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Astrofísica/carreira em Astrofísica?
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DIG contaminates the M–Z–SFR relation

Vale Asari et al. (2019)
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Nem chego perto 
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Eu nunca 
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cima. 
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Pesquisa em astrofísica

Física: mecânica quântica, termodinâmica, física 
nuclear, … 


Outros: estatística, programação, inglês, 
comunicação, cooperação, consistência e 

persistência.



1. Leia e reflita. Aprenda a aprender.

2. Dedicação é mais importante do que 

'genialidade'. Genialidade é 
consequência da dedicação.


3. Procure cedo diferentes grupos de 
pesquisa: veja se é um ambiente 
agradável e um trabalho interessante.


4. Não siga todos os conselhos.

5. Divirta-se!





Administração

● Comitês (seleção, 

bolsas, ensino, etc.)

● Reuniões

● Emails

● Website

● Subcoordenação da 

Pós-graduação

Ensino

● Preparar aulas

● Dar aulas

● Atendimento a estudantes

● Preparar avaliações

● Dar feedback em avaliações

● Colaborar com outros professores

● Grupo sobre práticas de ensino 

baseadas em evidências
Serviço à comunidade 

científica

● Arbitrar artigos

● Comitê de alocação de 

tempo para telescópio

● Parecer em pedidos de 

tempo, financiamento, etc.

● Mentoring

Divulgação científica

● Falar com público

● (Redes sociais?)

● Projetos

Pesquisa

● Pensar e ler

● Programar e analisar

● Escrever artigos

● Escrever pedidos de 

financiamento e relatórios

● Dar talks

● Supervisionar estudantes

● Colaborações



Pesquisa:

•Saber inglês;

•Saber programar;

•Show up and do the work.

+ Divulgar seu trabalho  
(escrever, publicar, dar talks).


+ Criar redes de colaboração internacional.



BINGO: Enriquecimento químico de galáxias

1. No Big Bang formaram-se somente H, He (e traços de Li, Be).

2. O Sol brilha por que a reação 4H⟶He libera energia.

3. Nucleossíntese estelar produz “metais”.

4. Galáxias com maior massa estelar têm maior metalicidade hoje.

5. Galáxias com maior massa estelar formam mais estrelas hoje.

6. Espectro de galáxias: linhas de emissão vêm das estrelas.

7. Espectro de galáxias: contínuo e linhas de absorção vêm do gás ionizado.

8. Regiões H II são ionizadas por estrelas jovens e quentes.

9. Linhas de emissão são usadas para medir a abundância química.

10. Estrelas velhas e quentes (HOLMES) podem ionizar o gás.

11. [N II]/Hα é maior no DIG.

12. [O III]/Hβ é (em geral) maior no DIG.

13. O SDSS obteve ~100 espectros por galáxia; o MaNGA, 1 espectro por galáxia.

14. A contribuição do DIG é maior para galáxias de alta massa.

15. A contribuição do DIG é maior para galáxias baixa formação estelar.

16. O efeito do DIG está plenamente quantificado, dados MUSE são apenas para 

confirmação.



Jennifer Johnson

§1 A alquimia das estrelas



Próton: formado por três partículas elemen-
tares, os quarks. Ele tem uma carga elétrica 
positiva e sua massa é 1,672 649  ×10−24 g. 
Nêutron: também formado por três 
quarks, mas não possui carga elétrica. Sua 
massa é 1,674 93 × 10−24 g.
Elétron: partícula de carga elétrica 
negativa, cuja massa é cerca de1/2000  da 
do próton. 
Hidrogênio: o mais leve dos elementos. 
Consiste em um próton e um elétron. 
Hélio: o elemento estável mais leve após o hidro-
gênio. Consiste em uma partícula !e 2elétrons.

4

Foi George Gamow, emumartigocomAlphere 
Bethe em1948, que propôsa teoriada forma-
çãodohidrogênioehélioprimordial. Nestearti-
go, os autoresargumentaramaindaque todos
os outroselementostambémforamformados
no BigBang pela adiçãosucessivadepartícu-
las ! . Mas nesseponto elesestavamerrados.
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Como identificar 
elementos?

Cecilia Payne (1925): Sol contém 
principalmente H e He

B2FH (Burbidge, Burbidge, Fowler & Hoyle)

Synthesis of the Elements in Stars (1957)

Como estrelas formam 
novos elementos?



Estrelas formam elementos químicos;

ao morrer enriquecem o gás das galáxias

Rau et al. (2009)



§2 O enriquecimento químico das galáxias

NASA/ESA

Galaxy mergersGas and dust cycles into and out of a galaxy

SRON



Tremonti et al. (2004)Lequeux et al. (1979)

SDSS

log M
12

 +
 lo

g 
O

/H

lo
g 

M

Z

Galaxy evolution from 
integrated spectra

The M★–Zneb relation in SDSS 



1166 J. Brinchmann et al.

Figure 16. The star formation density in the present study. The filled circle
is our preferred estimate with the systematic and random errors included in
the error bar. This is compared with several other recent determinations of
the local SFR. The papers indicated in the legend are: H00: Haarsma et al.
(2000), C02: Condon et al. (2002), P01: Pascual et al. (2001), TM98: Tresse
& Maddox (1998), G95: Gallego et al. (1995), S00: Sullivan et al. (2000),
Se02: Serjeant et al. (2002), SNe: SFR derived from SNe are as reported by
Fukugita & Kawasaki (2003) who are also responsible for the upper limits
from neutrino observations at SuperKamiokande, G03: Glazebrook et al.
(2003) for whom we show the full range of the Hα-derived local SFR. The
dotted line shows a (1 + z)3 evolution of ρSFR for comparison. All values
have been corrected to the Kroupa (2001) universal IMF and h = 0.7.

Finally, to close off this section, we comment on the contribu-
tions to the overall ρSFR from the different classes in Table 3. It is
noteworthy that despite only contributing about 23 per cent of the
total stellar mass in the local Universe, the SF class is the dominant
class in terms of SFR density. Over 50 per cent of ρSFR comes from
this class. Likewise, it is interesting that up to 15 per cent of the
total SFR takes place in galaxies that show signs of AGN activity
(cf. Kauffmann et al. 2003c).

7 T H E OV E R A L L P RO P E RT I E S O F L O C A L
S F G A L A X I E S

We now study the dependence of the SFRs on other physical pa-
rameters of the galaxies. Most of the results we show below will
be familiar, as the general trends have been known for a long time.
The main importance of what follows is that for the first time it is
possible to derive the full distribution functions for these quantities.
This adds considerable quantitative information to what was known
before. One important point is that the results shown in this section
are only very weakly dependent on the systematic uncertainties dis-
cussed previously. We will therefore ignore these in what follows.

We start with Fig. 17, which shows the SFR distribution as a
function of stellar mass for the SF, low S/N SF and unclassifiable
classes. The figure has been volume weighted and normalized in
bins of stellar mass so it shows the conditional probability of SFR
given a stellar mass. The clear correlation between SFR and stellar
mass over a significant range in log M∗ is noticeable and will be a
recurring theme in what follows. Note that that at log M∗/M" ! 10,
the distribution of SFRs broadens significantly and the correlation
between stellar mass and SFR breaks down.

In addition to the correlations between different galaxy parame-
ters, it is instructive to study 1D projections of our multidimensional
distribution functions. This enables us to address the question of how
much of the total SFR density takes place in different kinds of galax-

Figure 17. The relationship between the stellar mass and the SFR (both
inside the fibre) for all galaxies with no AGN contribution. The figure has
been volume weighted and normalized in bins of stellar mass. The contours
are therefore showing the conditional likelihood of SFR given a stellar mass.
The bin size is 0.1 × 0.1 in the units given in the plot. The red line shows
the average at a given stellar mass, whereas the blue line shows the mode of
the distribution. The dashed lines show the limits containing 95 per cent of
the galaxies at a given stellar mass.

ies. To do this we carry out the same Monte Carlo summation that
we used to derive the total SFR density, but this time in bins of mass,
concentration, size, surface density, etc. The results of this exercise
are shown in Figs 18 and 19. These show the star formation density
per bin for a set of eight different physical quantities. The bin size
is indicated in each panel. The shaded grey area shows the 68 per
cent (1σ ) confidence interval determined from the Monte Carlo and
bootstrap summations.

The top left-hand panel in Fig. 18 shows ρSFR as a function of the
central concentration of the galaxies, defined as the ratio of the radius
containing 90 per cent of the r-band light to that containing 50 per
cent. As discussed by Shimasaku et al. (2001) and Strateva et al.
(2001), this quantity correlates quite well with morphological type
for the galaxies in the SDSS. It related to other similar quantitative
measures of galaxy concentration discussed previously (e.g. Morgan
1958; Doi, Fukugita & Okamura 1993; Abraham et al. 1994). The
plot shows that the ρSFR distribution is broad and that it peaks around
the value for a pure disc R90/R50 = 2.33. The SFR density contri-
butions split into individual galaxy subclasses are shown by thin
lines as described in the legend. We see that the SF class contributes
primarily to the disc-like part of the distribution. The star formation
in AGN occurs in galaxies that are more bulge-like.

The top right-hand panel shows ρSFR as a function of galaxy
stellar mass. We can observe several interesting features here, as
follows.

(i) A considerable amount of star formation takes place in low
mass galaxies. The best-fitting Schechter function has a faint-end
slope of −0.45 and a characteristic mass of log M ∗/M" = 10.95
with a possible transition to a steeper slope of αFS ≈ −0.55 at
log M ∗/M" < 9.8. Approximately 50 per cent of the total SFR
takes place at M∗ > 2 × 1010 M" and about 90 per cent at M∗ >

109 M".
(ii) The SF class almost completely dominates the SFR budget at

masses less than about 1010 M".
(iii) At masses >1010 M" the majority of SFR takes place in

galaxies low S/N SF class with important contributions estimated
from galaxies that either cannot be classified or which show signs
of AGN in their fibre spectra.

C© 2004 RAS, MNRAS 351, 1151–1179

Brinchmann et al. (2004)

The M★–SFR relation
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Fig. 1.—Binned mass-metallicity relation for ∼44,000 SDSS galaxies from
the DR4, divided by specific star formation rate, log SSFR p log [SFR (M,

, tertiles in each mass bin. Open circles, stars, and triangles!1yr )/M (M )]! ,

represent the lowest, intermediate, and highest SSFRs in units of log (yr ),!1

respectively. The divisions between the SSFR tertiles are log SSFR ! !9.8
yr!1, , and yr!1 for the mass bin!1 !1!9.8 yr ! SSFR ! !9.6 yr SSFR 1 !9.6
centered at M,; and yr!1, !1log M p 9.5 SSFR ! !10.0 !10.0 yr !!

, and yr!1 for the mass bin centered at!1SSFR ! !9.7 yr SSFR 1 !9.7
M,. The vertical error bars are the standard error on the mean.log M p 10.5!

Fig. 2.—Binned mass-metallicity relation for ∼44,000 SDSS galaxies from
the DR4, divided by half-light radius ( ) tertiles in each mass bin. Open circles,rh

stars, and triangles represent the lowest, intermediate, and highest , respec-rh

tively. The divisions between the tertiles are kpc,!1 !1r r ! 2.2 h 2.2 hh h 70 70

, and kpc for the mass bin centered at!1 !1kpc ! r ! 3.3 h kpc r 1 3.3 hh 70 h 70

M ; and kpc, , and!1 !1 !1log M p 9.5 r ! 4.0 h 4.0 h kpc ! r ! 5.5 h kpc! , h 70 70 h 70

kpc for the mass bin centered at M . The vertical!1r 1 5.5 h log M p 10.5h 70 ! ,

error bars are the standard error on the mean.

Fig. 3.—Binned mass-metallicity relation for ∼44,000 SDSS galaxies from
the DR4, divided by r-band bulge-to-total fraction (B/T). Open circles, stars,
and triangles represent B/T ! 0.3, 0.3 ≤ B/T ! 0.6, and B/T ≥ 0.6, respectively.
The vertical error bars are the standard error on the mean.

galaxies with the smallest optical extents and those with the
largest half-light radii, with a range in the binned values of
between 0.05 and 0.2 dex. A similar result was noted by Tre-
monti et al. (2004), who found that, for a fixed M , galaxies!

with higher mass surface density (i.e., smaller ) had higherrh

metallicities, equivalent to the trend in Figure 2. The signifi-
cance of the metallicity offset between tertiles in the rangerh

is greater than 10 j in a given mass9 M ! log M ! 10 M, ! ,

bin. However, despite the offsets shown in Figures 1 and 2,
the dependence of the MZR on SSFR and is not a significantrh

cause of scatter in the relation as a whole (i.e., when all galaxies
are included). The decrease in scatter for the MZR binned by

compared to the full sample is less than 10%, indicating thatrh

the scatter is dominated by either an additional parameter, ob-
servational errors, or the accuracy of the metallicity calibration.
As was the case for the offsets in SSFR, in the stellar mass
bins with sufficient statistics, we see a tendency for larger
offsets in the MZR between bins at lower stellar masses. Therh

offset in the MZR when binned by is not due to a correlationrh

between size and morphology. Figure 3 shows that the MZR
is not significantly different for galaxies with different bulge
fractions.

Trends in the MZR with size have previously been reported
in the literature, e.g., Hoopes et al. (2007) for local UV lu-
minous galaxies and Ellison et al. (2007) for galaxies with
close companions. However, both of these studies have found
that more compact galaxies have lower metallicities for their
mass, compared with more extended galaxies. This trend is
opposite to what we see in Figure 2. One explanation is that
the MZR offsets seen by Hoopes et al. (2007) and Ellison et
al. (2007) are the result of merger-induced activity, as supported
by the MZR offsets observed in luminous and ultraluminous
infrared galaxies by Rupke et al. (2007). We discuss alternative
origins for the trends in Figures 1 and 2 in the next section.

Before discussing the possible physical origin of the MZR’s
dependence on SSFR and , it is interesting to consider therh

practical impact of these dependences on comparisons between
local and high-redshift versions of the MZR. Once aperture

effects and the use of a single metallicity diagnostic (e.g., El-
lison & Kewley 2006; Kewley et al. 2005; Savaglio et al. 2005;
Erb et al. 2006; Kewley & Ellison 2007) are accounted for,
there is an offset to lower metallicities by about 0.3 dex for a
galaxy of given mass at compared with (Erb etz ∼ 2.5 z p 0
al. 2006). However, our results indicate that the observational
selection biases of Lyman break galaxy (LBG) samples may
also play a role. Due to the surface brightness dimming4(1 " z)
effect, it is easier to detect and study high-redshift galaxies
when they are compact. The typical of a high-redshift LBGrh

is ∼2 kpc (Dickinson 2000), which could potentially result!1h 70

in an upward shift in their observed MZR (see Fig. 2). Con-
versely, LBGs tend to have quite high SSFRs; all of the binned
SSFRs in Erb et al. (2006) have values of log SSFR ≥ !9.3
yr , which would result in a downward shift in their MZR!1

(see Fig. 1) relative to a more complete local sample. To assess
the combination of these opposite trends, we compare the MZR

Ellison et al. (2008)

The M★–Z–SFR relation

More SDSS empirical relations
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the other properties of galaxies. We extracted from the literature
three samples of galaxies at intermediate redshifts, for a total of
182 objects, having published values of emission-line fluxes, M!,
and dust extinction: 0.5 < z < 0.9 (Savaglio et al. 2005, GDDS
galaxies), 1.0 < z < 1.6 (Shapley et al. 2005; Liu et al. 2008; Epinat
et al. 2009; Wright et al. 2009) and 2.0 < z < 2.5 (Förster Schreiber
et al. 2009; Law et al. 2009; Lehnert et al. 2009). The same pro-
cedure used for the SDSS galaxies was applied to these galaxies.
Metallicity is estimated either from R23 or from [N II]λ6584/Hα,
depending on which lines are available. AGNs are removed using
the BPT diagram (Kauffmann et al. 2003a) or, when [O III]λ5007
and Hβ are not available, by imposing log([N II]λ6584/Hα) < −0.3.
The [N II]λ6584 line, which is usually much fainter than Hα, is not
detected in several galaxies, but removing these galaxies from the
sample would bias it towards high metallicities. For these objects
we have assumed a value of the intrinsic [N II]λ6584 flux which
is half of the upper limiting flux. When necessary, the published
M! have been converted to a Chabrier (2003) IMF. For galaxies
without observations of both Hα and Hβ, dust extinction is es-
timated from spectral energy distribution (SED) fitting, and we
assume that continuum and the emission lines suffer the same ex-
tinction. In local starburst, lines often suffer of higher extinctions
[AV (lines) ∼ 2.3AV (SED) according to Calzetti et al. (2000)]. We
have checked that the inclusion of this effect would have little effect
on the final relations and on the conclusions of this paper.

Erb et al. (2006) have observed a large sample of 91 galaxies at
z ∼ 2.2. Metallicities have been measured only on average spectra
stacked according to M!, which has the results of mixing galaxies of
different SFRs. Despite this problem, no systematic differences in
metallicity are detected with respect to the other galaxies measured
individually, and the Erb et al. (2006) galaxies are included in the
high-redshift sample, although without binning them with the rest
of the galaxies.

2.3 z = 3–4

A significant sample of 16 galaxies at redshift between 3 and 4 was
observed by Maiolino et al. (2008) and Mannucci et al. (2009) for the

LSD and AMAZE projects. Published values of stellar masses, line
fluxes and metallicities are available for these galaxies, which can be
compared with lower redshift data. The same procedure as at lower
redshift was used, with the exception that SFR is estimated from Hβ

after correction for dust extinction, and metallicities are measured
by a simultaneous fitting of the line ratios involving [O II]λ3727,
Hβ and [O III]λ4958, 5007, as described in Maiolino et al. (2008).

3 TH E M A S S – M E TA L L I C I T Y R E L AT I O N
A S A F UNCT I O N O F SF R

The grey-shaded area in the left-hand panel of Fig. 1 shows the
mass–metallicity relation for our sample of SDSS galaxies. Despite
the differences in the selection of the sample and in the measure
of metallicity, our results are very similar to what has been found
by Tremonti et al. (2004). The metallicity dispersion of our sam-
ple, ∼0.08 dex, is somewhat smaller to what have been found by
these authors, ∼0.10 dex, possibly due to different sample selec-
tions and metallicity calibration. The fourth-order polynomial fit to
the median mass–metallicity relation is

12 + log(O/H) = 8.96 + 0.31m − 0.23m2

− 0.017m3 + 0.046m4, (1)

where m = log(M!) − 10 in solar units.
We have computed the median metallicity of SDSS galaxies for

different values of SFR. Median has been computed in bins of mass
and SFR of 0.15 dex width in both quantities. On average, each bin
contains 760 galaxies, and only bins containing more than 50 galax-
ies are considered. The left-hand panel of Fig. 1 also shows these
median metallicities as a function of M!. It is evident that a system-
atic segregation in SFR is present in the data. While galaxies with
high M! [log(M!) > 10.9] show no correlation between metallicity
and SFR, at low M! more active galaxies also show lower metallic-
ity. The same systematic dependence of metallicity on SFR can be
seen in the right-hand panel of Fig. 1, where metallicity is plotted as
a function of SFR for different values of mass. Galaxies with high

Figure 1. Left-hand panel: the mass–metallicity relation of local SDSS galaxies. The grey-shaded areas contain 64 and 90 per cent of all SDSS galaxies, with
the thick central line showing the median relation. The coloured lines show the median metallicities, as a function of M!, of SDSS galaxies with different
values of SFR. Right-hand panel: median metallicity as a function of SFR for galaxies of different M!. At all M! with log(M!) < 10.7, metallicity decreases
with increasing SFR at constant mass.
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Problems with M–Z–SFR
General:

- Sample selection

- Aperture effects


SFR:

- Dust correction

- Proxy/calibration

- DIG contamination


Z:

- Method/indices/calibration

- DIG contamination

Mannucci et al. (2010); 

see also Ellison et al. (2008),


 Lara-Lopez et al. (2010)



Stars: absorption + continuum

Gas: emission linesGalaxy
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Hélio

Lítio

Oxigênio

…a respeito dos astros… Concebemos a possibilidade de determinar 
suas formas, suas distâncias, seus tamanhos e seus movimentos; 
embora nunca possamos estudar por nenhum meio a sua composição 
química ou a sua estrutura mineralógica. (Comte 1835)
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§3 A mecânica quântica das nebulosas

RosetaOrion



Star forming nebulae = 

fossil record of a galaxy’s history!


1) Star formation rate (from H)

2) Chemical enrichment (from O, N)

3) Much more (Dust attenuation,  

ionizing source, …)
M33
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Figure 10. Time evolution of the ionizing photon luminosity Q for the Stromlo models (Gal Con; pink) and models assuming Solar abundances
(black) for a 106 M� stellar population at [Fe/H] = 0.0 (left), �1.0 (middle), and �2.0 (right). The linestyle represent the ionizing photons
capable of ionizing hydrogen H I (912 Å; solid lines), singly ionizing helium He I (504 Å; long dashed lines), and doubly ionizing helium
He II (228 Å; short dotted lines). The ionizing photon output for solar versus galactic concordance abundances show broad agreement with the
galactic concordance stars showing a softer spectrum with the differences becoming more pronounced at lower metallicities.
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Figure 11. The spectral energy distribution for FSPS simulations
of star clusters with ages of 1�8 Myr (different colored lines) com-
puted with a continuous star formation. The dotted black lines show
the energy (wavelength on top axis) for singly ionized hydrogen H I,
singly ionized helium He I, doubly ionized oxygen O II, and doubly
ionized helium He II. The stellar spectra have been normalized to
logL� = 40 erg/s/Å at 912 Å. The bottom panel shows select ions
and the corresponding energy bands where gray is neutral, red is the
region where the ions are singly ionised, orange is doubly ionized,
yellow is triply ionized, and green is fourthly ionized.

modeled spectrum and quantify the impact on the ionizing
photon budget and spectral line diagnostics (K. Grasha et
al., in prep) and the implication of elemental abundances of
massive star models for cosmic reionization and the interpre-
tation of high-redshift star-forming galaxies.

5. SUMMARY AND CONCLUSIONS
In this paper we investigate the impact of the stellar el-

emental abundances on the stellar evolutionary tracks in
massive rotating and non-rotating stars over a wide range
of metallicities using the Galactic Concordance abundances
from resolved Milky Way H II regions. We use MESA
for our stellar evolutionary calculations and include all the
same physical processes and parameters values as used in
the MIST track library (Choi et al. 2016) for uniform scaled
solar-abundances. We focus on massive stars evolved until
the end of the main-sequence phases and adopt the same the
modifications to improve the treatment of massive stars and
the implementation of Galactic Concordance abundances as
outlined by Roy et al. (2020).

We summarize our main conclusions below.

1. The assumed elemental abundance ratios have minor
influence on massive stellar evolutionary tracks at so-
lar metallicities (Figure 1). The correct implementa-
tion of non-uniformly scaled elemental abundance ra-
tios becomes more significant at sub-solar metallici-
ties, where the differences between Stromlo stars and
MIST uniform solar-scaled abundance stars are pri-
marily most pronounced for stars more massive than
50 M�at low metallicities.

2. Rotation and abundances both play a significant role
in determining the stellar parameters of Te↵ , luminos-
ity, and surface gravity g (Figure 2, Figure 3). Rotation
effects are more significant at lower metallicities in de-
termining Te↵ , luminosity, and surface gravity g than
abundance patterns as the stars become more compact
and angular momentum loss due to winds becomes less
important.

3. The significant effect of rotation in determining the
stellar Te↵ , luminosity and surface gravity g, espe-

Grasha et al. (2021)
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the other properties of galaxies. We extracted from the literature
three samples of galaxies at intermediate redshifts, for a total of
182 objects, having published values of emission-line fluxes, M!,
and dust extinction: 0.5 < z < 0.9 (Savaglio et al. 2005, GDDS
galaxies), 1.0 < z < 1.6 (Shapley et al. 2005; Liu et al. 2008; Epinat
et al. 2009; Wright et al. 2009) and 2.0 < z < 2.5 (Förster Schreiber
et al. 2009; Law et al. 2009; Lehnert et al. 2009). The same pro-
cedure used for the SDSS galaxies was applied to these galaxies.
Metallicity is estimated either from R23 or from [N II]λ6584/Hα,
depending on which lines are available. AGNs are removed using
the BPT diagram (Kauffmann et al. 2003a) or, when [O III]λ5007
and Hβ are not available, by imposing log([N II]λ6584/Hα) < −0.3.
The [N II]λ6584 line, which is usually much fainter than Hα, is not
detected in several galaxies, but removing these galaxies from the
sample would bias it towards high metallicities. For these objects
we have assumed a value of the intrinsic [N II]λ6584 flux which
is half of the upper limiting flux. When necessary, the published
M! have been converted to a Chabrier (2003) IMF. For galaxies
without observations of both Hα and Hβ, dust extinction is es-
timated from spectral energy distribution (SED) fitting, and we
assume that continuum and the emission lines suffer the same ex-
tinction. In local starburst, lines often suffer of higher extinctions
[AV (lines) ∼ 2.3AV (SED) according to Calzetti et al. (2000)]. We
have checked that the inclusion of this effect would have little effect
on the final relations and on the conclusions of this paper.

Erb et al. (2006) have observed a large sample of 91 galaxies at
z ∼ 2.2. Metallicities have been measured only on average spectra
stacked according to M!, which has the results of mixing galaxies of
different SFRs. Despite this problem, no systematic differences in
metallicity are detected with respect to the other galaxies measured
individually, and the Erb et al. (2006) galaxies are included in the
high-redshift sample, although without binning them with the rest
of the galaxies.

2.3 z = 3–4

A significant sample of 16 galaxies at redshift between 3 and 4 was
observed by Maiolino et al. (2008) and Mannucci et al. (2009) for the

LSD and AMAZE projects. Published values of stellar masses, line
fluxes and metallicities are available for these galaxies, which can be
compared with lower redshift data. The same procedure as at lower
redshift was used, with the exception that SFR is estimated from Hβ

after correction for dust extinction, and metallicities are measured
by a simultaneous fitting of the line ratios involving [O II]λ3727,
Hβ and [O III]λ4958, 5007, as described in Maiolino et al. (2008).

3 TH E M A S S – M E TA L L I C I T Y R E L AT I O N
AS A FUNCTION OF SFR

The grey-shaded area in the left-hand panel of Fig. 1 shows the
mass–metallicity relation for our sample of SDSS galaxies. Despite
the differences in the selection of the sample and in the measure
of metallicity, our results are very similar to what has been found
by Tremonti et al. (2004). The metallicity dispersion of our sam-
ple, ∼0.08 dex, is somewhat smaller to what have been found by
these authors, ∼0.10 dex, possibly due to different sample selec-
tions and metallicity calibration. The fourth-order polynomial fit to
the median mass–metallicity relation is

12 + log(O/H) = 8.96 + 0.31m − 0.23m2

− 0.017m3 + 0.046m4, (1)

where m = log(M!) − 10 in solar units.
We have computed the median metallicity of SDSS galaxies for

different values of SFR. Median has been computed in bins of mass
and SFR of 0.15 dex width in both quantities. On average, each bin
contains 760 galaxies, and only bins containing more than 50 galax-
ies are considered. The left-hand panel of Fig. 1 also shows these
median metallicities as a function of M!. It is evident that a system-
atic segregation in SFR is present in the data. While galaxies with
high M! [log(M!) > 10.9] show no correlation between metallicity
and SFR, at low M! more active galaxies also show lower metallic-
ity. The same systematic dependence of metallicity on SFR can be
seen in the right-hand panel of Fig. 1, where metallicity is plotted as
a function of SFR for different values of mass. Galaxies with high

Figure 1. Left-hand panel: the mass–metallicity relation of local SDSS galaxies. The grey-shaded areas contain 64 and 90 per cent of all SDSS galaxies, with
the thick central line showing the median relation. The coloured lines show the median metallicities, as a function of M!, of SDSS galaxies with different
values of SFR. Right-hand panel: median metallicity as a function of SFR for galaxies of different M!. At all M! with log(M!) < 10.7, metallicity decreases
with increasing SFR at constant mass.
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Retired galaxies change the census!



* diffuse ionized gas

§5 Digging out the DIG*



cirrus

cumulus H II regions

DIG

Galaxies ≠ simple 
H II regions



Characterizing the DIG

TYPHOON

Poetrodjojo+ (2019)

• Higher electron temperature

• Lower electron density

• Enhanced [N II]/Hα, [S II]/Hα, 

and usually [O III]/Hβ

30 to 60% of total Hα may be due to the 
DIG according to Zurita+ 2000, Oey + 
2007



What ionizes the DIG?


• Cosmic rays 
(Reynolds & Cox 1992)


• Shocks from supernova winds 
(Dopita & Sutherland 1995, Allen et al. 2008)


• Turbulent dissipation  
(Binette+ 2009)


• Leakage of photons from SF regions  
(Weilbacher+ 2018)
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(HOLMES) 
(Stasińska+ 2008, Flores-Fajardo+ 2011)
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Figure 4. Actual images of six MaNGA IFUs from the first batch of survey-ready components. The photographs have been cropped to each IFU’s hexagonal area
and overlaid in this presentation. An example of each science IFU is shown, as well as a seven-fiber “mini-bundle” (far right), which is used for flux calibration. The
hexagonal packing is extremely regular—the positions of individual fibers (120 µm core diameter, 2′′ on the sky, with an outer diameter of 150 µm) within the IFU
deviate from their ideal locations by less than 3 µm. The MaNGA IFU complement (Table 1) is 12×N7, 2×N91, 4×N37, 4×N61, 2×N19, and 5×N127 per cartridge.

Figure 5. MaNGA IFU ferrule concept. The inner diameter tapering and
transition to a hexagonal form are indicated by the arrow on the cutaway design
drawing (top). A clocking pin determines the positional angle orientation when
the ferrule is plugged into the plate. The outer diameter, roughly 0.5 cm, makes
the ferrules easy to handle and plug by hand.

and as it does, the circular shape gently becomes hexagonal. The
now hexagonal opening narrows further until it reaches the final
inner diameter, set to be slightly larger than what is needed for
perfect fiber packing in a hexagonal array. Thanks to “electrical
discharge machining” (EDM) techniques, fabrication tolerances
of ∼3 µm can be achieved so that when fibers are inserted (by
hand), even large bundles self-organize into a hexagonal array
that is remarkably regular. Measured at the IFU end, the typical
fiber is shifted by less than ∼3 µm rms (less than 2% compared
to the outer diameter) from its position in a perfect hexagonal
pattern. Easy to implement and reproduce, this process produces
IFUs with ∼56% fill factor. Simulations of dithered observations
demonstrate that the regular packing provides significant gains
in the uniformity of both the exposure depth and recovered
spatial resolution across each IFU.

Figure 6. Lab-measured “throughput map” for a survey-ready N127 IFU,
generated automatically as part of our quality assurance testing and tracking.
This IFU is typical, with throughput values of 95% ± 2%.

The 1423 fibers in each MaNGA cartridge have 2′′ (120 µm)
cores and are composed of high-performance, broadband fused
silica with thin cladding and buffer (120/132/150). An antire-
flective coating applied to all fiber surfaces after IFU assembly
increases the average transmission by ∼5% and makes the fiber-
to-fiber throughput more uniform (N. Drory et al., in prepara-
tion). We have successfully built early prototypes of MaNGA
IFUs at the University of Wisconsin, but the large number of
IFUs required working with a commercial vendor. All the re-
sults described here are based on IFUs that were assembled,
glued, and polished by CTechnologies of New Jersey. Lab tests
indicate excellent performance in the production-level IFUs,
with no evidence for design-related FRD beyond that of the
SDSS single-fiber feed and typical throughput of 95% ± 2%
(see Figure 6).
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Photos by D. R. Law and N. Drory.

Taken from the MaNGA blog.
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WH⍺ is a good tracer of DIG contribution
3730 E. A. D. Lacerda et al.

Figure 1. SDSS stamps, !H α , and WH α maps for example galaxies in CALIFA. Images on the right show WH α maps saturated at 3 and 14 Å, highlighting
the proposed classification of hDIG, mDIG, and SFc. Dashed elliptical rings mark radial distances to the nucleus of R = 0.5, 1.0, 1.5, ... in units of the galaxy’s
half-light radius (HLR). Empty patches mask foreground sources and other artefacts.

equivalent width identical to that of the individual elements, so that W is an
intensive property. On the other hand, one now has twice the flux exiting the
same area, so that ! = 2F/A equals the sum of the individual !’s. In this
sense, surface brightness behaves as an extensive property.

3.2 The observed distribution of WH α and the hDIG
component

Having made the case for a WH α-based characterization of DIG
regions, this section presents empirical evidence that guides the
implementation of WH α thresholds to separate SF from DIG, and to
identify the HOLMES-dominated component.

MNRAS 474, 3727–3739 (2018)
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Figure 1. SDSS stamps, !H α , and WH α maps for example galaxies in CALIFA. Images on the right show WH α maps saturated at 3 and 14 Å, highlighting
the proposed classification of hDIG, mDIG, and SFc. Dashed elliptical rings mark radial distances to the nucleus of R = 0.5, 1.0, 1.5, ... in units of the galaxy’s
half-light radius (HLR). Empty patches mask foreground sources and other artefacts.

equivalent width identical to that of the individual elements, so that W is an
intensive property. On the other hand, one now has twice the flux exiting the
same area, so that ! = 2F/A equals the sum of the individual !’s. In this
sense, surface brightness behaves as an extensive property.

3.2 The observed distribution of WH α and the hDIG
component

Having made the case for a WH α-based characterization of DIG
regions, this section presents empirical evidence that guides the
implementation of WH α thresholds to separate SF from DIG, and to
identify the HOLMES-dominated component.

MNRAS 474, 3727–3739 (2018)

CALIFA: Calar Alto Legacy Integral Field Area Survey

667 galaxies, 0.8 kpc resolution


DR3: Sanchéz et al. (2016)

Lacerda et al. (2018)



Lacerda et al. (2018) – CALIFA

DIG across the Hubble sequence 3737

Figure 8. BPT diagrams for our sample. The left-hand panel shows the full sample, with colours coding for WH α , as indicated. Other panels split the sample
into SFc (WH α > 14 Å), mDIG (WH α = 3–14 Å), and hDIG (WH α < 3 Å) regions, colouring points according to their radial distance R (in HLR units). In
all cases, only zones with SN > 3 in all lines are plotted. Dividing curves come from (from left to right) Stasińska et al. (2006, S06), Kauffmann et al. (2003,
K03), and Kewley et al. (2001, K01).

Figure 9. BPT diagram for mDIG regions only (i.e. those with WH α in the
3–14 Å range), coloured according to WH α , and excluding zones inwards
of R = 1 HLR.

the leakage scenario. Above the SF wing in the BPT diagram, the
main ionization process is likely still due to young, massive stars, but
the influence of the heating due to HOLMES increases gradually as
WH α decreases. When WH α approaches the <3 Å hDIG regime, the
ionizing field of HOLMES starts dominating the photoionization
budget too.

4.7 AGN and other caveats

Our whole hDIG/mDIG/SFc classification scheme ignores other
mechanisms of line production, most notably AGN. AGN are found
in the central parts of some galaxies and recognized as such through
the BPT diagram. For example, the cluster of blue (WH α > 14 Å)
points at the tip of the right wing of the BPT in Fig. 8, at coordinates
∼(0.2, 0.8), come from the central regions of CALIFA 0897 (UGC
12348), a known type 2 Seyfert (Cusumano et al. 2010; Asmus

et al. 2014). Other WH α > 3 Å outliers in BPT loci otherwise
dominated by hDIG zones also tend to be located at small R (reddish
points in the central panels of Fig. 8).

AGN may also power line emission well outside the nucleus (up
to distances as large as 20 kpc; Veilleux et al. 2003). These are
the so-called extended emission-line regions (EELRs) or ionization
cones. They can be due either to photoionization by X-ray photons
leaving the AGN with a small opening angle or to an interaction
between radio jets and the galaxy ISM producing strong shocks
(Wilson 1996). However, in the framework of the present study,
which is to evaluate the importance of the DIG in galaxies and
pinpoint its different regimes, EELRs in Seyfert galaxies are a sec-
ondary issue, as they affect only specific zones of galaxies with a
well-defined AGN – and perhaps not all of them. Understanding
the EELRs is a topic in itself, which indeed can be tackled with
sensitive 3D spectroscopy, and some recent studies already started
doing so (e.g. Dopita et al. 2014), but it is outside the scope of the
present paper.

Another line-producing process neglected in this study is shocks.
In the case of the galactic wind in CALIFA 0811, shown in Fig. 5,
we find WH α = 3–12 Å in the shocked region, i.e. mDIG-like
values. Again, WH α by itself cannot identify the shock origin of
the nebular emission, though it at least tells that photoionization
by HOLMES is not an energetically feasible explanation. Only a
detailed study of the geometry, line ratios, and kinematics can fully
reveal the processes governing line emission in objects like this
(Kreckel et al. 2014; Beirão et al. 2015; López-Cobá et al. 2017).

Because of their relative rarity and spatial constraints, these pro-
cesses do not affect much the hDIG/mDIG/SFc statistics found in
this study. They should nevertheless be taken into consideration in
studies of individual sources.

Finally, a word of caution about the so called ‘composite’ region
in the BPT diagram, commonly defined as the zone below the K01
line and above the K03 or S06 line: Though this region is usually
thought to correspond to SF + AGN mixtures, AGN and hDIG have
indistinguishable line ratios. It is therefore not a priori clear what
this composite region is composed of!

The way to break this degeneracy is through WH α . Given that
(unlike AGN or SF) old stars are everywhere in galaxies, one should
understand the hDIG regime as a floor level of ionization, one that is
only energetically relevant when no other source is. Whenever the
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DIG emission has different line ratios
[N II]/H⍺, [O III]/H𝛽 are larger for DIG emission.
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0.0

0.5

1.0

LS
Fc H
⇥
�Lo

bs H
⇥ (b)

R�R50 = 0.70

0 1 2
logWobs

H� [Å]
0.0

0.5

1.0

LS
Fc [O
⇥⇥⇥
]�L

ob
s

[O
⇥⇥⇥
]

(c)

0 1 2
logWobs

H� [Å]
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3730 E. A. D. Lacerda et al.

Figure 1. SDSS stamps, !H α , and WH α maps for example galaxies in CALIFA. Images on the right show WH α maps saturated at 3 and 14 Å, highlighting
the proposed classification of hDIG, mDIG, and SFc. Dashed elliptical rings mark radial distances to the nucleus of R = 0.5, 1.0, 1.5, ... in units of the galaxy’s
half-light radius (HLR). Empty patches mask foreground sources and other artefacts.

equivalent width identical to that of the individual elements, so that W is an
intensive property. On the other hand, one now has twice the flux exiting the
same area, so that ! = 2F/A equals the sum of the individual !’s. In this
sense, surface brightness behaves as an extensive property.

3.2 The observed distribution of WH α and the hDIG
component

Having made the case for a WH α-based characterization of DIG
regions, this section presents empirical evidence that guides the
implementation of WH α thresholds to separate SF from DIG, and to
identify the HOLMES-dominated component.
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DIG contaminates the M–Z–SFR relation

– and with higher spatial resolution (~MUSE) 

the effect could be even larger!


Vale Asari et al. (2019)

�2 �1 0 1

8.5

8.6

8.7

12
+lo

gO
⇥H N

�

logM�

⇥.⇤⇤
⇥.⌅⇤
⇥.⇧⇤
⇥.⇥⇤
⌃⇤.�⇤
⌃⇤.⌥⇤
⌃⇤.�⇤
⌃⌃.⌃⇤
⌃⌃. ⇤

(a)
No correction

�2 �1 0 1
log SFR [M� yr⇥1]

(b)
O/H – DIG removed

�2 �1 0 1

(c)
O/H & SFR – DIG removed



Janayna Mendes

PhD student

Luis Fritsch

MSc (finished)

Maria Eduarda Ramos

undergrad student

Lis Cristine Fortes

undergrad student

DIG contaminates the M–Z–SFR relation

– and with higher spatial resolution (~MUSE) 
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Figure 1: On the left, composite image of M33 using three filters, combining for each filter the flux over the full wavelength range plus
one emission line: SN3+H↵ (red), SN2+[OIII]�5007 (green), and SN1+[OII]�3727 (blue). On the right, the emission line map of H↵,
[OIII]�5007, and [OII]�3727 using slightly di↵erent shades of orange, green, and blue respectively.

Among the HII region population, variations in mass, brightness, and spatial extent are not fully understood. Moreover,
possible di↵erences in their stellar initial mass function (IMF) have been reported in some cases[113]. Although it has
been proposed that these variations could be related to the location of the HII regions in di↵erent galactic structures
(e.g. bar, arm, and inter-arm environments) or the fractal morphology of the ISM on the scale of ⇠100 pc[38], the
physics behind this explanation is still unclear. What influences these characteristics in the close environment of an
HII region? To get an insight on the small-scale physics involved in the star formation process, one needs to dissect
many star-forming regions and study them individually in their environmental context.

A.1 Star Formation Rate and Resolved Star Formation Law

The star formation rate (SFR) is a fundamental cosmological parameter in our understanding of galaxy evolution in
the Universe. Indicators of the SFR such as the integrated H↵, [OIII]�5007, or [OII]�3727 luminosity are frequently
used in the literature for both low- and high-redshift galaxies[66,89]. Nevertheless, the accuracy of these indicators
depends on the relation between the HII region gas emission and the total mass of their YSC. Therefore, possible
variations of the IMF or the gas metallicity through cosmic time could result in significant errors on SFR determined
from these indicators, because of the changes of the gas emission to stellar mass ratio. One way to track these e↵ects
on the integrated flux of the gas emission lines is to establish the HII region luminosity function. The luminosity
function is built from resolved and complete HII region populations with di↵erent masses, metallicities, and environ-
ments. Therefore, observation with high spatial resolution are required. Also, to accurately establish the shape of the
luminosity function, a large number of regions must be considered (⇠ 1 000[107]), and numerous physical conditions
must be studied (metallicity and environmental parameter bins; e.g. stellar density, star formation e�ciency).

To separate individual HII regions, a spatial resolution of a few tens of parsecs is required[73]. Figure 2 illustrates
how the ionized gas structures and individual clumps of star formation can be resolved while increasing the spatial
resolution. Below a resolution of 50 pc, observations reveal structures in the ISM including individual star-forming
knots, di↵use ionized gas (DIG), and shocks. Figure 2 (on the right) shows the impact of the spatial resolution on the
detection of HII regions in a small portion of the spiral NGC628 observed with SITELLE during the science validation
phase. Our identification algorithm is able to detect ⇠8 times more HII regions when the resolution improves from ⇠100
to 35 pc. This figure compares the same regions observed with SITELLE (⇠0.900) and (SITELLE’s prototype) SpIOMM
(⇠300); while 566 regions have been detected with SpIOMM, we were able to detect 4285 with SITELLE[107,108].

As mentioned above, our analysis of the science verification data allowed us to identify 4285 HII region candidates
in NGC 628 using a tailored procedure developed for the SITELLE data at a spatial resolution of 35 pc[107]. Our
procedure uses two advantages of the IFTS: the full spatial coverage and the spectral information. By combining the
flux of three emission lines (H↵, H�, and [OIII]�5007), we increased the detection threshold and improved the detection
of the low metallicity regions with much fainter recombination lines. This code provides flexibility in defining regions
and their DIG background. Our method proceeds through multiple steps: 1) identification of the emission peaks,
2) determination of the zone of influence around each peak, and 3) definition of the outer limit of a region and its
DIG background. These operations are done without any dust extinction correction to avoid introducing unnecessary
noise. Figure 3 shows the border of a few HII region derived with this procedure; it will be adapted to di↵erent spatial
resolutions to make sure that the regions are uniformly defined.
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BINGO: Enriquecimento químico de galáxias

1. No Big Bang formaram-se somente H, He (e traços de Li, Be).

2. O Sol brilha por que a reação 4H⟶He libera energia.

3. Nucleossíntese estelar produz “metais”.

4. Galáxias com maior massa estelar têm maior metalicidade hoje.

5. Galáxias com maior massa estelar formam mais estrelas hoje.

6. Espectro de galáxias: linhas de emissão vêm das estrelas.

7. Espectro de galáxias: contínuo e linhas de absorção vêm do gás ionizado.

8. Regiões H II são ionizadas por estrelas jovens e quentes.

9. Linhas de emissão são usadas para medir a abundância química.

10. Estrelas velhas e quentes (HOLMES) podem ionizar o gás.

11. [N II]/Hα é maior no DIG.

12. [O III]/Hβ é (em geral) maior no DIG.

13. O SDSS obteve ~100 espectros por galáxia; o MaNGA, 1 espectro por galáxia.

14. A contribuição do DIG é maior para galáxias de alta massa.

15. A contribuição do DIG é maior para galáxias baixa formação estelar.

16. O efeito do DIG está plenamente quantificado, dados MUSE são apenas para 

confirmação.
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DIG contaminates the M–Z–SFR relation

— and with higher spatial resolution (~MUSE) 

the effect could be even larger!
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