


• Why sulphur? (Why not?)
• Low metallicity regions
• Abundance gradients
• High metallicity regions



Oxygen as abundance tracer in gaseous
nebulae

• 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.

• Metallicity ⇒ 12 + log (O/H) 
• Solar metallicity ⇒ 12 + log (O/H) = 8.66 (Asplund et 

al. 2004)



What about Sulphur?

• Sulphur is also produced in massive stars.
• Its yield is supposed to follow that of Oxygen 

⇒S/O ratio remains constant S/O ≅ -1.6.
• Although Sulphur is less abundant than Oxygen, 

in principle, it can be used as abundance tracer
providing similar information.



Advantages of the use of Sulphur as 
abundance tracer

• The far read lines of [SIII] at  λλ 6312, 9069, 9532 Å are analogous 
to those of [OIII] at λλ 4363, 4959, 5007 Å, but their emissivities are 
less dependent on Te . 

and      χ(S2+) < χ(O2+) 
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Direct determination of abundances

• Te([OIII] is derived from the ratio 
of auroral to nebular lines at λλ
4363 and 4959, 5007 Å

• Most of the O is in the form of O+

and O2+. Their relative contribution 
depends on the degree of 
ionization of the nebula.

• Only for exceptionally high 
excitation objects, those showing 
HeII emission at λ 4686 Å, there 
is a small contribution by O3+.

• Te([SIII]) is derived from the 
ratio of auroral to nebular 
lines at λλ 6312 and 9069, 
9532 Å.

• Most of the S is also in the 
form of S+ and S2+, but in 
most cases S2+ is dominant.

• A certain contribution by 
S3+ is expected in high 
excitation objects for which 
ICF have to be derived.

Knowledge of line electron temperatures is required

Oxygen Sulfur



Ionization structure

• The T across a nebula is not constant ⇒ different ions 
are formed in regions with different T. 

• A certain ionization structure has to assumed for the 
nebula.            Two-zone approximation

• For O, Te([OII] is predicted from Te([OIII] with the help of 
photo-ionization models.

high ionization zone
O2+, Ne2+

(inner)

low ionization zone
O+, Ne+,S+,N+

(outer)
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However, T([OII]) depends 
on electron density.

The relation between T([OII])
and T([OIII]) is not so 
straightforward.

Empirically derived relation 
shows a large scatter.

The determination of O+/H+

ratio often carries a large 
uncertainty

Pérez-Montero & Díaz 2003



S2+ seems to originate in an 
intermediate excitation zone. 
Te([SIII]) can also be predicted 
from Te([OIII]) using photo-
ionization models.

Assuming Te([SII]) ≅ Te([OII])
provides a relation between 
Te([SII]) and Te[SIII] as:
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(Garnett 1992)
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Oxygen: Large uncertainties in Te([OII]) can 
translate into large uncertainties in final O/H 
values, more important in low excitation 
objects where O+/O2+ > 1.

Sulphur: Uncertainties in Te([SII] are not 
important since even in  low excitation 
objects S+/S2+ < 1. 
For instance, for the low excitation region 
CCM10 in M51 O+/O2+ ≅ 6, while S+/S2+ ≅ 0.3
(Bresolin, Garnett & Kennicutt 2004)

In fact, in most cases, the assumption of 
Te([SII]) ~ Te([SIII]) can be made.

Also, Te([SIII]) is probably more 
representative of the average T in the nebula 
than either Te([OII] or Te([OIII])

Garnett 1998



Empirically derived abundances
• Due to the increasing 

importance of O as a coolant 
from 12+log(O/H) ~ 8.2 
upwards, the strong-line 
empirical calibration for O is 
two-folded.

• S being less abundant than O 
and its emission lines being at 
longer λ, its relevance as 
cooling agents starts at lower 
temperatures (higher 
abundances ~ solar).

Pérez-Montero & Diaz 2005



Also “second order parameters” (U, Tion) less important for the S 
calibration than than for the O calibration.

Pérez-Montero & Diaz 2005



The sky in the near infrared

• In the far red the night sky 
emission is important and has 
to be carefully removed. 
Moderate spectral resolution 
(R ~ 2500 – 4000) improves 
the substraction.

• Also, water absorption bands 
can be prominent. It can be 
removed with the help of 
observations of a star before 
and/or after the object 
exposure.



Data improvement over time

Díaz, Pagel & Wilson 1985

Hägele et al. 2007

Díaz et al. 1991





Observational advantages of S

• Less contamination from stellar 
absorption lines from metals 
(there are many more lines in the 
blue)

• Less contribution to the Balmer H 
lines from stellar absorption.

• Less importance of reddening. 
• [SII] and [SIII] can be measured 

relative to nearby H lines, 
minimizing the effects of 
reddening.

• [SIII] lines clearly detected at high 
abundances where “strong” [OIII] 
lines are very weak.



Low metallicity: HII galaxies

Sample analyzed comprises data from:
• Pérez-Montero & Díaz (2003; INT)
• Hägele et al. (2006; WHT)
• Hägele et al. (2007; CAHA)
• Kehrig et al. (2006; ESO 1.52m La Silla)
• Izotov et al. (2006; SDSS)
Total number of objects ~ 40 + 110 (SDSS)



Representative spectra

IIZw40 
Pérez-Montero & Díaz (2003)

SDSS JD0321860+150014.2
Hägele et al. (2006)



Methodology: Direct abundance 
determination

• Abundances derived from observations in the 6000 – 10000 Å
spectral region.

• Te([SIII]) derived from the I(6312)/I(9069+9532) line intensity 
ratio.

• Assume Te([SII]) ~Te([SIII]).
• Calculate S+/H+ and S2+/H+ ratios.
• Estimate ICF(contribution from S3+)  from the [SIII]/[SII] ratio.
• Calibrate the (S++S2+)/H+ and S/H abundance ratios.



Results

• 5 < (S++S2+)/H+ < 7
• For most objects S2+/S+ > 1
• [SII]/[SIII] maps the S+/S2+ 

ratio



Ionization correction factors (ICF)

The relation by Barker (1980) based on the photo-ionization 
models of Stasińska (1978), with α= 2.5 has been used.

In order to improve on the determination of ICF for S, data on 
the IR 10.4 μm [SIV] line are needed



The empirical S calibration

O23 S23



Empirical calibration with SDSS data



High metallicity regions: CNSFR

Sample analyzed comprises CNSFR 
in NGC 2903, NGC 3351 and NGC 
3504 from:

• Díaz et al. (2007)
High metallicity HII regions from: 
• Díaz et al. (2000)
• Castellanos et al. (2002)
• Bresolin, Garnett & Kennicutt (2004)
• Bresolin et al. (2005)

CNSFR in early type galaxies are expected to be of high metallicity, 
as corresponds to their position near the galactic bulge.



Representative spectra

NGC 3351



Underlying stellar absorption

• Stellar absorption lines are very prominent since the regions are 
close to the galactic bulge. It is necessary to subtract the absorption 
component.

• This has been done for the Balmer lines, but the absorption is also 
important at the vawelengths of the [OIII] lines. 
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Empirical abundance indicators



Te([SIII]) calibration

Te([SIII] can be calibrated in terms 
of the empirical parameter 

SO23= S23/O23

Then, ionic abundances are derived



Results

S abundances are found to be 6.67 < 12+log(S/H) < 7.14

Corresponding O abundances are found to be 8.42 < 12+log(O/H) < 8.85



However, N/O seems to reach the highest observed values, 
which would point to higher O abundances



Ionising radiation



[SIII] lines too weak in high metallicity regions?

Similar to what is found for the inner region of M 101?



Metallicity gradients

Sample analyzed comprises HII 
regions in NGC 101 from:

• Kennicutt, Bresolin & Garnett 
(2003)

• Bresolin (2006)

HII regions in NGC 2403 from:
• Garnett et al. (1997)



The analysis has been performed as explained before for the case of 
HII galaxies using the spectral region between 6000 and 10000 Å.

Te([SIII]) gradient



(S++S++)/H+ gradient O/H gradient
Kennicutt, Bresolin & Garnett (2004)

NGC 5471



H1013



The S/H abundance gradient in M 101 as derived 
from direct and empirical methods



Abundance gradients from 
empirical indicators

From data of Kennicutt & Garnett (1996) and Kennicutt et al. (2003)



The S gradient for M 101 and NGC 2403



Conclusions

• The use of S as abundance tracer in galaxies presents 
several important advantages both theoretical and 
observational.

• In the case of HII galaxies, S abundances can be 
derived from observations of the 6000 – 10000 Å. It also 
provides a linear empirical calibration through the S23
parameter.

• For the highest excitation regions ICF are required. More 
work is needed both observational (10.4 μm [SIV]) and 
theoretical (photo-ionization) models.



Conclusions

• For high metallicity regions, observations of both O and 
S lines together, can provide a way to derive abundance 
values. 

• But more work is needed in order to understand the 
behaviour of S in regions of the highest metallicity.

• In the case of gradients, the run of Te([SIII]), [SII]/[SIII] 
(ioniation parameter indicator), and S/H with radius can 
be found from observations of the 6000 – 10000 Å.

• Empirical indicators provide the same gradient value as 
derived from direct abundance determinations (but only 
two galaxies observed!).





Comparison with Pilyugin’s method



Comparison with Pilyugin’s method



Pettini & Pagel (2004)




