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e The stellar evolution theory

provide the T,(Mm,Z,t) y
L(m,Z,t) describing the time
evolution of effective
temperature, T, and
luminosity, L, of a star with
mass, m, and metalicity, Z.

For given values of m and Z, the
functions T(t) and L(t)
describe parametrically the
evolutionary track in the H-R
Diagram (HRD) of such stars..
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Padova 2000 tracks, Z = 0.2 xZg Padova 2000 tracks, Z = Z,
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o At t=0 the stars of a SSP are distributted along
the Zero Age Main Sequence (ZAMS) according
to a given Initial Mass Function (IMF). acuerdo a
la IMF.

® The Spectral Energy Distribution (SED) of the
SSP at time t is given by

Sx(t,Z):j:” S, (m,t,Z )é(m)dm

e

SED of stars with mass m and metallicity Z attime t Initial Mass Function IMF)
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Padova 2000 tracks, 72 = 7,
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Solar metallicity, Age 3 Ga,
different ages in Ga different Z in solar units
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Spectral Evolution
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Example of evolutionary sequence: Single Stellar
Population of solar metallicity calculated with stellar
population synthesis models by
Bruzual and Charlot (2003)

Dr Gustavo Bruzual Dr Stéphane Charlot
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http://adsabs.harvard.edu/abs/2003MNRAS.344.1000B
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their corresponding
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various photometric
band passes.

75 80 85 90 95 100 75 80 85 90 95 100
log (1) (yr) log (t) (yr)

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 47



Grupo de Astrofisica

Contribution from different stellar phases at
an age of 100 Ma

UNIVERSIDAD AUTONOMA

Universidad Auténoma de Madrid

Padova 1994, Z_, 100 Myr, Chabrier IMF, STELIB
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G wavelengths longer than 4000 A,
P i N lthe second relevant contribution
100 — |
| comes from HB stars.
50 — —
- -| h T, . _ -
| W T M - T rl r".r. ,___.M i
© 4000 B0O0 BO00D 10
MR

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 48



Grupo de Astrofisica

LA Contribution from different stellar phases at
UNIVERSIDAD AUTONOMA |
an age of 1 Ga

Universidad Auténoma de Madrid

Padowva 1984, Z,. 1 Gyr, Chabrier IMF, STELIB

Contribution from different stellar phases:
25 [~ —
i MS RGB, HBE, REST, TOTAL ]

F,(scaled)

10
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Contribution from different stellar phases at \|
an age of 10 Ga
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Universidad Auténoma de Madrid

Fadowva 1994, Z,, 10 Gyr, Chabrier IMF, STELIE

at ' ' ' ' ' ' ' ' I ' ; — ]
L Contribution from different stellar phases:
I M3 RGE, HE, REST, TOTAL
I At an age of 10 Ga, at
L
wavelengths longer than
= | 6000 A, the major
R contribution comes from
= RGB stars.
1 kb
°C | L L 1 " X |
4000 BEOOD B000 104
AR
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UNIVERSIDAD AUTONOMA CompOSite Stellar POpu|ati0nS (CSP)

Universidad Auténoma de Madrid

« Composite stellar populations (CSP), according to a given
Star Formation History (SFH), can be expressed as a

combination of a series of instantaneous star formation
bursts (SFB) = SSP

« La SED de una CSP se puede escribir como:

Chemical evolution
J enters here

S, (t) = (‘)OtSfSP 10, 2( - )] pAt - 1)

| T —

Star Formation Rate (SFR)

SED of a SSP of age t”

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 51



Grupo de Astrofisica

N

Star Formation Rate (SFR)

UNIVERSIDAD AUTONOMA |

Universidad Auténoma de Madrid

* The SFR, yAt), is the amount of gas transformed in stars by
unit time.

 The function Z(t), is the chemical enrichment law coming
from chemical evolution modelsl|.

* The IMF is supposed to be time independent.
 Foragiven SSP, y(t-t’)=0o.
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Universidad Auténoma de Madrid

» SSP vs composite stellar
populations.

* The SFRfollows an
exponential functions of
the kind yAt) ocel'*

log Fy(Lo/A/M,)

AA)
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Composite stellar populations with
DEMADKI time-dependent metallicity
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Universidad Auténoma de Madrid

Chemical enrichment law predicted by different
chemical evolution models.

Same SFR, different 7(t), sed's at 12 Gyr
5—————————————————

) ) L | ! | )
4000 6000 8000
AR)
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. 0ld, low metallicity stellar
populations look like young stellar
populations of higher metallcity.

_ _ . Stellar populations with the same

oL _ value of Poblaciones estelares con
| el mismo valor de age -Z32 show

] almost the same colours.

- To break the age-metallicityv

- degeneration additional information
- IS required.

lpad, 8,yl13Ga
2=0.4725a13Ga
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Age-metallicity degeneracy

Universidad Auténoma de Madrid

T | T T T 17T 7T T 771 | ' T T T 17T 17T 17T 1771 T T T 17T 1T T 11 T
) | Ze (solid line) -]
- . 0.2Zg (dotted line) .
glj - 2.5Zg (dashed line) .
[ et 1 o SSP colours as a function of
O I\ll L-‘-r:l I_I.._IT—I.F#l | I N I A [ | | (I I(Ijllffle.llnelrlltlzl I_ age.
- Zg(solid line)
< 3 - 0.2 Z; (dotted line)
= '
> - 2.5 Zg (dashed line)
:I | LI T I LI | LI LI | I’I___:
J ot -
E— N ]
g-1 .

log (age/yr)
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Age-metallicity degeneracy
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10 F E
. 294, 7 G},rr:
o 1E + * Alsopresentin the
g B Zg, 10 Gyr ] SEDS
oo 1+ Note the colour
=L similarity, but the
a0 difference in the
0.1 spectral absorption line
B intensities.

4000 5000 6000 7000 80009000
wavelength /A
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Braking the age-metallicity degeneracy
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* Universidad Auté de Madrid
:"""I""""'I""""'"""""""""":
SE [FeH]=-17__07 g . o
- < 1 o The Balmer lines are sentisive
\ g ] to age while the metal
- E absorption lines are sensitive to
- ] L
=
- 1 o The intensities of these two
2 [ ; Gyr_f types of lines can be used to
: o disentangle age and metallcity.
- 14 Gyr 1
1T B
Fo Lt iiiiian L iuui Lt iiiian L iuui L,
0 1 2 3 4
Fe5270

Solic circles = globular cluster data

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 58



UNIVERSIDAD AUTONOMA |

Grupo de Astrofisica

Applications of Stellar Population Synthesis :

Universidad Auténoma de Madrid

® Stellar clusters

-

-

-

-

CMDs of open and globular clusters.
Integrated magnitudes and colours.
Integrated SEDs.

Surface brightness fluctuations.

® Galaxies

-

-

-

Integrated SEDs.

Star Forfation Histories (SFH).

Metallicity evolution.

Line intensity index interpretation.

Age determination.

Emission line intensities.

Interstellar dust effects.

Analysis of large Galaxy surveys (SDSS, MNGA, etc ...)
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LA Galaxy spectra .
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| spss#3sh-118

o SPS model fit, in red, to a
SDSS galaxy spectrum
(3500-9000 A), in black.

* Emission lines not included
in the fit.

* These fits allow to estimate
the SFH and Z(T) law for a
given galaxy.

wavelength /A
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Estimating Galaxy ages from spectral
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Pell6 etal. (1999)
2=4.05,t=60Ma

SR

—
Cowie etal. (2001)
{  z=260t=500Ma

LBDS 53W091 (Spinrad et al. 1996)
=z =i1 .55I, t==1.4 IGa { |

ﬁ

F.(A\} (unidades arbitrarias)

e

T T

|

M32 (Bica etal. 1996)

1 1
T

: z==02t= Ir°>.5 (=5a

Average elliptical (Rieke 1997)
z[= 0,t=10Ga

L |

2000

4000 6000 8000

A(A)

Plausible evolutionary
sequences at different
redshifts between z=4 'y z=0

The youngest galaxies do
not seem to be at higher
redshifts.

February 2025
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Model Spectral Energy Distributions
(SEDs)

Al

UNIVERSIDAD AUTONOMA

Universidad Auténoma de Madrid

log L, [L, A% Mt

R M I M I
I I T S L S A LS00 000 j=lnlral S0 Jaod

| | | |
4000 6000 4000 }\5[2(])0 4000 6000 wavelength {l;.
Bruzual & Charlot 2003 Gonzalez Delgado 05
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Absorption features measured through
N integrated indices

Universidad Auténoma de Madrid

2.0

Flux {arbitrary units)
P -t
n o
L L LA A LT I |

0.0

4200 4400 4600 4800 o000 SR00 ©400
Wavelength in &

Lick index definition (Worthey et al. 1994, ApJS, 94, 687)
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IRIVERSIOAD AUTONOWA Breaking the age-metallicity degeneracy N7

Universidad Auténoma de Madrid

L} I 1 L] L] L] l L] L L L] l L] L] L] L I | J L] l-
ol R e TOO
[ : *Y06
E Q f\SBOGb-
o <+ < | GO, -
o 6" f -
) d

= = J
& 2 r
Q. = .
T Tk a ]
o2 ]
- ) I I lh% ]

1 2 3 4 S 1 2 3 4

[MgFe)(&)[LIS-5.04] [MgFe](R)[LIS—8.48]

Vazdekis et al. 2010, MNRAS, 404, 1639
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Results for elliptical galaxies
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Universidad Auténoma de Madrid

¢ Based on this kind of

diagrams, the global
metallicity of ellipticals, [Z/H],
s between 0.0 and +0.4 dex

¢ Main uncertainties come
from inaccuracies in the
models and the age-
metallicity degeneracy.

¢ Some contribution by
“youngish” populations in
ellipticals is nowadays
accepted.

Trager et al. 2005, MNRAS, 362, 2
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