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® Foragas in Thermodynamic Equilibrium (TE), the properties of the gas
can be described by the equations of statistical mechanics and
thermodynamics.

® The speeds of the gas particles follow a Maxwell distribution:

2 3 4 -
> f(v) = ;(%) 2 MV /KTy

® The population of energy levels follows a Boltzmann distribution:

- M — @ e—(Eu—El)/kTex
n gi

® The ionization degree follows a Saha distribution:

. \3/2
- NeNH.l — 22mmekTion) . e—Xr/kTion

N, h3
® The radiation field follows the Planck function:;
- BV(T) _ 2hv3 1

c? ehv/kT_1

® and T, =T,=T,,, =T
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UNIVERSIDAD AUTONOMA |

DE MADRID

Universidad Auténoma de Madrid

® ISM has low densities implying low collision rates and low optical depths.
® Also, photons can escape the system or enter from external sources.

® Velocity distributions are Maxwelliam and can be described by a kinetic
temperature, on scales larger than the mean free path.

® The distribution of energy level populations is far from the Boltzmann

equation, but in can still be used isiEs IS chbgracterised by a T, defined by
u - =l
lex = Iy gim)

® The interstellar radiation field may differ substantially from the Planck
function corresponding to a BB. We must find a statistical equilibrium
solution for the distribution of energy levels, which requires the knowledge
of the mechanisms of interaction between matter and radiation, that is
understanding radiation transfer.
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® The mean free path is written as
= ¢ =1/no~|(1em™)n(14)*| ~3 x 105cm ~ 100 AU

® £ is much smaller that typical relevant size scales, hence it is possible to
define macroscopic quantities: density, p , velocity, v ,temperature, T,
and pressure, P, and use fluid Navier-Stokes equations to describe the
ISM:

g—i + V.(pv) =0,
Conservation of mass and momentum

ov VP

5 F V)= - v

® The gravitational potential, ¢ , is related to the density, p, through
Poisson’s equation:

V2¢p = 4nGp.
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® Regarding energy, depending on the ratio of cooling rates to
dynamical changes in macroscopic quantitities, there are two posible
cases:

= |sothermal = radiative cooling keeps the gas at a constant
temperature = P.V = NkT = const. 5P X p

= Adiabatic = cooling times are much longer than dynamical
timescales = energy is conserved = dU = —PdV =

D PxVVxp¥wherey =1+ =

degrees of freedom
® For a monoatomic gas, degrees of freedom= 3 and y=5/3

® Physical conditions of the ISM are in the range:
= 10 =T (K) =106
= 103 = p (particles cm3) =106
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® The determination of chemical
abundances is key to the study of
galaxy evolution.

® The main source of data for their
determination are the emission line
spectra of the gas ionized by stellar
radiation.

® The ionized gas is in the form of
nebulae: HIl regions, planetary
nebulae and supernova remnants.

The Orion nebula
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HIl regions

UNIVERSIDAD AUTONOMA |

DE MADRID

Universidad Auténoma de Madrid

® Hll regions, sites of recent star formation, are probably the
most used objects for abundance determinations at the
present epoch.

® Their density is around 10 to 100 particles cm= and their
temperature is of the order of 104 K.

® Their sizes are variable, from a few parsec, for galactic Hll
regions ionised by a single star, to 500 pc for giant
extragalactic HIl regions ionised by young massive star
clusters or complexes.
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® Let us consider a light beam through a gas cloud 7,(0) =0

® Two limiting cases arise:
1. Optically thin medium
2. Optically thick medium

 The equation of transfer is:
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The optically thin case
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® Optically thin medium

T,Ll — eV~ 1l—r1,
IH(TU) — SU(]- — 1+ Tb") — TUS.U

o |f the gaS |S |n LTE - Iy — TMBH X CELFBIH

® For a hot gas, the absorption coefficient is high at the
frequencies of spectral lines
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For an optically thin gas, we expect to get a spectrum with strong
emission lines at the frequencies at which a., is large.
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Emission line from an optically thin gas
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Emission lines produced in an optically thin gas volume with no
illumination source in the background.
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® Foranoptically thick medium 7, > 1
S,(1—e ™) — S, and,inlLTE, 17,=s, =8B,

and

the gas radiates as a black body.

The interior of a star, such as the
Sun, is optically thick and
produces a continuum spectrum,
although with absorption lines,
since the source function S,
varies through the stellar interior.

February 2025
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LAT Emission and absorption agaisnta N\ =
C continuum background S
I 7, < 1 I(r,) = L(0)e™ +5,(1 —e™™)
II!(U)(I _ Tb’) + TUSIJ'
Again, we have two cases : = 1,(0) + 7,[S, — 1,(0)]
The emergent intensity is larger at frequencies at
S, > 1,(0) which ., is large — emission lines on top of a
continuum background.
The emergent spectrum is reduced at frequencies
Sy < 1,(0) at which 1, is high — absorption lines on top of a

continuum background.
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An optically thin gas illuminated by radiation whose intensity is higher that the
source function, produces an absorption. That would be the case for a cold gas
in the line of sight of a very bright background object.

Absorption lines produced by neutral gas clouds in the line of sight bteeween the
observer and a bright quasar.
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For an optically thick gas in LTE, S, (T) = B, (T) thatincreases as T increases.
If dT/dr<0 — S, (T) <1, (0). This is the case of the optical spectrum of the Sun.

absorption coefficient
specific intensity

But in the UV, the radiation comes from regions where dT/dr >0 (solar corona).
In this case, S, (T) > |, (0) and an emission spectrum on top of the continuum

IS observed.
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Radiation Atomic Transition | LTE Distribution | LTE in ISM?
Bound-Bound || absorption line | excitation Boltzmann Generally No
b-b emission line de-excitation (occasionally)
Bound-Free absorption edge | 10omzation Saha No
b-f emission edge recombination
Free-Free continuum collisions Maxwell- Yes
f-f therm. bremss. Boltzmann
Radiation Planck No

February 2025

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

16



DE MADRID

UNIVERSIDAD AUTONOMA |

Grupo de Astrofisica
/ 7

The cooling agents

Universidad Auténoma de Madrid

® Forbidden transitions
dominate for T <104 K

® Permitted transitions
dominate for 104 K < T <

10" K
® Free-free emission is
important for T > 107 K
10® 104 0% 10® o7 0®
T (°K)

— Agasat T~ 10°K cools dawn rapidly since there are a great number of

relevant processes acting at those temperatures.

— Agasat 103<T < 10* K cools down by emitting forbidden lines

February 2025
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Hot, massive stars produce a
great amount of photons with
energies larger than 13.6 eV,
which is the ionisation potential
of hydrogen and hence are able
to ionise the neutral gas
surrounding them.
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® The main ionisation mechanism is photo-ionisation by the
radiation of very hot OB stars.

® In a typical nebula (low density) a volume element is subject
to a radiation corresponding to high temperatures (~ 20,000 -
50,000 K) diluted by a factor tR%/4rr? =~ 104,

® Atomic processes implying radiation absorption (excitation to
dicrete energy levels, photo-ionisation etc ...) are attenuated
in a factor 10-'* w.r.t their values in TE.

® Processes like recombinations y de-excitacions occur to rates
that depend on the electron and ionic density and the local
kinetic temperature of the gas.
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For a massive star in the centre of a pure hydrogen cloud,

* The ionisation cross section is ¢ = 102" m?.
For a typical density 10° particles per m3
the photon mean free path is about 102 m

HI

Trickness0 (10 pc) — photons cannot escape without
being absorbed.
* Once the gas is fully ionised, the cross
Strémaren sohere section for Thomson scattering is much
The stér iS s.urrounded by an smaller, c=67x10%°m¢— photons will
HIl region separated from the travel freely through the ionised gas until
neutral medium by a thin shell they find the neutral medium

of thickness &= (nyo)' —
jonisation front

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 20
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® Low densities (1-10% cm).
® Great sizes (~1-500 pc or larger) .

® Line emission spectrum with recombination lines of Hy He
and forbidden collisionally excited lines of different elements:
O,N, S, Ne,Ar ...

® Electron temperatures between 5000K y 20,000K, depending
on metallicity.

® Weak continuum.

® Chemical composition close to solar: ~92% H, 7.9% He,
0.05% O.

® They can reach the age of their ionising stars (about 10Ma).
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Spectrophotometry of the giant H 11 region NGC 604
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HIl regions are in photo-ionisation equilibrium. —
lonisation structure

* Transitions to level n=1,2,3,4
from HI yield Lyman, Balmer,

P———— Paschen, y Brackett
E=1.5eV 144 Paschen .
i spectrim respectively.

! | 1 Balmer
=.3.4ev , E } *#%‘SPECHUH’I . L .
e *  The different transitions in

" each of the series are call by

g greek letters: o, 3, v, 9, e efc
oiieey_ bt * The level n has 2n?quantum

states.
Recombination spectrum of H

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 23
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E=0  ---—----—=---—----=-—-—= lonization limit
! ! | ¢ Paschen
E=-1.5eV — o . 1y Spectrum
i ! | ! iBaImer
i . 1 spectrum
E=-3.4ev - rey
X Excited Ground
b :L state state
i 11 Lyman
|1 spectrum 6 m 2 Hé
A s 1B, g
v —
E=136ev 11!

3 656 nm 2 Ha

1 1
AE = he/A =136 (n—% - P) eV

Yvyy ...

Energy level

Energy Energy
absorbed emitted
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The path of (most) ionizing photons in an Hll region

LHa => Nl_yc => SFR

see Kennicutt & Evans 2012 Ann Rev

lonizes
H atom
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continuum Recombines
_
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® The emission lines of HI result . l . I T [
from the cascade emission to the
ground level after recombination.

® The photo-ionisation cross
section is oc V3, v> 1

® The H excited level life-times are
104-10%s but the mean time
between collisions is ~ years —
H is always in the 1 2S level.

® Electron-electron collisions are
~10* — e- are thermalised, with
a Maxwell-Boltzmann distribution.

a, (107'¢ cm?)

v (10" Hz)

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 26
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Equilibrium = n. de foto-ionisations = n. de recombinations in each point of the nebula

TA4r, e o L oa(H)
Ny | —a,(H )olv_NijMr2 v

Vo

= NN a5 (H°, T)

Integrating over vand r: Q(H®) :%RSNE'OCB(HO)

where Q(H°) is the n. of ionising photons and N, = N, ~ Ny

/3

1
0
In this way we can calculate R — 3Q(H")
Strémgren radii * Nz a,

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 27
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Calculated radii of Stromgren spheres

Log N.N,r3 r1 (pc)

Spectral M, T.(°K) Log Q(H") (Mintem™=2; " (N2 N,

type (photons/sec) ry in pc) =TYem=2)
05 — 5.6 48,000 49.67 6.07 108
06 — 5.5 40,000 49.23 5.63 74
o7 — 5.4 35,000 48.84 5.24 56
08 — 5.2 33,500 48.60 5.00 51
09 — 4.8 32,000 48.24 4.64 34
09.5 — 4.6 31,000 47.95 4.35 29
B0 — 44 30,000 47.67 4.07 23
B0.5 — 4.2 26,200 46.83 3.23 12
NOTE: T = 7500° K assumed for calculating o pg.

Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 28
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T=40,000 K

fractional ionization

T=30,000 K

fractional ionization
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lonization Fraction

lonization Fraction
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Heating = cooling

* Heating:
= Photo-ionisation: the kinetic energy of e-is much higher than the
lonisation energy — energy excess.
* Cooling:
= Recombination line emission.
= Free- free emission (radio-continuum).
= Collisionally excited forbidden line emission.

Ae=1+ Tt I

O* is the mean cooling agent in HIl regions
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The forbidden emission lines of ions can be used to determine T.. For instance,
those corresponding to levels of the 0%, N*, S**ions.

[O ] [N 1]
i
| \
|
|
A4363 \
| T
: A2321 I
{ A5755
|
{ |
—— | 23063
| : \,D |
A5007 2
| Ko
| |
| A6583 |
| A4959 | :
| |
, + 1 l)»65|48
1
X 3
0 0
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For the oxygen lines [OlI]:
Jrasse + jasoor  7-73 exp [ (3.29 x 10%) /T ]

JA4363 el el R 1074 (Ne/T1/2 ) :

10 T T

TEMPERATURE

J(A4959) + j(AS5007)//(A4363)

For the [NII] lines:

10' e | 1 A 1 | - [ (|

Jr6548 + Jr6583 2l 6.91 exp [(2.50 x 10%) /T ]
JA5755 1 + 2.5 x 10-3(N./TV/2) °
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The density can be determined from the ratios of some emission lines, forr
instance [Oll] y [SIl]

om 16 TTT T T TIT T T TTT ] T T

o 10 4
sm 2 N
e N [sm A6716
3 — e 2 08 \ A6731 -
52 _— éa
e RS
s =06 (3! A3729
D, O m-e Sars
sn 4 N T
AT _~'—‘3
1% ‘ 02} .
S A6731 |
3 00 (B | i tipleq 1 L1 {2 AT
e 10! 102 10° 10 108
‘ Electron density (cm™)
Y o SN, S AP it 2
— — = el = | FIGURE 5.3
Calculated variation of [O IT] (solid line) and [S 1I] (dashed line) intensity ratios
as function of N, at T = 10,000° K. At other temperatures the plotted curves
g : 9 4 77 1/2
* ground configuration of (O 11) and 3p® ground are very nearly correct if the horizontal scale is taken to be N.(104/T)1/2.

DENSITY
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® Emission lines in HIl regions are optically thin = the flux in a line
is proportional to the element abundance and he constant of
proportionality is a function of atomic parameters and the
physical conditions of the gas.

® For a recombination line such as Hf3:
I(HB) = N(H")N,a,(H", T)hv,,,
® For a collisionally excited line such as [Olll]:

|, = N(X™)C(1, X Hhv,

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 36
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®» o(H*T) is the recombination coefficient for H
a(H*T) ocT™with (m ~1)

very little dependent on temperature &)

® C(4,X *") is the collisional excitation coefficient for X*'

highly dependent on temperature

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 37
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C(A,X*) = Ay, F(i,m),

A, = probability of the transition.
F(i,m) = fraction of ions in the upper level. This is calculated from the
equation of statistical equilibrium taking into account both spontaneous
and and collisionally induced transitions.

F(i,m) is a function of the probabilities of collisional excitation and de-
excitation. ™

> C(ﬂ,, X+i) OC-I-el/Ze—AE/Te

Oun _ I o-E-E T,

amn gn

_ Q(n,m) =collision strength

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles I. Diaz 38
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® Three different types of line ratios:
® Ratios of two recombination lines, such as H and He:

N(He") |I(AHe")| a(HB 4861
N(H*) | I(HB) |a(r He) A ®

® Ratios of two collisional lines, such as [Oll] and [NII]:

N(X™) [M,X”) COuY )y
N | 1o, Y ) [ C, X 2

® Ratios of one collisional line to a recombination line, such as ...
most of the rest of the lines
N(X*) [1()»,)(“’)

N(HY) | I(HP)

N a(HB) 4861 ©
CAXT) 2
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Electron temperature derivation
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® Most of the observed
emission lines in nebulae
are collisionally excited
and their intensities
depend exponentially on
electron temperature
which, in principle, can be -
derived from appropriate ] s
line ratios of auroral to 2
nebular lines. P;

436.3

495.9
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Using Oxygen

UNIVERSIDAD AUTONOMA |

DE MADRID

Universidad Auténoma de Madrid

® Oxygen is the most abundant element after Hydrogen and
Helium.

® It is produced in high mass stars and hence it is returned to the
ISM in a short time scale. Its abundance can be associated
with “present day abundances’.

§

® Traditionally, the metallicity of gaseous nebulae has been
traced by oxygen.

D Metallicity = 12 + log (O/H)
® Solar metallicity = 12 +log (O/H) = 8.66 or
O/H=4.57x 10 (Asplund et al. 2004)
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The Direct Method
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® The so called “direct method” requires:

1. The determination of the physical conditions of the gas
in the nebula: density and temperature.

2. The adoption of an ionisation structure

3. Then, from the available emission lines, the
corresponding abundances are calculated.

4. These abundances have to be corrected for the
contribution of unseen ionisation states.

5. The method is described in detail in Pérez-Montero
(2017).
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The relation is two-folded ® As

T B L T T '
of el
o

EE 1t ——McGaugh 1991

o B ZKH

= P MRS

L) Lo-- Edmunds & Pagel 1984

$ g_ ------ Dopita & Evans 1986

@ L
wf E
b- -
of E
=2 1

: |—6.5| — ICLC!I Sie IO.SI B I1.0
log(Rzs)=log({[0 H]+[0 II]3/HB)

The degeneracy must be broken

| ® The

the oxygen abundance
increases substantially, the T, in
the nebula decreases and the
emission lines become weaker !!

1 ® For lower abundances the cooling

is dominated by free-free emission
from Hydrogen and the relation is
inverted.

method needs to be
calibrated with directly derived
abundances, which is possible
only for low metallicity regions, or
the use of photo-ionisation models
for the high metallicity ones.
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LAY Spatially resolved studies of nearby
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*xNGC 5471 en M 101: Skillman, 1985, ApJ, 290, 449.
% 30Dor en LMC: Mathis, Chu & Peterson, 1985, ApJ, 292, 155.
*NGC 604 en M 33: Diaz et al. 1987, MNRAS, 226, 19.

V Ha [SH]
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Diaz etal. 1987, MNRAS, 226, 19
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LA Integral Field Spectroscopy (IFS) of
UNIVERSIDAD AUTONOMA | H ” regions
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Outer HII'in NGC 6946 (IFS) Garcia-Benito et al. 2010, MNRAS, 408, 2234

Continuum 4250 A
e

Contiruum 6475 A Continuum 8525 A
o W o v BTV oSO L A e v M e v 4
710 o AN A 710 o AN~/ ot
J N A < (™ < T e W J o\ o
7] = &

kﬁ\_\ L

Maps in the continuum around 4250 A (left), near Ha (middle) and in the
continuum near 8525 A (right) (50 A width).

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



Grupo de Astrofisica

\;

Some important results
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® Total abundances are constant through the whole region.

® Abundances derived for non resolved regions are
representative of the whole.

® Some line ratios (R,s S,3) are constant through the
entire nebulae.

® Such ratios can be used as parameters to characterise
the region.
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Low metallicity HIl regions
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[O111] 4363 A detectada facilmente

b Te BE)  [onic abundances

« Different line temperatures
» Corrections for possible temperature fluctuations (??)

+ Peimbert, 1966, ApJ,150, p.825
» Correction for possible deviations from a Maxwell-Boltzmann
equilibrium energy distribution (?7?):
+ Nicholls et al. 2012, ApJ, 752,148
» Correction for unseen ionisation states (ICFs) ...
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LA Optical spectrum of the high
S metallicity region CCM72 en M 51
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Diaz etal. 1991, MNRAS, 253,245 Nebular line of [OlII]
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[Ol11] 4363 A undetected , but . . .

There is an anti-correlation between collisionally
excited emission line intensities and the oxygen

abundance.

Empirical calibration

R,5 = log ([Oll]+[Olll))/Hb vs 12+log(O/H)
(Pagel et al. 1979: MNRAS, 189, 95)
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LAY Empirical methods of abundance
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% Based on the cooling properties of ionised regions.

® Whe the cooling is dominated by the optical oxygen lines, the T,
depends inversally on the oxygen abundance.

% Since the collisionally excited line intensities depend exponentally
on temperature, it is expected that a relation between those
intensities and the abundance of oxygen should exist.

% Hipotheses behind the method :

+ The nebula is limited by ionisation (ionisation bounded).

+ The nebula can be represented by gas knots with a given
density inmerse in a much more diffused medium.

+ The cooling is dominated by the oxygen abundance.
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R, = (JOL]+[OIII])/HR

Lower branch: cooling dominated by free- free 7
hydrogen emission

R,4 increases with oxygen abundance

Upper brach: cooling dominated by the emission 7
of collisionally excited lines of oxygen.

R,; decreses with increasing oxygen abundance

THE RELATION IS TWO-FOLDED
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The dispersion in the data is greater than what can be ascribed to
observational errors.

This is due to the fact that the ionised regions are not a single
parametric family.

Different geometries and/or ionising sources with different spectral
energy distributions can be responsible for this dispersion.

The empirical calibrations rely on direct measurements of T, in the
low metallicity regime (high excitation)but require the use of
theoretical photo-ionisation models in the high metallicity regime
(low excitation).

® Different calibrations based on different models lead to oxygen
abundances that differ by more than a factor of two.
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Empirical calibration of the papameter
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VAl Other abundance parameters: S,
S Diaz & Pérez-Montero, 2000, MNRAS, 312, 130
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S, = ([SI+[SIN]) / HA

« Spectroscopically, the lines are analogous to those of oxygen
but, due to their longer wavelength, their contribution to the
cooling should be more important at lower temperatures.

» Besides, they are less sensitive to temperature, therefore the
inversion of the relation is expected at higher metallicities.

» Consequently, the relation will remain linear up to higher
metallicity values values.

» Observationally reddening effects are less important than in the
case of R,3and the contribution underlying stellar populations is
lower.

» The emission lines are detected up to over-solar abundances.
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Other abundance parameters: Sy,
Pérez-Montero & Diaz, 2005, MNRAS, 361, 1063
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Other abundance parameters: N2
Denicol6 et al. 2002, MNRAS, 330,69
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N2 = 1(6584 A)/I(Hc)
vy * |t has low uncertainties due
e reddening or flux and it remains
_efom 1 linear in all the metallicity range.
3 of 1+ However, it shows a large
dispersion due to an anti-
| """ e i ol ey 5" ——— 1 correlation with the ionisation
s ar i I degree in the nebula and to the

uncertainty in the N/O value.
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» me Other abundance parameters: [NII/[OIl] and]
Lt DR LY Kewley & Dopita, 2002, APJS, 142, 35
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LAT Other abundance parameters: [OIIl])/[NII]
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[OIIIV[NII] calibration

Marino, et al. 2013, A&A, 559, 114

Grupo de Astrofisica

Universidad Auténoma de Madrid

12 + log(O/H)

7.0

O3N2 calibration

vvvvv

vvvvvvvvv T

vvvvvvvvv T

[

I J

B . . Ao R R .

n — QQ3N2 Te-calibration (This work} o 0 ‘5‘9 oV O o]
. o -

= — PP04 calbration o . 0 INH]

! —--+- NAGOS calration o g sy

na o &lo .

- FIVILUL on ‘e y Vi ‘E.“;,‘

| PP R | P S | PR T | P PR Ldaa

log[([O111]A5007/HB) /([N ] A6583/Hct) ]

February 2025

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

65



DE MADRID

UNIVERSIDAD AUTONOMA |

Grupo de Astrofisica
/ 7

Results: The Galaxy metallicity
gradient
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They have been observed since more than 40 years

They have been estimated from observations of HIl regions, PNe, or young
stars.

In general, there is a great dispersion, larger that measurement errors, around
the

10 T T T 17 T T I I T BT T T 1 L

- (a) + (b)

12 +logO/H
12 +log N/H

Shaver etal. 1983, MNRAS, 204, 53
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Results: O/H and N/H gradients in the \|
MWG
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The O/H gradient in the MWG The S/H gradient in the MWG

Rudolph et al. 2006 Rudolph et al. 2006
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Results: Optical vs IR measurements
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LAT Results: Abundance gradient from PNe

UL Maciel & Quireza, 1999, A&A, 345, 629
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® There is still a debate about
the shape of these
distributions.

® Normally, they are fitted by a
straight line, but there are
indications that the gradient is
flatter in the inner regions (at
least for oxygen, Smartt et al.
2000) and also in the outer N‘ | |
regions. “ ° o

Fig.2. O/H gradients for PN (filled circles), HII regions (crosses), and young stars (empty circles). The straight line represents an average
® Also it is still to determine if

gradients become stepper or
flatter with time.

632 WI. Maciel & C. Quireza: Abundanee gradients in the outer galactic disk from planetary nebulae

log(0/H)+12
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LA Abundance gradient from B stars in open
B \'1)1) clusters Rolleston et al, 2000, A&A, 365, 53
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LA Results: The abundance gradient in M101
Kennicutt & Garnett, 1996, ApJ 456, 504, Kennicutt et al. 2003,
ApJ 5917 801 Universidad Auténoma de Madrid
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Figure 1 Oxygen abundances of HII regions against normalized radius (0/ H ) R = (O/ H ) Reff X 10 e

for all the galaxies in Table 1.

100 where
a=039+0.03 for RIR,; <175
| a=0.04+0.06 for R/R,,>1.75

The shape of the gradient would be
“universal” but its value would depend
BRa ' on the galaxy effective radius.

_ _ _ | - Besides, the gradient shows a p
Figure 2 Same as Figure 1 but with oxygen abundance normalized to its . .
value at the effective radius of each galaxy. ﬂattenlng at around R=1 7 Reﬁ N the
outer parts of the discs.

1
b
o
o

log(0/H) - log(0/H)g,
2
o

|
R-]
o
w
o
=
-1
o
[
2
=]
[}
-1
o

February 2025 Element abundances and the chemical evolution of the cosmos ~ Angeles |. /3
Diaz



Grupo de Astrofisica

LAY Results: N/O gradients in spiral N\~ ~—
UNIVERSIDAD AUTONOMA | galaxies =

DE MADRID

Universidad Auténoma de Madrid

-6 E T |_— T T T T T E ~0s0 [T rr ] esofTT o —
_.8 _— ] i L * M 101
- @ ] S ’ °
a9 = [15e — —100 F " v gt -1.00 F i
C i ] 3 RN SRR I
% 1 :_ L} iE - _: % . . _::-.:':.-); - . % NCC 300
g f T ois 4 E DI R N .
a4 ; " E 3 -l b R . ~Lsof
- 1 . et
a8 |- : = :
18 - IS NI N . | L = ~2.00 50 u.;c.: 590 ‘ ~2005% u.;; 0.9
0 5 1 1.5 12+log(0/H) 12+log(0/H)
RIR,,
_'G : T T T T T T T T | T T T T |_| T T T | :
-8 :_ e E Figure 4 The N/O versus O/H relation a) for the HIl regions of the
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o C ; . shown.
g F . 1
ME T = Although there is a tendency for N/O to increase
46 [ E with O/H in HII regions of galactic discs, the relation
A Fm b for the HIl regions of a given galaxy can be flat or
12+ log O/H very steep, which show that effects of the N/O ratio
Bottom: N/ 0vs, osygen abundance. The open isle shows the sbundances with the average metallicity of a given region.

derived by Kinkel & Rosa (1994) for H336. The solid curve 15 a simple
model for N/O, which has a constant primary component with
log(N/O) = —1.5 and a secondary component in which N /O increases pro-
portionally with O/H. The dashed curve shows model B from Henry et al.
(2000), as discussed in the text.
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element in massive stars, i.e. it
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b Mgif% therefore it must appear after oxygen
sove A s does and the N/O ratio should not be
T elmems a line of zero slope.
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