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@ Elemental abundance gradients in galactic discs are
iImportant constraints for models of how spiral galaxies form and
evolve.

@ Some current chemo-dynamical models developed in a cosmological
framework (see, e.g. Gibson et al. 2013, consider the shape of the
radial metallicity gradient and its time evolution as a major
observational constraint.

@ The use of Integral Field Spectrographs (IFS) can allow the analysis
of abundance gradients in external galaxies exploring an often-
complex scenario... provided we can derive them accurately over the

full extension of galaxy discs.
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Analysing abundance gradients
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Then ... why normalizing only to

@ Abundance ratios between elements . ;
galactic radius and not also to

depend mostly on stellar nucleosynthesis

and the IMF. absolute abundance?

@ The Slope Of any abundance gradlent IS 1.00 ., ............................................ :
not sensitive at all to the adopted dosp 1
nucleosynthesis. s fey LE2e .

@ The predicted absolute abundance of any T iﬁ'%ﬁ;fﬁ;‘; . °
element depend on all adopted parameters ~ £-os0 N TR g
hence it does not represent by itself a good E-m et

test of any theory ... however it should be ' | R/Ren
reproduced by any selfconsistent model. |
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18 galaxies, 200 Hll regions @ O/H abundances in galaxy discs
1.00 o ............................................ are between 1/10 and 10 tlmeS ItS
2 : value at the effective radius of a
5 ; given disc! ( R J
: YLooes ] (0/H),=(0/H), x10 "
é e where a is the slope of the
S T gradient and
R/Reu
Diog(0/H) _ a=040, R/IR,¢ < 1.75
DR &
a=0.00, R/IRy>1.75
 (Galaxies with large R 4 have flatter
gradients tan galaxies with small R ¢
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DO 10-1051/000.-6361/201 322345 Astronomy i i '
DOk Lo s ootz Atrophysics We' found t.hat all galaxies without clealr ev!dence of
an interaction present a common gradient in the
A characteristic oxygen abundance gradient in galaxy disks oxygen abundance. with a characteristic S|ope of
unveiled with CALIFA*-** ’ _
S.F. Sanchez!*, E F. Rosales—Onega‘. I IglesiasfPira.mou,M.Moll{ls,].Barrera—Balleslerus°.R.A.Ma.n'no", G(O/H) = _0.1 deX/Re between 0.3 and 2 d|Sk

E. Pérez!, P. Sdnchez-Blazquez®, R. Gonzdlez Delgado', R Cid Fernandes®, A. de Lorenzo-Céceres'®!!, ‘ . . . .
e i s o 5 e e . effective radii (Re), and a scatter compatible with
M. Lyubenova'®, C. Conijo-Felr;‘ero'. AL 1l)6iaz“, L. Wisotzl];i”, L Marquezl'? N Bland-Haw[hoLm”, S. Ellis'"™8, . .
G vande Yent, . tnke. P Ponieon, | M. Gomes”, M. . Menia' random fluctuations around this value, when the
gradient is normalized to the disk effective radius.
The slope is independent of morphology, the

incidence of bars, absolute magnitude, or mass.

log(Mass/Mg)

= 4500 HIl regions
in 200 galaxies

12+l0g(O/H) O3N2
12+log(O/H) O3N2
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@ Predict how the radial gradients were in the past for galaxies of different
sizes and masses considering the growth of the disks.

@ For the present time, the radial gradient V, measured as dex kpc—1, shows
a clear dependence on R in agreement with data.

@ The normalised radial gradient is Vg ~ —0.10 dex R~ for all galaxies
with differences depending on the efficiency to form stars .

@ The correlations at z = 0 may change at other redshifts:

= Inthe SFR-V correlation, points move at higher sSFR showing steeper
gradients atz=1thanatz = 0.

= Correlations V — M, or R4appear at all redshifts.

= The evolution of V(z) is smooth, except when the disk begins form, when a
very steep radial gradient appears. This occurs at any time depending on the
dynamical mass; thus, these models explain all negative V for isolated spiral
galaxies.
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LA Deriving present day abundance
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DENARID gradients from HIl region observations

@ Direct method:
= Requires the kowledge of the physical conditions of the gas: electron
density and temperature and the adoption of an appropriate
ionisation structure.
= Then, from the available emission lines, the corresponding ionic

abundances are calculated.These abundances have to be corrected for
the contribution of unseen ionisation states (ICF).

@ Empirical method:

= Uses the cooling properties of the ionised gas to produce empirical
calibrations that relate emission-line intensity ratios of strong lines with
the abundance of a given element.

= This has been done traditionally for oxygen, but it can also be done
using other strong emission lines or a combination of several.
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Kennicutt & Garnett 1996, ApJ, 456,504
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Resolved HIl regions in M101 "
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NGC 5471 is out of the
Galaxy image

Kennicutt & Garnett 1996, ApJ, 456,504
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12 + log O/H

81— Empirical determination

15—
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The weakness of auroral lines
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ot | ] The auroral lines are intrinsically weak
;o ] and difficult to detect and the difficulty
8 [om] 4363 | ) } increases with metallicity.

‘E | ‘ om) [ast)omat 2 ]
’ [ W"“""'I"‘J“:"\'— Ww;—;w‘wwmw‘wmid‘ -, LM»-«M’Ms ..
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Diaz et al.1987 ‘
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High metallicity case =~ ——— &
At high metallicity, T, is too , : . . [O111] nebular |y
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H H H I o el [=n] |
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The M101 empirical O/H gradient
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Putting it all together

Grupo de Astrofisica

Universidad Auténoma de Madrid

- T T T e N S e S S S S S B B B S S e T rTTTTTTY
54,600 o 02 -v : %?:U.HOGS)
4 * Kennicutt et al. (1996)
Kennicutt et al. (2003)7
. = Croxall et al. (2016)
o ‘ 9.0 : %
/57 ) L AW
e¢ T {us
fs g 3 Al Fets 2a7 ¥ pes .
_g .‘ C\Y\’) '€ P ._” ?) ,-0 < f { !Bf" c}_c L L\t
P /e i
0 ® @ f\ . )
54300 tﬂ \‘o o L) y {84 B fos :
N f t‘ - 4 ' g
Lo h /. y c, e 8.0 . s =
X i dn2 -
54.200 5 kpe ®
" 1 " s M 1 1 2 | — BB Ol s o aa ] e o Lo Lo o o o 0 2 o g 2
211.200 211.000 Rmeg:oo'eoo 210,600 Rwizg(m) 30 40
Hu et al. 2018, ApJ 854,68
February 2025 Element abundances and the chemical evolution of the cosmos Angeles I. Diaz 19



Putting it all together _

Universidad Auténoma de Madrid

UNIVERSIDAD AUTONOMA |
DE MADRID

MOVING TO THE RED
Using Sulphur as abundance tracer

9
T M 101 ] Why using sulphur?
a5l ‘\ ' It's all about
o hy = KT
25l Direct determination
. L1 1 | L1 1 | L1 1 | L1 1 ‘ L1 1 | L1 1 | L1 1 |
0 2 4 b 8 1 1.2 1.4

RRR,
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@ Asin the case of oxygen, sulphur is also produced in
massive stars.

@ lts yield is supposed to follow that of Oxygen =
S/O ratio seems to remain constant at

log(S/0) s = -1.56.

@ Although sulphur is less abundant than oxygen, in principle,
it can also be used as abundance tracer providing similar
information while presenting several interesting advantages.
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as abundance tracer T i

@ The far-red lines of [SII]] at AA 6312, 9069, 9532 A are
analogous to those of [Olll] at AA 4363, 4959, 5007 A, but
their emissivities are less dependent on T, .

[O 111] [s ]

I[,UN(X")e, with e, WW(T )T >
and  %(S*) <x(0*)
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Auroral line detection
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Less contamination from stellar
absorption lines from metals (there are
many more lines in the blue).

Less contribution to recombination H
lines from stellar absorption.

Less importance of reddening.

[SII] and [SIII] lines can be measured
relative to nearby H lines, minimizing
the effects of reddening.

Almost no depletion in the diffuse ISM.

[SlI] lines clearly detected at high
abundances where “strong” [OIIl]
lines are very weak.

Flux {ergs/s,ﬂ’cmzﬁ'.ﬂ}

Flux {ergs/s/em’/ k)

a Region 72 IPCS

[olll]

Hel
|

% “strong’ line

5000
Wavelength (A)

8500

Figure 4. (a) IPCS spectrum and (b) CCD far red spectrum of
region CCM72, The relevant emission lines are marked.

b Region 72 CCD

E000

wamd

(st

2000
Wavelength (&)
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Oxygen

@ T,([Olll] is derived from the ratio of
auroral to nebular lines at A\ 4363
and 4959, 5007 A

@ 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
Hell emission at A 4686 A, there is
a small contribution by O3*.

Sulphur

@ T,([Sll]) is derived from the ratio of
auroral to nebulaor lines at AA 6312
and 9069, 9532 A.

@ Most of the S is also in the form of
S*and S?*, but in most cases S?*is
dominant.

@ Acertain contribution by S3* is
expected in high excitation
objects for which ICF have to be
derived.

February 2025 Element abundances and the chemical evolution of the cosmos Angeles I. Diaz 26



DE MADRID

UNIVERSIDAD AUTONOMA|
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Different ions are formed in regions with different T..

A certain ionisation structure has to be assumed for the nebula.
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Oxygen

(<

Three-zone approximation

high ionisation zone

0%

Te([OIll]

mid ionisation zone

S3* Ardt

Te([SII]

low ionisation zone

0%, S*

Te([OI]

Sulphur

@ Two-zone approximation

high ionisation zone

S3+ Ar3*

Te([OII]

mid-low ionisation
zZone

S+, S++, Art*

Te([SII|
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HIl Regions

massive star

ionized gas
and hot dust

ionization front
shock front

collected neutral material
and cold dust

Deharveng et al. 2010

Hil Galaxies
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R (1019cm)
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T.([Ol1]) = 0.70T, ([Oll1 ) + 3000K T.([SN1]) = 0.83T, ([0l ]) +1700K

(Stasinska 1980) (Garnett 1992)

-

HII galaxies
GEHRs N
Galaxy & MCs
WHT objects

eoD>O

Taouny

sl Pérez-Montero & Diaz 2003 |

) W2 4 ‘b

Tom))
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@ Assuming T.([SH]) = T,([OIl]) provides
a relation between T,([SII]) and T,[SIII]

as.
Te ([S“ ]) = 088Te ([Sl 1 ]) +1560K - rr:m_::f:::-.]:imeens*: and $*2 temperatures
(< Wh'Ch |S nOt Very dlﬁ:erent, W|th|n 'm [T.([SI1T) = 0.88T, ([SIIT]) + 1560K|

TA5N] K}

measurement errors, from the one-to-
one relation for the temperatures of
interest ... so, we can assume:

T ([ SH )»T ([ SHI })

o - - Trllﬁmﬁﬂ " o -
T.([SH]) =T ([SI])
February 2025 Element abundances and the chemical evolution of the cosmos Angeles |.

, 30
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Croxall, K. et al. 2016
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2.5 HII disk . .
i « The effect of sulphur ions as cooling agents
20 - & 0y is evident by the good correlation shown
& T | between S/H and the respective T, ([SIII]
* k. == and this relation is the base of the
Lo empirical calibration.
05 8.0
55 6.0 6.5 7.0 %5 8.0 '
12-+log(S/H) 7.51
| | T I 7.0
%;D().S
i o Sl _ ey
T * Ve HII disk
2 i HII gal
<F> ] MCs
|: a0 5.0 * MW
5T 3% 33 A 3.0 -0 08 06 i--»-d,.(4g )~d.2 00 02 04
«— GH\IIO) +[10]) S
Pagel et al. 1979 Single valued up to, at least, solar metallicity
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@ Similar to Ry, but for
Sulphur.

_[Sij+[sul] Ha

S
2 Ha Hb

12+log(O/H)

Diaz & Zamora, 2022, MNRAS

12+log(S/H)
n o o = ~ %
[V (< W o W [e)

ol
o
"

DHR

HIIGal

MCs
e MW

-10 08 -06 -04 02 00 02 04

log S,;

Single valued up to, at least, solar
metallicity
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The R,, parameter calibrated in
terms of S/H abundances
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Diaz & Zamora, 2022, MNRAS

@ Similar to R,3 but for
S U | p h ur. B 2.5 solar
g _[Suj+[Sl] Ha g
= Ha Hb g
] s g
_— MCs
3 E1 % solar S s
: e Smgle valued up to solar metallicity

®09/ But ... is this enough?
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@ Compiling data including emission lines of [Oll] (3737,29), [OlII]
(4363), [Olll] (4959,5007), [NII] (6548,84), [SIlI] (6312), [SII]
(6717,31), and[SlII] (9069).

@ Sources:
= Kennicutt, Bresolin & Garneft, 2003, ApJ, 591, 801
= Bresolin, 2007, ApJ, 656,186
= Croxall et al. 2016 (CHAQS), ApJ, 830, 4
= Piliyugin et al. 2007 (SDSS-DR5), ApJ, 669, 299

(private analysis of the sulphur lines)
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Central abundance drops
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Central abundance drops
Sanchez-Mengiano et al 2018
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Defined in Diaz et al. 1987 and named inversion excitation parameter, it
can be considered a proxy for the hardness of the ionising radiation.
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Calibrated in Diaz et al. 1991, can be considered as a proxy for the ionisation
parameter, u, for up to solar metallicity.
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Diaz, A.l. et al. 2007
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Detectability of [SIlI] lines at high metalliciity

Diaz, A.l. et al. 2007
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to be continued ....
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