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GALACTIC CHEMICAL EVOLUTION

a) Introduction

b) Measuring Abundances

c) Formalism of Galactic
Chemical Evolution

d) The “stellar” ingredients :

Yields, IMF, Lifetimes

e) The “galactic” ingredients



GALACTIC CHEMICAL EVOLUTION

a) Introduction
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« X = mass fraction * N = Number

- Xi for element i — Ni for element i

- X for Hydrogen Usually wrt a reference:

- Y for Helium e.g. No/NHin 12+log(O/H)

- Z for all “metals” « “Relative to solar”:

- X+Y+Z=1 - Z ] Zsun
(Solar -Asplund et al. 2009) - [XifXj]=log(Xi/Xj)-log(Xi/X])sun

- X=0.7154, - e.g. In the stars of the Milky Way,
Y=0.2703, [O/Fe] is found between 0 and 1

7-0.0142 ©-02 [Fe/H] between -5 and O
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Many constraints,
especially: abundances
In stars

Goswami & Prantzos 2000

202 AL Goswami & M. Prantzos: Evolution of intermediate mass elements in the Milky Way

[X/Fe]
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Fig. 7. Abundance ratios [X/Fe] of stars in the halo and the local disk, as a function of [Fe/H]. Theoretical results are obtained with models that
treat properly the halo (dasted curve assuming ouflow) and the disk {selid curve assuming sfow bifall). Two sets of massive star yields are
used, both From WW 19495: at constant (=solar) metallicity (thin curves, Case A, only for illustration purposes) and at variable metallicity (fhick
curves, the reference Case B). Yields of the W7 and W70 models of Iwamoto et al, (1999) for SNIa are vsed in both cases (properly inerpolaed
as a function of metallicity); intermediate mass stars are not considered. It should be noted that WW 1995 yields of Fe have been divided by 2, in
order 1o obtain the observed o/ Fe ratio in halo stars. Model trends below [Fe/H|=-3 are due to the findte lifetime of stars ([ Fe/H]=-4 is antained
at 10 Myr, corresponding to the lifetime of stars with mass = 200, while [Fe/H]=-3 is attained at 20 Myr, corresponding to the lifetime of
= 1OM o stars), In view of the yield uncertainties of individoal stars (Sect, 2) and of the uncertainties in the timescales at those early fimes of
the halo evolution, those trends showld not be considered as significant. The observed data points in the figure are taken from sources listed in
Table 1. Observed abundance ratios of [(WFe] from Israelian et al. (1998) and Boesgaard et al. (1999) are shown by apen triangles; they suggest
a trend quite different from all other alpha-elements. The apen refangfes inthe LAl/Fe| panel correspond to observed data with NETE corrections
(fromm Baumiiller & Gehren 1997)




Magrini et al. 2007, A&A 470, 865-874
s e B S B B S R

M33

HIl regions spectroscopy : line emission measurements: /
tracers of metallicity in the gas

Same thing can be done in many nearby galaxies
(see NED LEVEL5 NASA database for collection of abundance gradients)
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Constraints on the disks evolution : profiles
(abundances, stellar mass, gas mass, SFR ...)

Marcon-Uchida, Matteucci & Costa 2010
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Arc Seconds
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Stott et al. 2014 from K-mos 3D survey:

Metallicity Grodient (dex kpc™')

L
® KMOS-HIZELS
* Swinbank 2012
A Queyrel 2012
B Rupke 2010 z=0 mergers
[] Rupke 2010 z=0 normal
<> Jones 2013

A

Metallicity Grodient (dex kpc™')

0.05
-0.00[
-0.05

* ]
~0:10 5.8sigma slope -

2.9sigma without local

=0.15 - 1 ul il :

10-10 10-9 -ID-B

sSFR (yr™")

=
o

Q.05

I

-0.00

Main Seq.

Starbursts

i A :
~0.05F i< %) ;+ ]
i LIRS ]
L Oa ]
—0.10F -
-0.15L ! I ]
0.1 1.0 10.0
sSFR/<sSFR(z)>

100.0

12



“Cosmic” chemical evolution:

evolution with redshift (or with the age of the universe ) of densities
averaged over large volumes in the universe

" early (shifted —0.5 dex)
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8 10 12 14
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(Péroux et al., 2012)
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Hopkins & Beacom 2006 i
Beuermeister et al. 2010
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(Zafar et al., 2012)

DUST (Cucciati et al., 2012)



GALACTIC CHEMICAL EVOLUTION

b) Measuring Abundances
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 Abundances in Stars (in the MW & very nearby galaxies)

* Average metallicity in a stellar population of a galaxy:
stellar population synthesis technigues

« Abundances in the gas.

— In emission

- In absorption: powerful technique to probe the high z
universe (Lyman Alpha forest, DLA)

[ ~— H emission from quasar
!

Metal absorptlon lines

i

3500 4000 4500 5000 5500 6000
Wavelength (Angstroms)




Emission lines (from S B p
iIndividual HIl regions, or L[5 = = . . i
global spectra of galaxies) 8l -
] . ﬁh*ummw+ #ﬂfwmﬁﬂmﬁmﬂ#HLW*“ﬂﬁ
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Garnett 2002
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In the absence of Te-sensitive lines: use of

“strong lines” empirical indicators

[([O TIAST2T) 4+ T([O TTT]AAN4959,5007)
HiA

ﬁz:s —

Double-branch : other
diagnostics

[NII]A6584 /Ha

[0NIT\5007 /[NII]A6584

—de i bk I...I._l..l_ L.LJ_J ol ke I._I...l_l.J_I...I. Aod

Nagao et al. 7 7.5 8 85 9
2006 12 + log{O/H)



(Kewley Elysson 2008)

D Emission Lines Calibration Class
T04* [Ou], HE, [0 m], He, [N 0], [S 1] Theoretical
794 Ry Theoretical
KK04 R, [0 m]/[O ] Theoretical
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M91 R, [0 m]/[O ] Theoretical
Do2 [N n]/He Combined
PPo4 [N n)/Ha, [O m]/H3 Empirical
PPO4 [N 1]/Ha Empirical

P01, P03 Ry, [Om]/[O 0] Empirical
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GALACTIC CHEMICAL EVOLUTION

c) Formalism of Galactic
Chemical Evolution

20



- Pagel : nucleosynthesis & chemical evolution of galaxies
- Tinsley 1980, fundamentals of cosmic phyics

- An introduction by Nikos Prantzos: Prantzos (2007)
http://fr.arxiv.org/abs/0709.0833

- Applets JAVA: http://astro.u-strasbg.fr/~koppen/apindex.htmi
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dM(M,t) = form(M,t) dM dt

/ \ M,
() PM) MoM)dM = 1
Star Formation Rate Initial Mass Function M,
(Msol yr-1) Description
m : total mass ™ : lifetime of a star of mass M
mg : gas mass C : mass of compact remnant of a star

m* : stellar mass

f :gas infall rate

0 :gas outflow rate

E : mass ejected from stars

Xi : fraction of mass in form of element “I” in the gas

Ei : mass ejected in form of element “/”

Yi : yield of a star of mass M for the element “/”
WARNING : many Definition of “yields” :
net yield, true yield, effective yield

22



cdrr

cdt

infall

GCE

o |

outflow

Closed Box :
=0
0=0
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dime

dt

GCE

—'~Ir+E+[f/ﬂ/

E(t) = /:U (M — Cap) U(t —1ag) B(M) dM

24



I(me X;
f(.fﬂz;r 1) —‘I'Xi + E:i - [wi,ﬂ]

“ My;
Ei(t) = / Y;(M) W(t — 7o) ®(M) dM

Y. (M) = y_'!-_[ M)+ M=Chr ) X; (L= T4

1

“Primary” yield depend only of M but “secondary”

yields can depend on Xi 25



Instantaneous Recycling Approximation (IRA)
(good for O, for large gas fraction >50 %, still ok down to >~ 20%)
- Massive stars explodes « instantaneously » Tm =0
- Others are “evgrlasting”
Lr
E(t) = / (M — Char) Ut —%ﬂ d(M) dM
M
Returned Fraction R ~ 0.3-0.4

M [

E(t)=v(t)R R = . (M - Cy) ®(M) dM

1 Mg
Pi=1 g /” ) y ; (m)o(m)dm.



In closed box :

X (1) — X)NQ) = —piln(o,(1))
og=Mg/M (fraction de gaz)
This relation links the gas fraction and the abundance ,

Independently of the details of the history of star
formation !

27



One more assumption b(8) — eM
(schmidt like law) () = eMq(t)

04(t) = exp(—e (1 — R) t)

X; (1) =X; (0) +pi e(1- Rt

28



With IRA, it is possible to obtain similar relations

under various assumptions :
o infall (f=-SFR)
» outflows (o=a SFR

1

a,(t) = —
Tl 4 el - R

Zt)=1Z2(0) = (px + Z;)] exp(—e (1 — R t) + (px + Z;).

1
Zit) = [Z(0) — (px + Zf)] exp (1 — ;) Fipx + Z5).

R—-1-un
(R—1lexp(—e(R—1—alt) —a

a,(t) =

Z(t) = Z(0)+ pxe(l — Rt

1 — R 1 0 1 — R+ a
Z(t) = Z(0) - In || =
1] U] =+ P 1 — R ko n |:((;r { R—-1— f‘l) ( 1 - R ):|

FORBIDDENM

ACCESSIBLE WITH
INFLOW OR OUTFLOW

In {1/=)

GARNETT 2002

Edmunds et al.
1990
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GALACTIC CHEMICAL EVOLUTION

d) The “stellar” ingredients :
Yields, IMF, Lifetimes

31



0 | _|_4|_|_|_'nl | I T_I T . .
,(,H He g Yields quite
i He - uncertain
§ 1 ~ (factor 2 for O)
B , 2 25 My -
T : :
% B “Ne .
= L
3 1 i s
L 150 ]
§ || CNe -
3 : l i 11 l l | l ool I L | E Lt _1 -|
2 4 6 8 10 12

Interior Mass

Fig. 3. Interior composition of a 25 Mg star after its explosion; only major isotopes are
displayed (from Woosley and Weawer 1995).

Even more uncertain
Contributions to H,C,N,O isoptopes, s-process elements
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Accration
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FLI< R | ol A1 = B0 i &
nebula giant  white dwarl Delonation Neg |

- Mennekens (IAP Progenitor meeting)

Dominates Fe production, with a delay
with respect to star formation !

=
rl

— SD
. : .. ) B 'II?thani 2008
Prescription for inclusion in models ~ bt
- Greggio & Renzini 1983: R
Based on binary system, evolution time for : | é
The primary star... —
- Sannapieco & Bildsten 2005 \ | |

=
=
[=+]
E=
=
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(100 yr) 10" M, 10 M., Gyr

time (Gyr)
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This delay In
combination with
different star formation
histories can explain 0.5
trends in e.q. =
O/Fe vs Fe/H

=0.D

Bulge

< Bulge [(McWilliam and Rich 15894)

1Bulge [(Barbuy et al. 18898)

& Hulge (Harbuy and Grenon 1990}—

5 DLA (Viadilo 2002)
® | MC (Hilletal 2000

L 3
..:
- i
i Ll
i Pt
. I i

Matteucci 2003
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IMF, Lifetimes, Remnant mass

Nombre d’'Etoilles a la naissance
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D(M) = % — A Ar—(1+X)

Slope of the Salpeter IMF: X = 1.35 Conversions SFR Boissier 2013
I T TTT III I | T I T TTTI (See IeCture by V. Buat)
102 Chabrier (2{)(}3 U(Kroupa 2001)  x 1.5 = (Salpeter)
10! i | U(Kroupa 2001)  x1.59 = (truncated Salpeter)
1l = T Salpeter (1955 t*((‘lla}rler 2003) x1.5 = (Salpeter)
=10 % Kroupa et al. (1993)d | ¢(Kroupa 2001) x15 = t(Salpeter)
‘~_‘E:'L'-"1{}-2 Y(Kroupa 2001)  x 0.88 = (Chabrier 2003)
10-3 ~
10-4 0.6 T T
L The “Returned fraction” i
10 - | | R is function of time and of .
10-8 —+—++HH—++++HH—+++HHF " the IMF! LA
o fr g o
5 Tk i
- s A AT
E 1D A 2
‘5 1 : _,-': 1"! :
>IN A 5
3 05 L i
G i =
C Ll I WERIN L1 1 1 111]l
0
0.1 1 « 10 100
M (M : _
Low Mass Stars Int(eth)ediate Mass Stars: Massive stars.

fraction of mass locked

' light output in SFR
and the nir output during some phases, 9 P

important light providers tracers, metal output 36




Sicivr(m, 1) = [

Maximum mass of a cluster:

(e.g. Weidner & Kroupa 2005)
Basics : stars form within clusters

“Canonical IMF”

Max. Mass of stars

Mgt e (SFR(1)
Hl‘” < Mmay kﬂ.‘i.‘lhuﬂ.‘ﬂ

! 'ﬂ"fl."ﬂ N

f(Mcluster)

d M.

Cluster mass function

log Meclmax = loghw + (0.75 £0.03)log SFR+ (6.77 £0.02),

Weidner et al. 2011

- The Integrated Galaxial Initial Mass Function of stars

See also

Review by

Bast

ian 2010

% z"f- M 1= 3)

]ng]IJ(nlmn

log (M, /M)

A mem_]

- 1000 M, |

150 b,

- Evolution with redshift ?

e.g. Wilkins et al. 2008
But see Ilbert et al. 2013




GALACTIC CHEMICAL EVOLUTION

e) The “galactic” ingredients
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e |nfall

- In the MW: the G-dwarf problems
- In other galaxies : History of accretion
(backward, vs “cosmological”)

» Outflows
Winds from massive stars vs potential of the galaxies
 The Star Formation Rate :

see next lecture!
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“The G-Dwarf
problem” in the solar
neighborhood.

Gaz

A closed box model

stars

e.g. Prantzos & Silk 1998

dN/d[Fe/H]

Gaz

0.8
0.6
0.4

._l_rllllf'll
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4 Modelincluding infall
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The G-Dwarf o :

problem” in the solar = 06 | £
neighborhood. > 04 F k;
o B 7

0.2 [ =

- Y .

U AR A . o'

But see Haywood et al. 2014:
The thick disk is a significant contributor to the
Milky Way + star migration
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Infall in nearby galaxies

| (a)
| b = SFR / <SFR>
i SSFR=SFR/M*

' IRA: b=T (1-R) SSFR
o - Indicates long time-scales
" b for SFR history of spirals
1 # i -> long “formation” time
S0 1
3 7. el
:FA_T;E_L_EHLMSMWH (b) . m..

|~ s
i}l{{ }

TOTAL BIRTHRATE (SOLAR MASSES PER YEAR FOR A 10" mo GALAXY)

[ | [l [ I i
|
e o 2 4 & a 10
DISK FORMATION . i

TIME—— 42



See other lectures !

log[M(z)/M,)

Van Den Bosch 2001

43






Obseglations

\

Zx(t) — Zx(0) = —pxin(o,(t)) Garnett 2002
15 J N 111 L N | L | 1T 11 I_
- - - B . —
Definition of - i . . " R
“effective yield” 2 ;___ff’f‘_'_z_'_‘:’_'____; __________________ P nrevcalom . —
= | = NE —_
- » ' | u —
E _2-5 | ; | ]
E, B o G@ 7]
i 5 i
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FORBIDDEN B ]
% - i
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N Q\ﬁ’\@ B B
C}J‘ -3.5 — O LSB galaxies —
— X imegulars —
ACCESSIBLE WITH : " spaass :
INFLOW OR QUTFLOW B |
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Outflows in the distant universe

Emission

Absorption

N }
3
|
650 km |
_ B

|
|

_ |
=
|
|

: |
|
|
|
|
| .
JLI 1l ARl
SN [k I
Fig. 1.— The distribution of velocity offsets between Lyo emission and

low-ionization interstellar absorption.  The most straighttorward indication
that LBGs are expericncing large-scale outflows of their interstellar mate-
rial is the velocity offset measured in individual spectra between Lyver emis-
sion and interstellar absomtion lines. This histogram shows the distribution
of velocity offsets for the 323 galaxies with spectra in which both types
of features arc detected.  The mean wvelocity offset (redshift difference) is
Av= 650 km s~ Az =0.008).

Shapley et al. 2003
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A galactic ingredient ....

... THE Star Formation Rate

See next lecture
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