kpc
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Mgas,,.(R, 0,1 = —w(R,0,DX(R, 0,1 + X, 4A(R, 0, 1) — X(R, 0, h)W(R, 0, 1) — X{(R, 0, DM (R, 0, 1) + R(R, 0, 1)

Applications: the Galactic bulge

My, () = = w(DX(0) + X, JAD) + R(1)
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Applications: the Galactic bulge

Hill+11 Gonzalez+15, Schultheis+17, Zoccali+17,
L5t Bensby-+11,+13,+17, Rojas-Arriagada+19,20,
Py ' Queiroz+20, Johnson+20,+22, etc...
g 1.0
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Applications: the Galactic bulge
1. Salpeter IMF
2. Massive stars yields from Limongi&Chieffi(2018)
3. Two bursts of SF - delay of 250 Myr

IRV =0 km/s IRV = 150 km/s
T T

IRV = 300 km/s
T T

T T T

0.0 | | | |

-2 -1 0 1-2 -1 0

[Fe/H] [Fe/H]
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Applications: the Galactic bulge

1. Chabrier+03 IMF

2. Massive stars yields from Limongi&Chieffi(2018)

3. Two bursts of SF - delay of 250 Myr

IRV =0 km/s IRV = 150 km/s IRV = 300 km/s
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Applications: the Galactic bulge

1. Chabrier+03 IMF
2. Massive stars yields from Limongi&Chieffi(2018)

3. Two bursts of SF - delay of 250 Myr

stellar migration
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