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Motivations/Goals

1

Establish reliable L[OII] proxies to be used in SAMs that lack ELG properties

 
Study [OII] ELG properties in MultiDark-Galaxies and qualitatively compare 
with DEEP2 data processed with Firefly (Wilkinson et al. 2017)

Study the feasibility of computing model [OII] luminosities in post-processing using 
the GET_EMLINES code (Orsi et al. 2014) with different SFRs and metallicity as inputs 

https://ui.adsabs.harvard.edu/link_gateway/2020MNRAS.497.5432F/arxiv:1908.05626


MultiDark-Galaxies

cosmosim.org & skiesanduniverses.org 

MultiDark Planck2  

2

SAMs: approximate, analytic prescriptions 
to populate DM haloes with galaxies 

SAG 

SAGE 

Galacticus 

Lbox = 1000 Mpc/h, MDM = 1.5 x 109Msun, NP = 38403 

+ Cora et al. 2018 

Croton et al. 2016 

Benson et al. 2012 

Knebe et al. 2018 

Ωm = 0.6929, ΩΛ = 0.3071, h=0.6777 

Inc ludes ELG l ine propert ies 
computed with GET_EMLINES in 
pre-processing  

No ELG properties 

No ELG properties 

similar format: modular, customisable, with 
updated physics (e.g., feedback, cooling,…) 

http://cosmosim.org
http://skiesanduniverses.org
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Model overview
[O ii] emitters in MultiDark-Galaxies and DEEP2 3

cosmology (Klypin et al. 2016) to produce mock galaxy cat-
alogues5.

The complete description of the first data release of the
MultiDark-Galaxies products including sag, sage and
galacticus mock catalogues can be find in Knebe et al.
(2018). All these catalogues lack [O ii] luminosity estimates.
A version of Galacticus does have an emission line calcula-
tion (Merson et al. 2018), but it has not been applied to the
MultiDark models.

2.1.1 sag

We consider a modified version of the Semi-Analytical
Galaxies (SAG; Cora 2006; Lagos et al. 2008; Gargiulo et al.
2015; Muñoz Arancibia et al. 2015; Collacchioni et al. 2018;
Cora et al. 2018) code, which involves a detailed chemical
model and implements an improved treatment of environ-
mental e↵ects (ram-pressure of both hot and cold gas phases
and tidal stripping of gaseous and stellar components). It
also includes the modelling of the strong galaxy emission
lines in the optical and far-infrared range as described in
Orsi et al. (2014). The free parameters of the model have
been tuned by applying the Particle Swarm Optimisation
technique (PSO; Ruiz et al. 2015) and using as constraints
the stellar mass function at z = 0 and 2 (data compilations
from Henriques et al. 2015), the SFR function at z = 0.14
(Gruppioni et al. 2015), the fraction of mass in cold gas as a
function of stellar mass (Boselli et al. 2014), and the black
hole–bulge mass relation (McConnell & Ma 2013; Kormendy
& Ho 2013).

2.1.2 sage

The Semi-Analytic Galaxy Evolution6 code (SAGE; Cro-
ton et al. 2006, 2016) is a modular and customisable SAM.
The updated physics includes gas accretion, ejection due to
feedback, a new gas cooling–radio mode AGN heating cycle,
AGN feedback in the quasar mode, galaxy mergers, disrup-
tion, and the build-up of intra-cluster stars.

sage was calibrated to reproduce several statistical fea-
tures and scaling relations of galaxies at z = 0, including the
stellar mass function, tightly matching the observational un-
certainty range (Baldry et al. 2008), the black hole-bulge
mass relation, the stellar mass-gas metallicity relation, and
the Baryonic Tully-Fisher relation (Tully & Fisher 1977).

2.1.3 galacticus

galacticus7 (Benson 2012) has much in common with the
previous two models, in terms of modularity, the range of
physical processes included and the type of quantities that
it can predict. Although this model has not been re-tuned
to this simulation, the original calibration was performed
using analytically built merger trees assuming a WMAP7
cosmology (Benson 2012). The original model reproduced
reasonably well the observed stellar mass function at z ⇠
0.07 (Li & White 2009) and the HI mass function at z ⇠ 0
(Martin et al. 2010).

5 publicly available at https://www.cosmosim.org and http://

skiesanduniverses.org/

6
http://www.asvo.org.au/

7
https://bitbucket.org/galacticusdev/galacticus/wiki/

Home

Figure 1. Cosmic star formation rate density of sag, sage and
galacticus MultiDark-Galaxies as a function of redshift, com-
pared to four independent compilations of data sets from Behroozi
et al. (2013) (this was corrected to a Chabrier et al. (2014) IMF
by the same authors), Madau & Dickinson (2014), Driver et al.
(2018) and Gruppioni et al. (2015). The error bars are the 1� dis-
persion around each point. We show this result only up to z ⇠ 2,
which is the maximum redshift of interest for our study.

2.1.4 Model comparison

For a full comparison between the sag, sage and galacti-
cus semi-analytic models adopted in this work, we refer the
reader to Knebe et al. (2018). The main di↵erences between
them are: i) the calibrations; ii) the treatment of mergers; iii)
galaxies without a host halo, “orphans”, are not allowed in
sage, while they can happen, due to mass stripping, within
galacticus and sag; and iv) the metal enrichment models,
with galacticus and sage assuming an instantaneous recy-
cling approximation and sag implementing a more complete
chemical model (Cora 2006; Collacchioni et al. 2018).

Here we also recall some results from Knebe et al. (2018)
that are important for interpreting the outcomes of our
analysis and a further study of global properties can be
found in Appendix C. As we impose a minimum limit of
M? > 108.87 M� and SFR> 0 yr�1M� to the three SAMs of
interest, some of our model results will be slightly di↵erent
from those presented in Knebe et al. (2018). The cuts above
have been chosen taking into account the resolution limit
of the MultiDark cosmological simulation (see Knebe et al.
2018). At z ⇠ 1, the limit on SFR excludes about 4% of
the entire sag population, 17% of galaxies in sage, and no
galaxies from galacticus.

Fig. 1 shows the redshift evolution of the MultiDark-
Galaxies cosmic star formation rate (SFR) density com-
pared to a compilation of observations including estimates of
the cosmic SFR from narrow-band (H↵), broad-band (UV-
IR), and radio (1.4 GHz) surveys by Behroozi et al. (2013),
and more recent results by Madau & Dickinson (2014),
Gruppioni et al. (2015) and Driver et al. (2018). The ob-
servational data sets are consistent, despite being a↵ected
by di↵erent systematic errors. Fig. 1 only extends to z ⇠ 2,
as higher redshifts are not of interest for this study. All the
SAMs agree with the observations within our redshift range
of interest 0.6 < z < 1.2. Beyond z = 2, sag and galacti-
cusmodel galaxies maintain a good agreement with the data
out to z ⇠ 8.5, while sage overpredicts the SFR density at
z & 4 (see Knebe et al. 2018).

MNRAS 000, ??–?? (2020)
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All the SAMs reproduce well the 
cosmic SFR density at z<2 
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Figure 2.MultiDark-Galaxies average SFR function evolution
at z . 2 (lines) compared to the Herschel/PEP and HerMES
observations (Gruppioni et al. 2015, filled circles).

In SAMs, galaxy properties are obtained by solving cou-
pled di↵erential equations in a certain number of steps in
which the time interval between snapshots of the underly-
ing DM simulation is divided. In this context, we define the
“instantaneous SFR” as the star formation rate computed
using the mass of stars formed over the last step before the
output. The “average SFR” is instead the SFR obtained
by considering the average contribution from all the steps.
The sag model subdivides the time between snapshots in
25. This timescale typically corresponds to ⇠10-25Myrs at
z ⇠ 1, which is the timescale physically relevant for the [O ii]
emission. sage and galacticus split time in 10 steps.

Fig. 2 displays the average SFR functions of the
MultiDark-Galaxies at di↵erent redshifts compared to
the Herschel data from the PEP and HerMES surveys
(Gruppioni et al. 2015). We find good agreement for SAG
model galaxies over the whole SFR and z ranges consid-
ered. galacticus is consistent with the measurements at
SFR . 102.5 yr�1M�, while sage agrees with the data up
to 102 yr�1M�. At higher SFRs, sage under-predicts the
number of star-forming galaxies by ⇠ 2 dex.

In Fig. 3, we show the evolution of the MultiDark-
Galaxies stellar mass function compared to, from top to
bottom, the SDSS-GALEX observations at z = 0.1 (Mous-
takas et al. 2013), the PRIMUS measurements at 0.50 <

z < 0.65 (Moustakas et al. 2013), the BOSS CMASS obser-
vations at 0.5 < z < 0.6 (Maraston et al. 2013), the DEEP2-
FF data at 0.9 < z < 1.1, and the ZFOURGE/CANDELS
star-forming galaxies at 1.5 < z < 2.5 (Tomczak et al. 2014).
The BOSS CMASS mass function drops in the low-mass end
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Figure 3. Stellar mass function evolution of our model galax-
ies (lines colour-coded as in the legend) compared to the SDSS-
GALEX z = 0.1 (Moustakas et al. 2013, black points) observa-
tions, the PRIMUS results at 0.50 < z < 0.65 (Moustakas et al.
2013, magenta triangles), the BOSS CMASS measurements at
0.5 < z < 0.6 not corrected from incompleteness (Maraston et al.
2013, green hexagons), the DEEP2-FF data at 0.9 < z < 1.1
(red squares), and the ZFOURGE/CANDELS observations at
1.5 < z < 2.5 (Tomczak et al. 2014, blue diamonds). Note that
the BOSS data drop due to the selection of luminous, red, massive
galaxies for this sample.

due to the incompleteness e↵ect generated by the CMASS
colour cuts specifically designed to select luminous, red, mas-
sive galaxies (Maraston et al. 2013). Note that the stellar
mass functions shown in Fig. 3 are not the same as those
from Knebe et al. (2018) due to the SFR> 0 cut we apply
to the SAMs. The systematic errors on DEEP2 observations
at z ⇠ 1 are expected to di↵er from those of SDSS galaxies
at lower redshifts.

It is not surprising that the agreement between sag
and ZFOURGE/CANDELS data is especially good because
this model was calibrated against these observations. sage
and galacticus over-predict the number of galaxies with
log(M? [M�]) . 11, and this excess is enhanced at higher
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Figure 2.MultiDark-Galaxies average SFR function evolution
at z . 2 (lines) compared to the Herschel/PEP and HerMES
observations (Gruppioni et al. 2015, filled circles).

In SAMs, galaxy properties are obtained by solving cou-
pled di↵erential equations in a certain number of steps in
which the time interval between snapshots of the underly-
ing DM simulation is divided. In this context, we define the
“instantaneous SFR” as the star formation rate computed
using the mass of stars formed over the last step before the
output. The “average SFR” is instead the SFR obtained
by considering the average contribution from all the steps.
The sag model subdivides the time between snapshots in
25. This timescale typically corresponds to ⇠10-25Myrs at
z ⇠ 1, which is the timescale physically relevant for the [O ii]
emission. sage and galacticus split time in 10 steps.

Fig. 2 displays the average SFR functions of the
MultiDark-Galaxies at di↵erent redshifts compared to
the Herschel data from the PEP and HerMES surveys
(Gruppioni et al. 2015). We find good agreement for SAG
model galaxies over the whole SFR and z ranges consid-
ered. galacticus is consistent with the measurements at
SFR . 102.5 yr�1M�, while sage agrees with the data up
to 102 yr�1M�. At higher SFRs, sage under-predicts the
number of star-forming galaxies by ⇠ 2 dex.

In Fig. 3, we show the evolution of the MultiDark-
Galaxies stellar mass function compared to, from top to
bottom, the SDSS-GALEX observations at z = 0.1 (Mous-
takas et al. 2013), the PRIMUS measurements at 0.50 <

z < 0.65 (Moustakas et al. 2013), the BOSS CMASS obser-
vations at 0.5 < z < 0.6 (Maraston et al. 2013), the DEEP2-
FF data at 0.9 < z < 1.1, and the ZFOURGE/CANDELS
star-forming galaxies at 1.5 < z < 2.5 (Tomczak et al. 2014).
The BOSS CMASS mass function drops in the low-mass end
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Figure 3. Stellar mass function evolution of our model galax-
ies (lines colour-coded as in the legend) compared to the SDSS-
GALEX z = 0.1 (Moustakas et al. 2013, black points) observa-
tions, the PRIMUS results at 0.50 < z < 0.65 (Moustakas et al.
2013, magenta triangles), the BOSS CMASS measurements at
0.5 < z < 0.6 not corrected from incompleteness (Maraston et al.
2013, green hexagons), the DEEP2-FF data at 0.9 < z < 1.1
(red squares), and the ZFOURGE/CANDELS observations at
1.5 < z < 2.5 (Tomczak et al. 2014, blue diamonds). Note that
the BOSS data drop due to the selection of luminous, red, massive
galaxies for this sample.

due to the incompleteness e↵ect generated by the CMASS
colour cuts specifically designed to select luminous, red, mas-
sive galaxies (Maraston et al. 2013). Note that the stellar
mass functions shown in Fig. 3 are not the same as those
from Knebe et al. (2018) due to the SFR> 0 cut we apply
to the SAMs. The systematic errors on DEEP2 observations
at z ⇠ 1 are expected to di↵er from those of SDSS galaxies
at lower redshifts.

It is not surprising that the agreement between sag
and ZFOURGE/CANDELS data is especially good because
this model was calibrated against these observations. sage
and galacticus over-predict the number of galaxies with
log(M? [M�]) . 11, and this excess is enhanced at higher
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Computing [OII] luminosities 

GET_EMLINES (Orsi et al. 2014) 
MAPPINGS-III 

photoionisation code 

[O ii] emitters in MultiDark-Galaxies and DEEP2 7

reasonable agreement with the observed H↵, [O ii]�3727,
[O iii]�5007 luminosity functions, and the Baldwin, Phillips
& Terlevich (BPT; Baldwin et al. 1981) diagram for local
star-forming galaxies. Ideally, the get emlines methodol-
ogy requires as input the cold gas metallicity and the instan-
taneous SFR. This latter quantity, however, is not usually
output by SAMs. The instantaneous SFR is preferred to a
time-averaged equivalent, as the latter can include contribu-
tions from stellar populations older than those responsible
for generating the nebular emission in star-forming galaxies.

sag is the only semi-analytic model providing both
instantaneous and average SFR values, while sage and
galacticus only provide average SFRs. In the next sec-
tion, we describe in detail the get emlines algorithm to be
used in the L[O ii] calculation for a semi-analytic model. Be-
cause SAMs do not usually output the instantaneous SFR,
which is needed as default input for the get emlines code,
we test the usage of the average SFR and how this a↵ects
di↵erent galactic properties.

3.1 The code

We now describe step by step how we have implemented the
get emlines nebular emission code to obtain [O ii] lumi-
nosities for theMultiDark-Galaxies. This methodology is
based on the photoionisation code MAPPINGS-III (Groves
et al. 2004; Allen et al. 2008), which relates the ionisation
parameter of gas in galaxies, q, to their cold gas metallicity
Zcold as:

q(Z) = q0

✓
Zcold

Z0

◆��

, (4)

where q0 is the ionisation parameter of a galaxy that has
cold gas metallicity Z0 and � is the exponent of the power
law. Following Orsi et al. (2014), from the pre-computed
H ii region model grid of Levesque et al. (2010), we assume
q0 = 2.8 ⇥ 107 cm s�1, Z0 = 0.012 and � = 1.3 for all the
analysed galaxy models. This specific combination of val-
ues was presented in Orsi et al. (2014), and it has ioniza-
tion parameter values that bracket the range spanned by
the MAPPINGS-III grid for the bulk of the galaxy popula-
tion studied in that work. The q0 and � parameters above
were found to produce model H↵, [O ii]�3727 (to indicate
the doublet), [O iii]�5007 luminosity functions and a model
BTP (Baldwin et al. 1981) diagram for local star-forming
galaxies in good agreement with observations.

The get emlines code has been calibrated to repro-
duce a range of luminosity functions at di↵erent redshifts
and local line ratios diagrams, and it has been tested against
observations up to z = 5 (Orsi et al. 2014). A di↵erent com-
bination of q0 and � changes the L[O ii] results in a com-
plicated way. For instance, higher parameter values produce
a lower number density of bright emitters, which translates
into a substantial di↵erence in the lower peak of the L[O ii]-
SFR bimodality shown in Fig. 5. Changing the q0 and �

parameters would require to recalibrate the get emlines
model, and this goes beyond the scope of this work.

The cold gas metallicity is defined as the ratio between
the cold gas mass in metals and the cold gas mass (e.g.,
Yates 2014), considering both bulge and disc components,
when available:

Zcold =
MZcold

Mcold
. (5)

Another fundamental quantity needed to derive the

[O ii] line luminosity is the hydrogen ionising photon rate
defined as:

QH0 =

Z
�0

0

�L�

hc
d�, (6)

where L� is the galaxy composite SED in erg s�1 Å�1,
�0 = 912Å, c is the speed of light and h is the Planck con-
stant. QH0 is a unit-less quantity calculated at each model
snapshot just by solving the integral above. Assuming a
Kroupa (2001) IMF, one can express the ionising photon
rate as a function of the instantaneous star formation rate
as (Falcón-Barroso & Knapen 2013):

QH0 = log101.35 + log10(SFR/M� yr�1) + 53.0. (7)

Combining Eq. 7 with the attenuation-corrected
emission-line lists from Levesque et al. (2010), normalised
to the H↵ line flux, we compute the [O ii] luminosity as:

L(�j) = 1.37⇥ 10�12
QH0

F (�j , q, Zcold)
F (H↵, q, Zcold)

, (8)

where F (�j , q, Zcold) is the MAPPINGS-III prediction of the
desired emission line flux at wavelength �j for a given set of
(q, Zcold) and F (H↵, q, Zcold) is the H↵ normalisation flux.

The total luminosity of the [O ii] doublet is the sum of
the luminosities of the two lines at �j = 3727, 3729 Å, both
calculated using Eq. 8.

The [O ii] luminosity in Eq. 8 does not include any dust
contribution. In order to account for dust attenuation, we
implement the correction detailed in next Section using
Cardelli et al. (1989) extinction curve.

3.2 Dust extinction

In this study, the intrinsic [O ii] luminosity given in Eq. 8,
L(�j), is attenuated by interstellar dust as follows:

L(�j)
att = L(�j)10

�0.4A�(⌧z

�
,✓)

, (9)

where A�(⌧
z

� , ✓) represents the attenuation coe�cient de-
fined as a function of the galaxy optical depth ⌧

z

� and the
dust scattering angle ✓. Explicitly we have (Spitzer 1978; Os-
terbrock 1989; Draine 2003; Izquierdo-Villalba et al. 2019):

A�(⌧
z

� , ✓) = �2.5 log10
1� exp(�a� sec ✓)

a� sec ✓
, (10)

where a� =
p
1� !�⌧

z

� and !� is the dust albedo, i.e. the
fraction of the extinction that is scattering. We assume
cos ✓ = 0.60 and !� = 0.80, meaning that the scattering
is not isotropic but more forward-oriented, and that 80% of
the extinction is scattering. These are the values that re-
turn the best agreement with DEEP2+VVDS observations
in Fig. 9.

The galaxy optical depth ⌧
z

� that enters Eq. 10 is defined
as (Devriendt et al. 1999; Hatton et al. 2003; De Lucia &
Blaizot 2007):

⌧
z

� =

✓
A�

AV

◆

Z�

✓
Zcold

Z�

◆
s
✓

hNHi
2.1⇥ 1021atoms cm�2

◆
,

(11)
where the first two factors on the right-hand side represent
the extinction curve. This depends on the cold gas metallic-
ity Zcold defined in Eq. 5 according to power-law interpola-
tions based on the solar neighbourhood, the Small and the
Large Magellanic Clouds. The exponent s = 1.6 (Guiderdoni
& Rocca-Volmerange 1987) holds for the � > 2000Å regime,
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used in the L[O ii] calculation for a semi-analytic model. Be-
cause SAMs do not usually output the instantaneous SFR,
which is needed as default input for the get emlines code,
we test the usage of the average SFR and how this a↵ects
di↵erent galactic properties.

3.1 The code

We now describe step by step how we have implemented the
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where q0 is the ionisation parameter of a galaxy that has
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tion parameter values that bracket the range spanned by
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tion studied in that work. The q0 and � parameters above
were found to produce model H↵, [O ii]�3727 (to indicate
the doublet), [O iii]�5007 luminosity functions and a model
BTP (Baldwin et al. 1981) diagram for local star-forming
galaxies in good agreement with observations.

The get emlines code has been calibrated to repro-
duce a range of luminosity functions at di↵erent redshifts
and local line ratios diagrams, and it has been tested against
observations up to z = 5 (Orsi et al. 2014). A di↵erent com-
bination of q0 and � changes the L[O ii] results in a com-
plicated way. For instance, higher parameter values produce
a lower number density of bright emitters, which translates
into a substantial di↵erence in the lower peak of the L[O ii]-
SFR bimodality shown in Fig. 5. Changing the q0 and �

parameters would require to recalibrate the get emlines
model, and this goes beyond the scope of this work.

The cold gas metallicity is defined as the ratio between
the cold gas mass in metals and the cold gas mass (e.g.,
Yates 2014), considering both bulge and disc components,
when available:

Zcold =
MZcold

Mcold
. (5)

Another fundamental quantity needed to derive the

[O ii] line luminosity is the hydrogen ionising photon rate
defined as:

QH0 =
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where L� is the galaxy composite SED in erg s�1 Å�1,
�0 = 912Å, c is the speed of light and h is the Planck con-
stant. QH0 is a unit-less quantity calculated at each model
snapshot just by solving the integral above. Assuming a
Kroupa (2001) IMF, one can express the ionising photon
rate as a function of the instantaneous star formation rate
as (Falcón-Barroso & Knapen 2013):

QH0 = log101.35 + log10(SFR/M� yr�1) + 53.0. (7)

Combining Eq. 7 with the attenuation-corrected
emission-line lists from Levesque et al. (2010), normalised
to the H↵ line flux, we compute the [O ii] luminosity as:

L(�j) = 1.37⇥ 10�12
QH0

F (�j , q, Zcold)
F (H↵, q, Zcold)

, (8)

where F (�j , q, Zcold) is the MAPPINGS-III prediction of the
desired emission line flux at wavelength �j for a given set of
(q, Zcold) and F (H↵, q, Zcold) is the H↵ normalisation flux.

The total luminosity of the [O ii] doublet is the sum of
the luminosities of the two lines at �j = 3727, 3729 Å, both
calculated using Eq. 8.

The [O ii] luminosity in Eq. 8 does not include any dust
contribution. In order to account for dust attenuation, we
implement the correction detailed in next Section using
Cardelli et al. (1989) extinction curve.

3.2 Dust extinction

In this study, the intrinsic [O ii] luminosity given in Eq. 8,
L(�j), is attenuated by interstellar dust as follows:

L(�j)
att = L(�j)10
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� , ✓) represents the attenuation coe�cient de-
fined as a function of the galaxy optical depth ⌧
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� and the
dust scattering angle ✓. Explicitly we have (Spitzer 1978; Os-
terbrock 1989; Draine 2003; Izquierdo-Villalba et al. 2019):
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where a� =
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� and !� is the dust albedo, i.e. the
fraction of the extinction that is scattering. We assume
cos ✓ = 0.60 and !� = 0.80, meaning that the scattering
is not isotropic but more forward-oriented, and that 80% of
the extinction is scattering. These are the values that re-
turn the best agreement with DEEP2+VVDS observations
in Fig. 9.

The galaxy optical depth ⌧
z

� that enters Eq. 10 is defined
as (Devriendt et al. 1999; Hatton et al. 2003; De Lucia &
Blaizot 2007):
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where the first two factors on the right-hand side represent
the extinction curve. This depends on the cold gas metallic-
ity Zcold defined in Eq. 5 according to power-law interpola-
tions based on the solar neighbourhood, the Small and the
Large Magellanic Clouds. The exponent s = 1.6 (Guiderdoni
& Rocca-Volmerange 1987) holds for the � > 2000Å regime,
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reasonable agreement with the observed H↵, [O ii]�3727,
[O iii]�5007 luminosity functions, and the Baldwin, Phillips
& Terlevich (BPT; Baldwin et al. 1981) diagram for local
star-forming galaxies. Ideally, the get emlines methodol-
ogy requires as input the cold gas metallicity and the instan-
taneous SFR. This latter quantity, however, is not usually
output by SAMs. The instantaneous SFR is preferred to a
time-averaged equivalent, as the latter can include contribu-
tions from stellar populations older than those responsible
for generating the nebular emission in star-forming galaxies.

sag is the only semi-analytic model providing both
instantaneous and average SFR values, while sage and
galacticus only provide average SFRs. In the next sec-
tion, we describe in detail the get emlines algorithm to be
used in the L[O ii] calculation for a semi-analytic model. Be-
cause SAMs do not usually output the instantaneous SFR,
which is needed as default input for the get emlines code,
we test the usage of the average SFR and how this a↵ects
di↵erent galactic properties.

3.1 The code

We now describe step by step how we have implemented the
get emlines nebular emission code to obtain [O ii] lumi-
nosities for theMultiDark-Galaxies. This methodology is
based on the photoionisation code MAPPINGS-III (Groves
et al. 2004; Allen et al. 2008), which relates the ionisation
parameter of gas in galaxies, q, to their cold gas metallicity
Zcold as:

q(Z) = q0
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, (4)

where q0 is the ionisation parameter of a galaxy that has
cold gas metallicity Z0 and � is the exponent of the power
law. Following Orsi et al. (2014), from the pre-computed
H ii region model grid of Levesque et al. (2010), we assume
q0 = 2.8 ⇥ 107 cm s�1, Z0 = 0.012 and � = 1.3 for all the
analysed galaxy models. This specific combination of val-
ues was presented in Orsi et al. (2014), and it has ioniza-
tion parameter values that bracket the range spanned by
the MAPPINGS-III grid for the bulk of the galaxy popula-
tion studied in that work. The q0 and � parameters above
were found to produce model H↵, [O ii]�3727 (to indicate
the doublet), [O iii]�5007 luminosity functions and a model
BTP (Baldwin et al. 1981) diagram for local star-forming
galaxies in good agreement with observations.

The get emlines code has been calibrated to repro-
duce a range of luminosity functions at di↵erent redshifts
and local line ratios diagrams, and it has been tested against
observations up to z = 5 (Orsi et al. 2014). A di↵erent com-
bination of q0 and � changes the L[O ii] results in a com-
plicated way. For instance, higher parameter values produce
a lower number density of bright emitters, which translates
into a substantial di↵erence in the lower peak of the L[O ii]-
SFR bimodality shown in Fig. 5. Changing the q0 and �

parameters would require to recalibrate the get emlines
model, and this goes beyond the scope of this work.

The cold gas metallicity is defined as the ratio between
the cold gas mass in metals and the cold gas mass (e.g.,
Yates 2014), considering both bulge and disc components,
when available:

Zcold =
MZcold

Mcold
. (5)

Another fundamental quantity needed to derive the

[O ii] line luminosity is the hydrogen ionising photon rate
defined as:

QH0 =
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where L� is the galaxy composite SED in erg s�1 Å�1,
�0 = 912Å, c is the speed of light and h is the Planck con-
stant. QH0 is a unit-less quantity calculated at each model
snapshot just by solving the integral above. Assuming a
Kroupa (2001) IMF, one can express the ionising photon
rate as a function of the instantaneous star formation rate
as (Falcón-Barroso & Knapen 2013):

QH0 = log101.35 + log10(SFR/M� yr�1) + 53.0. (7)

Combining Eq. 7 with the attenuation-corrected
emission-line lists from Levesque et al. (2010), normalised
to the H↵ line flux, we compute the [O ii] luminosity as:

L(�j) = 1.37⇥ 10�12
QH0

F (�j , q, Zcold)
F (H↵, q, Zcold)
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where F (�j , q, Zcold) is the MAPPINGS-III prediction of the
desired emission line flux at wavelength �j for a given set of
(q, Zcold) and F (H↵, q, Zcold) is the H↵ normalisation flux.

The total luminosity of the [O ii] doublet is the sum of
the luminosities of the two lines at �j = 3727, 3729 Å, both
calculated using Eq. 8.

The [O ii] luminosity in Eq. 8 does not include any dust
contribution. In order to account for dust attenuation, we
implement the correction detailed in next Section using
Cardelli et al. (1989) extinction curve.

3.2 Dust extinction

In this study, the intrinsic [O ii] luminosity given in Eq. 8,
L(�j), is attenuated by interstellar dust as follows:

L(�j)
att = L(�j)10
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� , ✓) represents the attenuation coe�cient de-
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� and the
dust scattering angle ✓. Explicitly we have (Spitzer 1978; Os-
terbrock 1989; Draine 2003; Izquierdo-Villalba et al. 2019):
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where a� =
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� and !� is the dust albedo, i.e. the
fraction of the extinction that is scattering. We assume
cos ✓ = 0.60 and !� = 0.80, meaning that the scattering
is not isotropic but more forward-oriented, and that 80% of
the extinction is scattering. These are the values that re-
turn the best agreement with DEEP2+VVDS observations
in Fig. 9.

The galaxy optical depth ⌧
z

� that enters Eq. 10 is defined
as (Devriendt et al. 1999; Hatton et al. 2003; De Lucia &
Blaizot 2007):
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where the first two factors on the right-hand side represent
the extinction curve. This depends on the cold gas metallic-
ity Zcold defined in Eq. 5 according to power-law interpola-
tions based on the solar neighbourhood, the Small and the
Large Magellanic Clouds. The exponent s = 1.6 (Guiderdoni
& Rocca-Volmerange 1987) holds for the � > 2000Å regime,
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reasonable agreement with the observed H↵, [O ii]�3727,
[O iii]�5007 luminosity functions, and the Baldwin, Phillips
& Terlevich (BPT; Baldwin et al. 1981) diagram for local
star-forming galaxies. Ideally, the get emlines methodol-
ogy requires as input the cold gas metallicity and the instan-
taneous SFR. This latter quantity, however, is not usually
output by SAMs. The instantaneous SFR is preferred to a
time-averaged equivalent, as the latter can include contribu-
tions from stellar populations older than those responsible
for generating the nebular emission in star-forming galaxies.

sag is the only semi-analytic model providing both
instantaneous and average SFR values, while sage and
galacticus only provide average SFRs. In the next sec-
tion, we describe in detail the get emlines algorithm to be
used in the L[O ii] calculation for a semi-analytic model. Be-
cause SAMs do not usually output the instantaneous SFR,
which is needed as default input for the get emlines code,
we test the usage of the average SFR and how this a↵ects
di↵erent galactic properties.

3.1 The code

We now describe step by step how we have implemented the
get emlines nebular emission code to obtain [O ii] lumi-
nosities for theMultiDark-Galaxies. This methodology is
based on the photoionisation code MAPPINGS-III (Groves
et al. 2004; Allen et al. 2008), which relates the ionisation
parameter of gas in galaxies, q, to their cold gas metallicity
Zcold as:

q(Z) = q0
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, (4)

where q0 is the ionisation parameter of a galaxy that has
cold gas metallicity Z0 and � is the exponent of the power
law. Following Orsi et al. (2014), from the pre-computed
H ii region model grid of Levesque et al. (2010), we assume
q0 = 2.8 ⇥ 107 cm s�1, Z0 = 0.012 and � = 1.3 for all the
analysed galaxy models. This specific combination of val-
ues was presented in Orsi et al. (2014), and it has ioniza-
tion parameter values that bracket the range spanned by
the MAPPINGS-III grid for the bulk of the galaxy popula-
tion studied in that work. The q0 and � parameters above
were found to produce model H↵, [O ii]�3727 (to indicate
the doublet), [O iii]�5007 luminosity functions and a model
BTP (Baldwin et al. 1981) diagram for local star-forming
galaxies in good agreement with observations.

The get emlines code has been calibrated to repro-
duce a range of luminosity functions at di↵erent redshifts
and local line ratios diagrams, and it has been tested against
observations up to z = 5 (Orsi et al. 2014). A di↵erent com-
bination of q0 and � changes the L[O ii] results in a com-
plicated way. For instance, higher parameter values produce
a lower number density of bright emitters, which translates
into a substantial di↵erence in the lower peak of the L[O ii]-
SFR bimodality shown in Fig. 5. Changing the q0 and �

parameters would require to recalibrate the get emlines
model, and this goes beyond the scope of this work.

The cold gas metallicity is defined as the ratio between
the cold gas mass in metals and the cold gas mass (e.g.,
Yates 2014), considering both bulge and disc components,
when available:

Zcold =
MZcold

Mcold
. (5)

Another fundamental quantity needed to derive the

[O ii] line luminosity is the hydrogen ionising photon rate
defined as:

QH0 =
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hc
d�, (6)

where L� is the galaxy composite SED in erg s�1 Å�1,
�0 = 912Å, c is the speed of light and h is the Planck con-
stant. QH0 is a unit-less quantity calculated at each model
snapshot just by solving the integral above. Assuming a
Kroupa (2001) IMF, one can express the ionising photon
rate as a function of the instantaneous star formation rate
as (Falcón-Barroso & Knapen 2013):

QH0 = log101.35 + log10(SFR/M� yr�1) + 53.0. (7)

Combining Eq. 7 with the attenuation-corrected
emission-line lists from Levesque et al. (2010), normalised
to the H↵ line flux, we compute the [O ii] luminosity as:

L(�j) = 1.37⇥ 10�12
QH0

F (�j , q, Zcold)
F (H↵, q, Zcold)

, (8)

where F (�j , q, Zcold) is the MAPPINGS-III prediction of the
desired emission line flux at wavelength �j for a given set of
(q, Zcold) and F (H↵, q, Zcold) is the H↵ normalisation flux.

The total luminosity of the [O ii] doublet is the sum of
the luminosities of the two lines at �j = 3727, 3729 Å, both
calculated using Eq. 8.

The [O ii] luminosity in Eq. 8 does not include any dust
contribution. In order to account for dust attenuation, we
implement the correction detailed in next Section using
Cardelli et al. (1989) extinction curve.

3.2 Dust extinction

In this study, the intrinsic [O ii] luminosity given in Eq. 8,
L(�j), is attenuated by interstellar dust as follows:

L(�j)
att = L(�j)10
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, (9)

where A�(⌧
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� , ✓) represents the attenuation coe�cient de-
fined as a function of the galaxy optical depth ⌧
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� and the
dust scattering angle ✓. Explicitly we have (Spitzer 1978; Os-
terbrock 1989; Draine 2003; Izquierdo-Villalba et al. 2019):
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where a� =
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� and !� is the dust albedo, i.e. the
fraction of the extinction that is scattering. We assume
cos ✓ = 0.60 and !� = 0.80, meaning that the scattering
is not isotropic but more forward-oriented, and that 80% of
the extinction is scattering. These are the values that re-
turn the best agreement with DEEP2+VVDS observations
in Fig. 9.

The galaxy optical depth ⌧
z

� that enters Eq. 10 is defined
as (Devriendt et al. 1999; Hatton et al. 2003; De Lucia &
Blaizot 2007):
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where the first two factors on the right-hand side represent
the extinction curve. This depends on the cold gas metallic-
ity Zcold defined in Eq. 5 according to power-law interpola-
tions based on the solar neighbourhood, the Small and the
Large Magellanic Clouds. The exponent s = 1.6 (Guiderdoni
& Rocca-Volmerange 1987) holds for the � > 2000Å regime,
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reasonable agreement with the observed H↵, [O ii]�3727,
[O iii]�5007 luminosity functions, and the Baldwin, Phillips
& Terlevich (BPT; Baldwin et al. 1981) diagram for local
star-forming galaxies. Ideally, the get emlines methodol-
ogy requires as input the cold gas metallicity and the instan-
taneous SFR. This latter quantity, however, is not usually
output by SAMs. The instantaneous SFR is preferred to a
time-averaged equivalent, as the latter can include contribu-
tions from stellar populations older than those responsible
for generating the nebular emission in star-forming galaxies.

sag is the only semi-analytic model providing both
instantaneous and average SFR values, while sage and
galacticus only provide average SFRs. In the next sec-
tion, we describe in detail the get emlines algorithm to be
used in the L[O ii] calculation for a semi-analytic model. Be-
cause SAMs do not usually output the instantaneous SFR,
which is needed as default input for the get emlines code,
we test the usage of the average SFR and how this a↵ects
di↵erent galactic properties.

3.1 The code

We now describe step by step how we have implemented the
get emlines nebular emission code to obtain [O ii] lumi-
nosities for theMultiDark-Galaxies. This methodology is
based on the photoionisation code MAPPINGS-III (Groves
et al. 2004; Allen et al. 2008), which relates the ionisation
parameter of gas in galaxies, q, to their cold gas metallicity
Zcold as:

q(Z) = q0
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where q0 is the ionisation parameter of a galaxy that has
cold gas metallicity Z0 and � is the exponent of the power
law. Following Orsi et al. (2014), from the pre-computed
H ii region model grid of Levesque et al. (2010), we assume
q0 = 2.8 ⇥ 107 cm s�1, Z0 = 0.012 and � = 1.3 for all the
analysed galaxy models. This specific combination of val-
ues was presented in Orsi et al. (2014), and it has ioniza-
tion parameter values that bracket the range spanned by
the MAPPINGS-III grid for the bulk of the galaxy popula-
tion studied in that work. The q0 and � parameters above
were found to produce model H↵, [O ii]�3727 (to indicate
the doublet), [O iii]�5007 luminosity functions and a model
BTP (Baldwin et al. 1981) diagram for local star-forming
galaxies in good agreement with observations.

The get emlines code has been calibrated to repro-
duce a range of luminosity functions at di↵erent redshifts
and local line ratios diagrams, and it has been tested against
observations up to z = 5 (Orsi et al. 2014). A di↵erent com-
bination of q0 and � changes the L[O ii] results in a com-
plicated way. For instance, higher parameter values produce
a lower number density of bright emitters, which translates
into a substantial di↵erence in the lower peak of the L[O ii]-
SFR bimodality shown in Fig. 5. Changing the q0 and �

parameters would require to recalibrate the get emlines
model, and this goes beyond the scope of this work.

The cold gas metallicity is defined as the ratio between
the cold gas mass in metals and the cold gas mass (e.g.,
Yates 2014), considering both bulge and disc components,
when available:

Zcold =
MZcold

Mcold
. (5)

Another fundamental quantity needed to derive the

[O ii] line luminosity is the hydrogen ionising photon rate
defined as:

QH0 =
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hc
d�, (6)

where L� is the galaxy composite SED in erg s�1 Å�1,
�0 = 912Å, c is the speed of light and h is the Planck con-
stant. QH0 is a unit-less quantity calculated at each model
snapshot just by solving the integral above. Assuming a
Kroupa (2001) IMF, one can express the ionising photon
rate as a function of the instantaneous star formation rate
as (Falcón-Barroso & Knapen 2013):

QH0 = log101.35 + log10(SFR/M� yr�1) + 53.0. (7)

Combining Eq. 7 with the attenuation-corrected
emission-line lists from Levesque et al. (2010), normalised
to the H↵ line flux, we compute the [O ii] luminosity as:

L(�j) = 1.37⇥ 10�12
QH0

F (�j , q, Zcold)
F (H↵, q, Zcold)

, (8)

where F (�j , q, Zcold) is the MAPPINGS-III prediction of the
desired emission line flux at wavelength �j for a given set of
(q, Zcold) and F (H↵, q, Zcold) is the H↵ normalisation flux.

The total luminosity of the [O ii] doublet is the sum of
the luminosities of the two lines at �j = 3727, 3729 Å, both
calculated using Eq. 8.

The [O ii] luminosity in Eq. 8 does not include any dust
contribution. In order to account for dust attenuation, we
implement the correction detailed in next Section using
Cardelli et al. (1989) extinction curve.

3.2 Dust extinction

In this study, the intrinsic [O ii] luminosity given in Eq. 8,
L(�j), is attenuated by interstellar dust as follows:

L(�j)
att = L(�j)10
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, (9)
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� , ✓) represents the attenuation coe�cient de-
fined as a function of the galaxy optical depth ⌧
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� and the
dust scattering angle ✓. Explicitly we have (Spitzer 1978; Os-
terbrock 1989; Draine 2003; Izquierdo-Villalba et al. 2019):
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where a� =
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� and !� is the dust albedo, i.e. the
fraction of the extinction that is scattering. We assume
cos ✓ = 0.60 and !� = 0.80, meaning that the scattering
is not isotropic but more forward-oriented, and that 80% of
the extinction is scattering. These are the values that re-
turn the best agreement with DEEP2+VVDS observations
in Fig. 9.

The galaxy optical depth ⌧
z

� that enters Eq. 10 is defined
as (Devriendt et al. 1999; Hatton et al. 2003; De Lucia &
Blaizot 2007):
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where the first two factors on the right-hand side represent
the extinction curve. This depends on the cold gas metallic-
ity Zcold defined in Eq. 5 according to power-law interpola-
tions based on the solar neighbourhood, the Small and the
Large Magellanic Clouds. The exponent s = 1.6 (Guiderdoni
& Rocca-Volmerange 1987) holds for the � > 2000Å regime,
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reasonable agreement with the observed H↵, [O ii]�3727,
[O iii]�5007 luminosity functions, and the Baldwin, Phillips
& Terlevich (BPT; Baldwin et al. 1981) diagram for local
star-forming galaxies. Ideally, the get emlines methodol-
ogy requires as input the cold gas metallicity and the instan-
taneous SFR. This latter quantity, however, is not usually
output by SAMs. The instantaneous SFR is preferred to a
time-averaged equivalent, as the latter can include contribu-
tions from stellar populations older than those responsible
for generating the nebular emission in star-forming galaxies.

sag is the only semi-analytic model providing both
instantaneous and average SFR values, while sage and
galacticus only provide average SFRs. In the next sec-
tion, we describe in detail the get emlines algorithm to be
used in the L[O ii] calculation for a semi-analytic model. Be-
cause SAMs do not usually output the instantaneous SFR,
which is needed as default input for the get emlines code,
we test the usage of the average SFR and how this a↵ects
di↵erent galactic properties.

3.1 The code

We now describe step by step how we have implemented the
get emlines nebular emission code to obtain [O ii] lumi-
nosities for theMultiDark-Galaxies. This methodology is
based on the photoionisation code MAPPINGS-III (Groves
et al. 2004; Allen et al. 2008), which relates the ionisation
parameter of gas in galaxies, q, to their cold gas metallicity
Zcold as:

q(Z) = q0

✓
Zcold

Z0

◆��

, (4)

where q0 is the ionisation parameter of a galaxy that has
cold gas metallicity Z0 and � is the exponent of the power
law. Following Orsi et al. (2014), from the pre-computed
H ii region model grid of Levesque et al. (2010), we assume
q0 = 2.8 ⇥ 107 cm s�1, Z0 = 0.012 and � = 1.3 for all the
analysed galaxy models. This specific combination of val-
ues was presented in Orsi et al. (2014), and it has ioniza-
tion parameter values that bracket the range spanned by
the MAPPINGS-III grid for the bulk of the galaxy popula-
tion studied in that work. The q0 and � parameters above
were found to produce model H↵, [O ii]�3727 (to indicate
the doublet), [O iii]�5007 luminosity functions and a model
BTP (Baldwin et al. 1981) diagram for local star-forming
galaxies in good agreement with observations.

The get emlines code has been calibrated to repro-
duce a range of luminosity functions at di↵erent redshifts
and local line ratios diagrams, and it has been tested against
observations up to z = 5 (Orsi et al. 2014). A di↵erent com-
bination of q0 and � changes the L[O ii] results in a com-
plicated way. For instance, higher parameter values produce
a lower number density of bright emitters, which translates
into a substantial di↵erence in the lower peak of the L[O ii]-
SFR bimodality shown in Fig. 5. Changing the q0 and �

parameters would require to recalibrate the get emlines
model, and this goes beyond the scope of this work.

The cold gas metallicity is defined as the ratio between
the cold gas mass in metals and the cold gas mass (e.g.,
Yates 2014), considering both bulge and disc components,
when available:

Zcold =
MZcold

Mcold
. (5)

Another fundamental quantity needed to derive the

[O ii] line luminosity is the hydrogen ionising photon rate
defined as:

QH0 =

Z
�0

0

�L�

hc
d�, (6)

where L� is the galaxy composite SED in erg s�1 Å�1,
�0 = 912Å, c is the speed of light and h is the Planck con-
stant. QH0 is a unit-less quantity calculated at each model
snapshot just by solving the integral above. Assuming a
Kroupa (2001) IMF, one can express the ionising photon
rate as a function of the instantaneous star formation rate
as (Falcón-Barroso & Knapen 2013):

QH0 = log101.35 + log10(SFR/M� yr�1) + 53.0. (7)

Combining Eq. 7 with the attenuation-corrected
emission-line lists from Levesque et al. (2010), normalised
to the H↵ line flux, we compute the [O ii] luminosity as:

L(�j) = 1.37⇥ 10�12
QH0

F (�j , q, Zcold)
F (H↵, q, Zcold)

, (8)

where F (�j , q, Zcold) is the MAPPINGS-III prediction of the
desired emission line flux at wavelength �j for a given set of
(q, Zcold) and F (H↵, q, Zcold) is the H↵ normalisation flux.

The total luminosity of the [O ii] doublet is the sum of
the luminosities of the two lines at �j = 3727, 3729 Å, both
calculated using Eq. 8.

The [O ii] luminosity in Eq. 8 does not include any dust
contribution. In order to account for dust attenuation, we
implement the correction detailed in next Section using
Cardelli et al. (1989) extinction curve.

3.2 Dust extinction

In this study, the intrinsic [O ii] luminosity given in Eq. 8,
L(�j), is attenuated by interstellar dust as follows:

L(�j)
att = L(�j)10

�0.4A�(⌧z

�
,✓)

, (9)

where A�(⌧
z

� , ✓) represents the attenuation coe�cient de-
fined as a function of the galaxy optical depth ⌧

z

� and the
dust scattering angle ✓. Explicitly we have (Spitzer 1978; Os-
terbrock 1989; Draine 2003; Izquierdo-Villalba et al. 2019):

A�(⌧
z

� , ✓) = �2.5 log10
1� exp(�a� sec ✓)

a� sec ✓
, (10)

where a� =
p
1� !�⌧

z

� and !� is the dust albedo, i.e. the
fraction of the extinction that is scattering. We assume
cos ✓ = 0.60 and !� = 0.80, meaning that the scattering
is not isotropic but more forward-oriented, and that 80% of
the extinction is scattering. These are the values that re-
turn the best agreement with DEEP2+VVDS observations
in Fig. 9.

The galaxy optical depth ⌧
z

� that enters Eq. 10 is defined
as (Devriendt et al. 1999; Hatton et al. 2003; De Lucia &
Blaizot 2007):

⌧
z

� =

✓
A�

AV

◆

Z�

✓
Zcold

Z�

◆
s
✓

hNHi
2.1⇥ 1021atoms cm�2

◆
,

(11)
where the first two factors on the right-hand side represent
the extinction curve. This depends on the cold gas metallic-
ity Zcold defined in Eq. 5 according to power-law interpola-
tions based on the solar neighbourhood, the Small and the
Large Magellanic Clouds. The exponent s = 1.6 (Guiderdoni
& Rocca-Volmerange 1987) holds for the � > 2000Å regime,
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reasonable agreement with the observed H↵, [O ii]�3727,
[O iii]�5007 luminosity functions, and the Baldwin, Phillips
& Terlevich (BPT; Baldwin et al. 1981) diagram for local
star-forming galaxies. Ideally, the get emlines methodol-
ogy requires as input the cold gas metallicity and the instan-
taneous SFR. This latter quantity, however, is not usually
output by SAMs. The instantaneous SFR is preferred to a
time-averaged equivalent, as the latter can include contribu-
tions from stellar populations older than those responsible
for generating the nebular emission in star-forming galaxies.

sag is the only semi-analytic model providing both
instantaneous and average SFR values, while sage and
galacticus only provide average SFRs. In the next sec-
tion, we describe in detail the get emlines algorithm to be
used in the L[O ii] calculation for a semi-analytic model. Be-
cause SAMs do not usually output the instantaneous SFR,
which is needed as default input for the get emlines code,
we test the usage of the average SFR and how this a↵ects
di↵erent galactic properties.

3.1 The code

We now describe step by step how we have implemented the
get emlines nebular emission code to obtain [O ii] lumi-
nosities for theMultiDark-Galaxies. This methodology is
based on the photoionisation code MAPPINGS-III (Groves
et al. 2004; Allen et al. 2008), which relates the ionisation
parameter of gas in galaxies, q, to their cold gas metallicity
Zcold as:

q(Z) = q0

✓
Zcold

Z0

◆��

, (4)

where q0 is the ionisation parameter of a galaxy that has
cold gas metallicity Z0 and � is the exponent of the power
law. Following Orsi et al. (2014), from the pre-computed
H ii region model grid of Levesque et al. (2010), we assume
q0 = 2.8 ⇥ 107 cm s�1, Z0 = 0.012 and � = 1.3 for all the
analysed galaxy models. This specific combination of val-
ues was presented in Orsi et al. (2014), and it has ioniza-
tion parameter values that bracket the range spanned by
the MAPPINGS-III grid for the bulk of the galaxy popula-
tion studied in that work. The q0 and � parameters above
were found to produce model H↵, [O ii]�3727 (to indicate
the doublet), [O iii]�5007 luminosity functions and a model
BTP (Baldwin et al. 1981) diagram for local star-forming
galaxies in good agreement with observations.

The get emlines code has been calibrated to repro-
duce a range of luminosity functions at di↵erent redshifts
and local line ratios diagrams, and it has been tested against
observations up to z = 5 (Orsi et al. 2014). A di↵erent com-
bination of q0 and � changes the L[O ii] results in a com-
plicated way. For instance, higher parameter values produce
a lower number density of bright emitters, which translates
into a substantial di↵erence in the lower peak of the L[O ii]-
SFR bimodality shown in Fig. 5. Changing the q0 and �

parameters would require to recalibrate the get emlines
model, and this goes beyond the scope of this work.

The cold gas metallicity is defined as the ratio between
the cold gas mass in metals and the cold gas mass (e.g.,
Yates 2014), considering both bulge and disc components,
when available:

Zcold =
MZcold

Mcold
. (5)

Another fundamental quantity needed to derive the

[O ii] line luminosity is the hydrogen ionising photon rate
defined as:

QH0 =

Z
�0

0

�L�

hc
d�, (6)

where L� is the galaxy composite SED in erg s�1 Å�1,
�0 = 912Å, c is the speed of light and h is the Planck con-
stant. QH0 is a unit-less quantity calculated at each model
snapshot just by solving the integral above. Assuming a
Kroupa (2001) IMF, one can express the ionising photon
rate as a function of the instantaneous star formation rate
as (Falcón-Barroso & Knapen 2013):

QH0 = log101.35 + log10(SFR/M� yr�1) + 53.0. (7)

Combining Eq. 7 with the attenuation-corrected
emission-line lists from Levesque et al. (2010), normalised
to the H↵ line flux, we compute the [O ii] luminosity as:

L(�j) = 1.37⇥ 10�12
QH0

F (�j , q, Zcold)
F (H↵, q, Zcold)

, (8)

where F (�j , q, Zcold) is the MAPPINGS-III prediction of the
desired emission line flux at wavelength �j for a given set of
(q, Zcold) and F (H↵, q, Zcold) is the H↵ normalisation flux.

The total luminosity of the [O ii] doublet is the sum of
the luminosities of the two lines at �j = 3727, 3729 Å, both
calculated using Eq. 8.

The [O ii] luminosity in Eq. 8 does not include any dust
contribution. In order to account for dust attenuation, we
implement the correction detailed in next Section using
Cardelli et al. (1989) extinction curve.

3.2 Dust extinction

In this study, the intrinsic [O ii] luminosity given in Eq. 8,
L(�j), is attenuated by interstellar dust as follows:

L(�j)
att = L(�j)10

�0.4A�(⌧z

�
,✓)

, (9)

where A�(⌧
z

� , ✓) represents the attenuation coe�cient de-
fined as a function of the galaxy optical depth ⌧

z

� and the
dust scattering angle ✓. Explicitly we have (Spitzer 1978; Os-
terbrock 1989; Draine 2003; Izquierdo-Villalba et al. 2019):

A�(⌧
z

� , ✓) = �2.5 log10
1� exp(�a� sec ✓)

a� sec ✓
, (10)

where a� =
p
1� !�⌧

z

� and !� is the dust albedo, i.e. the
fraction of the extinction that is scattering. We assume
cos ✓ = 0.60 and !� = 0.80, meaning that the scattering
is not isotropic but more forward-oriented, and that 80% of
the extinction is scattering. These are the values that re-
turn the best agreement with DEEP2+VVDS observations
in Fig. 9.

The galaxy optical depth ⌧
z

� that enters Eq. 10 is defined
as (Devriendt et al. 1999; Hatton et al. 2003; De Lucia &
Blaizot 2007):

⌧
z

� =

✓
A�

AV

◆

Z�

✓
Zcold

Z�

◆
s
✓

hNHi
2.1⇥ 1021atoms cm�2

◆
,

(11)
where the first two factors on the right-hand side represent
the extinction curve. This depends on the cold gas metallic-
ity Zcold defined in Eq. 5 according to power-law interpola-
tions based on the solar neighbourhood, the Small and the
Large Magellanic Clouds. The exponent s = 1.6 (Guiderdoni
& Rocca-Volmerange 1987) holds for the � > 2000Å regime,
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where the [O ii] line is located. The (A�/AV )
Z�

term is the

extinction curve for solar metallicity, which we take to be
that of the Milky Way, and hNHi the mean hydrogen col-
umn density. We adopt the values Z� = 0.0134 (Asplund
et al. 2009) for the solar metallicity.

Assuming the Cardelli et al. (1989) extinction law in
0.3µm 6 � < 0.9µm (i.e., optical/NIR regime), one has:

✓
A�

AV

◆
= a(x) + b(x)/RV , (12)

where x ⌘ �
�1, RV ⌘ AV /E(B�V ) = 3.1 is the ratio of to-

tal to selective extinction for the di↵use interstellar medium
in the Milky Way, and

a(x) =1 + 0.17699 y � 0.50447 y2 � 0.02427 y3+

0.72085 y4 + 0.01979 y5 � 0.77530 y6 + 0.32999 y7
,

b(x) =1.41338 y + 2.28305 y2 + 1.07233 y3 � 5.38434 y4

� 0.62251 y5 + 5.30260 y6 � 2.09002 y7
,

(13)
with y = (x� 1.82).

The mean hydrogen column density is given by (Hatton
et al. 2003; De Lucia & Blaizot 2007):

hNHi = M
disc
cold

1.4mp ⇡ (aRdisc
1/2 )

2
atoms cm�2

, (14)

where M
disc
cold is the cold gas mass of the disc, mp = 1.67 ⇥

10�27 kg is the proton mass, a = 1.68 is such that the column
density represents the mass-weighted mean column density
of the disc, and R

disc
1/2 is the disc half-mass radius.

Qualitatively for this dust attenuation model12, galaxies
with large amounts of cold gas, metal rich cold gas and/or
small scale sizes, will be the most attenuated ones (see also
Merson et al. 2016).

3.3 Instantaneous versus average SFR

The get emlines code described in Section 3.1 ideally re-
quires as inputs the instantaneous SFR and cold gas metal-
licity of galaxies. The instantaneous SFR, which is defined
on a smaller time-step compared to the average SFR (see
Sec. 2.1.4), traces very recent or ongoing episodes of star-
formation, that are the relevant ones for nebular emission.

Fig. 5 shows, as a function of SFR, the intrinsic (i.e. cor-
rected from dust attenuation) L[O ii] that the coupling with
get emlines gives for both the instantaneous (solid con-
tours) and average (dashed) SFR from sag at z ⇠ 1. The
innermost (outermost) contours enclose 68% (95%) of our
model galaxies. The diagonal lines show the correlations be-
tween SFR and L[O ii]. These are tight correlations, whose
best-fitting parameters are reported in Table 1. Under laid
are the DEEP2-FF observational data at 0.9 < z < 1.1.
Overall, the model galaxy distributions presented in Fig. 5
are very similar for the L[O ii] derived from either the in-
stantaneous or the average SFRs. These distributions show
a bimodality that can also be seen in the observations.

The instantaneous and average SFR derived distribu-
tions di↵er the most at SFR. 100 yr�1M�, with [O ii] lumi-
nosities from average SFR being ⇠ 0.2 dex fainter than those
from instantaneous SFR. At SFR⇠ 101.5yr�1M�, there are
slightly less bright [O ii] emitters from instantaneous SFR.

12 Our implementation of the dust attenuation model is available
at https://github.com/gfavole/dust

Figure 5. Intrinsic [O ii] luminosity as a function of the SFR for
the sag model galaxies at z ⇠ 1 (contours) and the DEEP2-FF
observations at 0.9 < z < 1.1 (grey, shaded squares). The bar rep-
resents the number density of DEEP2-FF galaxies in each 2D bin
normalised by the bin area in units of [dex�2 Mpc�3]. We have
imposed a minimum [O ii] flux of 5⇥10�18erg s�1 cm�2 to both
observations and models. The model L[O ii] values are calculated
by assuming instantaneous (solid, purple contours) and average
(dashed, salmon) SFR as input for the get emlines prescrip-
tion. The innermost (outermost) model contours encompass 68%
(95%) percent of the galaxy distributions. The diagonal lines rep-
resent the L[O ii]-SFR correlations, whose coe�cients are given
in Table 1.

DEEP2-FF galaxies in the upper density peak of the
observed bimodal distribution shown in Fig. 5 are older,
more massive, more luminous and slightly more star-forming
(mean values: hagei ⇠ 109.28yr, hM? i ⇠ 1010.42M�, hL[O ii]
i ⇠ 1041.48erg s�1, hSFRi ⇠ 101.13yr�1M�) compared to
their counterparts in the lower density area (⇠ 109.13yr,
⇠ 1010.22M�, ⇠ 1039.07erg s�1, ⇠ 101.08yr�1M�). Overall,
we find an opposite trend for model galaxies. In fact, the up-
per peak of the bimodality is composed of younger, less mas-
sive, slightly more luminous, less star-forming galaxies with
mean values: hagei ⇠ 109.16yr, hM? i ⇠ 109.58M�, hL[O ii]
i ⇠ 1041.26erg s�1, hSFRi ⇠ 100.21yr�1M�); the lower peak
has mean values: hagei ⇠ 109.32yr, hM? i ⇠ 1010.06M�,
hL[O ii] i ⇠ 1041.25erg s�1, hSFRi ⇠ 100.83yr�1M�.

At the end of this Section, we will discuss further the
origin of the DEEP2-FF L[O ii]-SFR bimodal trend in con-
nection with other galactic properties shown in Fig. 8.

In the top panel of Fig. 6 we compare the average
(dashed, salmon) and instantaneous (solid, purple) sag SFR
functions at z ⇠ 1, whose ratio is displayed in the bot-
tom panel. The instantaneous and average SFR functions
remain within 5% of each other at SFR> 100 yr�1M� (the
5% region is highlighted by the yellow shade). There is a
slightly larger fraction, within 20%, of SAG galaxies having
low average SFR, SFR< 100 yr�1M�, than instantaneous
values. The main di↵erence between average and instanta-
neous SFRs is found for galaxies with the highest specific
SFR (i.e., SFR/M? ) and stellar masses below 1011M�.

The top panel in Fig. 7 presents the intrinsic (thick
lines) and attenuated (thin) [O ii] luminosity functions de-
rived from the average SFR (dashed, salmon line) and in-
stantaneous SFR (solid, purple) from SAG. We impose on
the sag model galaxies the same [O ii] flux limit of DEEP2-
FF observations, 5 ⇥ 10�18erg s�1 cm�2 (see Sec. 2.2.2),
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reasonable agreement with the observed H↵, [O ii]�3727,
[O iii]�5007 luminosity functions, and the Baldwin, Phillips
& Terlevich (BPT; Baldwin et al. 1981) diagram for local
star-forming galaxies. Ideally, the get emlines methodol-
ogy requires as input the cold gas metallicity and the instan-
taneous SFR. This latter quantity, however, is not usually
output by SAMs. The instantaneous SFR is preferred to a
time-averaged equivalent, as the latter can include contribu-
tions from stellar populations older than those responsible
for generating the nebular emission in star-forming galaxies.

sag is the only semi-analytic model providing both
instantaneous and average SFR values, while sage and
galacticus only provide average SFRs. In the next sec-
tion, we describe in detail the get emlines algorithm to be
used in the L[O ii] calculation for a semi-analytic model. Be-
cause SAMs do not usually output the instantaneous SFR,
which is needed as default input for the get emlines code,
we test the usage of the average SFR and how this a↵ects
di↵erent galactic properties.

3.1 The code

We now describe step by step how we have implemented the
get emlines nebular emission code to obtain [O ii] lumi-
nosities for theMultiDark-Galaxies. This methodology is
based on the photoionisation code MAPPINGS-III (Groves
et al. 2004; Allen et al. 2008), which relates the ionisation
parameter of gas in galaxies, q, to their cold gas metallicity
Zcold as:

q(Z) = q0

✓
Zcold

Z0

◆��

, (4)

where q0 is the ionisation parameter of a galaxy that has
cold gas metallicity Z0 and � is the exponent of the power
law. Following Orsi et al. (2014), from the pre-computed
H ii region model grid of Levesque et al. (2010), we assume
q0 = 2.8 ⇥ 107 cm s�1, Z0 = 0.012 and � = 1.3 for all the
analysed galaxy models. This specific combination of val-
ues was presented in Orsi et al. (2014), and it has ioniza-
tion parameter values that bracket the range spanned by
the MAPPINGS-III grid for the bulk of the galaxy popula-
tion studied in that work. The q0 and � parameters above
were found to produce model H↵, [O ii]�3727 (to indicate
the doublet), [O iii]�5007 luminosity functions and a model
BTP (Baldwin et al. 1981) diagram for local star-forming
galaxies in good agreement with observations.

The get emlines code has been calibrated to repro-
duce a range of luminosity functions at di↵erent redshifts
and local line ratios diagrams, and it has been tested against
observations up to z = 5 (Orsi et al. 2014). A di↵erent com-
bination of q0 and � changes the L[O ii] results in a com-
plicated way. For instance, higher parameter values produce
a lower number density of bright emitters, which translates
into a substantial di↵erence in the lower peak of the L[O ii]-
SFR bimodality shown in Fig. 5. Changing the q0 and �

parameters would require to recalibrate the get emlines
model, and this goes beyond the scope of this work.

The cold gas metallicity is defined as the ratio between
the cold gas mass in metals and the cold gas mass (e.g.,
Yates 2014), considering both bulge and disc components,
when available:

Zcold =
MZcold

Mcold
. (5)

Another fundamental quantity needed to derive the

[O ii] line luminosity is the hydrogen ionising photon rate
defined as:

QH0 =

Z
�0

0

�L�

hc
d�, (6)

where L� is the galaxy composite SED in erg s�1 Å�1,
�0 = 912Å, c is the speed of light and h is the Planck con-
stant. QH0 is a unit-less quantity calculated at each model
snapshot just by solving the integral above. Assuming a
Kroupa (2001) IMF, one can express the ionising photon
rate as a function of the instantaneous star formation rate
as (Falcón-Barroso & Knapen 2013):

QH0 = log101.35 + log10(SFR/M� yr�1) + 53.0. (7)

Combining Eq. 7 with the attenuation-corrected
emission-line lists from Levesque et al. (2010), normalised
to the H↵ line flux, we compute the [O ii] luminosity as:

L(�j) = 1.37⇥ 10�12
QH0

F (�j , q, Zcold)
F (H↵, q, Zcold)

, (8)

where F (�j , q, Zcold) is the MAPPINGS-III prediction of the
desired emission line flux at wavelength �j for a given set of
(q, Zcold) and F (H↵, q, Zcold) is the H↵ normalisation flux.

The total luminosity of the [O ii] doublet is the sum of
the luminosities of the two lines at �j = 3727, 3729 Å, both
calculated using Eq. 8.

The [O ii] luminosity in Eq. 8 does not include any dust
contribution. In order to account for dust attenuation, we
implement the correction detailed in next Section using
Cardelli et al. (1989) extinction curve.

3.2 Dust extinction

In this study, the intrinsic [O ii] luminosity given in Eq. 8,
L(�j), is attenuated by interstellar dust as follows:

L(�j)
att = L(�j)10

�0.4A�(⌧z

�
,✓)

, (9)

where A�(⌧
z

� , ✓) represents the attenuation coe�cient de-
fined as a function of the galaxy optical depth ⌧

z

� and the
dust scattering angle ✓. Explicitly we have (Spitzer 1978; Os-
terbrock 1989; Draine 2003; Izquierdo-Villalba et al. 2019):

A�(⌧
z

� , ✓) = �2.5 log10
1� exp(�a� sec ✓)

a� sec ✓
, (10)

where a� =
p
1� !�⌧

z

� and !� is the dust albedo, i.e. the
fraction of the extinction that is scattering. We assume
cos ✓ = 0.60 and !� = 0.80, meaning that the scattering
is not isotropic but more forward-oriented, and that 80% of
the extinction is scattering. These are the values that re-
turn the best agreement with DEEP2+VVDS observations
in Fig. 9.

The galaxy optical depth ⌧
z

� that enters Eq. 10 is defined
as (Devriendt et al. 1999; Hatton et al. 2003; De Lucia &
Blaizot 2007):

⌧
z

� =
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AV

◆
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✓
Zcold
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◆
s
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hNHi
2.1⇥ 1021atoms cm�2

◆
,

(11)
where the first two factors on the right-hand side represent
the extinction curve. This depends on the cold gas metallic-
ity Zcold defined in Eq. 5 according to power-law interpola-
tions based on the solar neighbourhood, the Small and the
Large Magellanic Clouds. The exponent s = 1.6 (Guiderdoni
& Rocca-Volmerange 1987) holds for the � > 2000Å regime,
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where the [O ii] line is located. The (A�/AV )
Z�

term is the

extinction curve for solar metallicity, which we take to be
that of the Milky Way, and hNHi the mean hydrogen col-
umn density. We adopt the values Z� = 0.0134 (Asplund
et al. 2009) for the solar metallicity.

Assuming the Cardelli et al. (1989) extinction law in
0.3µm 6 � < 0.9µm (i.e., optical/NIR regime), one has:

✓
A�

AV

◆
= a(x) + b(x)/RV , (12)

where x ⌘ �
�1, RV ⌘ AV /E(B�V ) = 3.1 is the ratio of to-

tal to selective extinction for the di↵use interstellar medium
in the Milky Way, and

a(x) =1 + 0.17699 y � 0.50447 y2 � 0.02427 y3+

0.72085 y4 + 0.01979 y5 � 0.77530 y6 + 0.32999 y7
,

b(x) =1.41338 y + 2.28305 y2 + 1.07233 y3 � 5.38434 y4

� 0.62251 y5 + 5.30260 y6 � 2.09002 y7
,

(13)
with y = (x� 1.82).

The mean hydrogen column density is given by (Hatton
et al. 2003; De Lucia & Blaizot 2007):

hNHi = M
disc
cold

1.4mp ⇡ (aRdisc
1/2 )

2
atoms cm�2

, (14)

where M
disc
cold is the cold gas mass of the disc, mp = 1.67 ⇥

10�27 kg is the proton mass, a = 1.68 is such that the column
density represents the mass-weighted mean column density
of the disc, and R

disc
1/2 is the disc half-mass radius.

Qualitatively for this dust attenuation model12, galaxies
with large amounts of cold gas, metal rich cold gas and/or
small scale sizes, will be the most attenuated ones (see also
Merson et al. 2016).

3.3 Instantaneous versus average SFR

The get emlines code described in Section 3.1 ideally re-
quires as inputs the instantaneous SFR and cold gas metal-
licity of galaxies. The instantaneous SFR, which is defined
on a smaller time-step compared to the average SFR (see
Sec. 2.1.4), traces very recent or ongoing episodes of star-
formation, that are the relevant ones for nebular emission.

Fig. 5 shows, as a function of SFR, the intrinsic (i.e. cor-
rected from dust attenuation) L[O ii] that the coupling with
get emlines gives for both the instantaneous (solid con-
tours) and average (dashed) SFR from sag at z ⇠ 1. The
innermost (outermost) contours enclose 68% (95%) of our
model galaxies. The diagonal lines show the correlations be-
tween SFR and L[O ii]. These are tight correlations, whose
best-fitting parameters are reported in Table 1. Under laid
are the DEEP2-FF observational data at 0.9 < z < 1.1.
Overall, the model galaxy distributions presented in Fig. 5
are very similar for the L[O ii] derived from either the in-
stantaneous or the average SFRs. These distributions show
a bimodality that can also be seen in the observations.

The instantaneous and average SFR derived distribu-
tions di↵er the most at SFR. 100 yr�1M�, with [O ii] lumi-
nosities from average SFR being ⇠ 0.2 dex fainter than those
from instantaneous SFR. At SFR⇠ 101.5yr�1M�, there are
slightly less bright [O ii] emitters from instantaneous SFR.

12 Our implementation of the dust attenuation model is available
at https://github.com/gfavole/dust
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Figure 5. Intrinsic [O ii] luminosity as a function of the SFR for
the sag model galaxies at z ⇠ 1 (contours) and the DEEP2-FF
observations at 0.9 < z < 1.1 (grey, shaded squares). The bar rep-
resents the number density of DEEP2-FF galaxies in each 2D bin
normalised by the bin area in units of [dex�2 Mpc�3]. We have
imposed a minimum [O ii] flux of 5⇥10�18erg s�1 cm�2 to both
observations and models. The model L[O ii] values are calculated
by assuming instantaneous (solid, purple contours) and average
(dashed, salmon) SFR as input for the get emlines prescrip-
tion. The innermost (outermost) model contours encompass 68%
(95%) percent of the galaxy distributions. The diagonal lines rep-
resent the L[O ii]-SFR correlations, whose coe�cients are given
in Table 1.

DEEP2-FF galaxies in the upper density peak of the
observed bimodal distribution shown in Fig. 5 are older,
more massive, more luminous and slightly more star-forming
(mean values: hagei ⇠ 109.28yr, hM? i ⇠ 1010.42M�, hL[O ii]
i ⇠ 1041.48erg s�1, hSFRi ⇠ 101.13yr�1M�) compared to
their counterparts in the lower density area (⇠ 109.13yr,
⇠ 1010.22M�, ⇠ 1039.07erg s�1, ⇠ 101.08yr�1M�). Overall,
we find an opposite trend for model galaxies. In fact, the up-
per peak of the bimodality is composed of younger, less mas-
sive, slightly more luminous, less star-forming galaxies with
mean values: hagei ⇠ 109.16yr, hM? i ⇠ 109.58M�, hL[O ii]
i ⇠ 1041.26erg s�1, hSFRi ⇠ 100.21yr�1M�); the lower peak
has mean values: hagei ⇠ 109.32yr, hM? i ⇠ 1010.06M�,
hL[O ii] i ⇠ 1041.25erg s�1, hSFRi ⇠ 100.83yr�1M�.

At the end of this Section, we will discuss further the
origin of the DEEP2-FF L[O ii]-SFR bimodal trend in con-
nection with other galactic properties shown in Fig. 8.

In the top panel of Fig. 6 we compare the average
(dashed, salmon) and instantaneous (solid, purple) sag SFR
functions at z ⇠ 1, whose ratio is displayed in the bot-
tom panel. The instantaneous and average SFR functions
remain within 5% of each other at SFR> 100 yr�1M� (the
5% region is highlighted by the yellow shade). There is a
slightly larger fraction, within 20%, of SAG galaxies having
low average SFR, SFR< 100 yr�1M�, than instantaneous
values. The main di↵erence between average and instanta-
neous SFRs is found for galaxies with the highest specific
SFR (i.e., SFR/M? ) and stellar masses below 1011M�.

The top panel in Fig. 7 presents the intrinsic (thick
lines) and attenuated (thin) [O ii] luminosity functions de-
rived from the average SFR (dashed, salmon line) and in-
stantaneous SFR (solid, purple) from SAG. We impose on
the sag model galaxies the same [O ii] flux limit of DEEP2-
FF observations, 5 ⇥ 10�18erg s�1 cm�2 (see Sec. 2.2.2),
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Figure 6. Average (dashed, salmon) versus instantaneous (solid,
purple) SFR functions for SAG model galaxies. The bottom panel
shows the ratio between the two, and the yellow, shaded region
highlights the 5% region of agreement.
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Figure 7. Intrinsic (thick lines) and attenuated (thin) [O ii] lu-
minosity functions based on sag average (dashed, salmon) and
instantaneous SFR (solid, purple). The bottom panel shows the
ratios between the two and the yellow stripe highlights the 5% re-
gion of agreement. We apply the mocks the same [O ii] flux limit of
DEEP2-FF observations, 5⇥ 10�18erg s�1 cm�2 (see Sec. 2.2.2).

which corresponds to L[O ii] ⇠ 1040.4 erg s�1 at z = 1 in
Planck cosmology (Planck Collaboration et al. 2015). The
instantaneous-to-average amplitude ratios are displayed in
the bottom panel of Fig. 7. The intrinsic (attenuated) L[O ii]
functions have di↵erences below 5% for luminosities in the
range 1041 � 1043 erg s�1 (1041 � 1042.2 erg s�1), which are
highlighted by the yellow shade. At lower (higher) luminosi-
ties, the discrepancies grow up to 20% (30%). For the bright-
est galaxies, the discrepancy remains within 50%. The dif-
ference produced in L[O ii] by assuming average instead of
instantaneous SFR does not change significantly with red-
shift over the range 0.6 < z < 1.2 (see AppendixB for fur-

Figure 8. From top to bottom: intrinsic magnitudes, ages and
stellar masses as a function of star formation rate for sag (con-
tours) at z ⇠ 1 and DEEP2-FF observations at 0.9 < z < 1.1
(grey, shaded squares). The colour bar shows the number den-
sity of DEEP2 galaxies per bin area in units of [dex�2 Mpc�3].
The dashed, salmon (solid, purple) contours represent the aver-
age (instantaneous) SFRs. The innermost (outermost) contours
encompass 68% (95%) of the distributions. The diagonal lines are
the linear fits showing the significant correlations (i.e. r > 0.6),
whose coe�cients are reported in Table 2, together with the best-
fit parameters.

y=Ax+B A B �y r

y=log10(L[O ii])
x=log10(SFRavg) 0.625±0.001 41.03±0.01 0.40 0.83
x=log10(SFRinst) 0.609±0.001 41.05±0.01 0.38 0.80

y=Mu

x=log10(SFRavg) -1.859±0.001 -18.17±0.01 1.07 0.92
x=log10(SFRinst) -1.934±0.001 -18.06±0.01 1.07 0.90

y=Mg

x=log10(SFRavg) -1.951±0.001 -19.09±0.01 1.11 0.93
x=log10(SFRinst) -2.029±0.001 -18.98±0.01 1.11 0.91

y=log10(M?)
x=log10(SFRavg) 0.897±0.001 9.27±0.01 0.54 0.89
x=log10(SFRinst) 0.939±0.001 9.21±0.01 0.54 0.87

Table 1. Best-fit parameters of the linear scaling relations found
for sag model galaxies at z = 1 and shown in Fig. 8. The param-
eter r is the correlation coe�cient and �y is the scatter in the
y-axis. All the L[O ii] values are intrinsic.

ther details). Thus, the average and instantaneous SFR can
be assumed interchangeably for average galaxies.

In Fig. 8, from top to bottom, we display the sag broad-
band u and g absolute magnitudes, ages and stellar masses
as a function of the average SFR (dashed, salmon contour)
and instantaneous SFR (solid, purple). We compare them
with the DEEP2-FF observations at 0.9 < z < 11 (grey,
shaded squares). Except for the age, all these properties
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Traces recent SF episodes, relevant  
for nebular emission 

Mstar formed during the last time step 
(SAG: snap/25, ~10-25Myrs at z=1) average contribution of all the steps 

<5% discrepancy at logL[OII]att<42.2 Good qualitative overlap with DEEP2

We check the feasibility of calculating L[OII] using average SFRs: 
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Figure 11. Intrinsic [O ii] luminosity as a function of the SFR from the MultiDark-Galaxies at z ⇠ 1 (salmon, yellow and blue, filled
contours), compared with the DEEP2-FF observations at 0.9 < z < 1.1 (grey, shaded squares, colour-coded with the density of emitters
per 2D bin area). The innermost (outermost) contour represents 68% (95%) of the galaxy distributions. For sag model galaxies, the [O ii]
luminosities have been computed from instantaneous SFRs, while for the other SAMs they are based on average SFRs. Both data and
model ELGs are selected imposing a minimum [O ii] flux of 5⇥10�18 erg s�1 cm�2. The thick, coloured, diagonal lines are the linear
fits to each SAM distribution, and their best-fit parameters are reported in Table 2. The black dot-dashed and dashed, diagonal lines are
the L[O ii] predictions obtained from the SFR range of interest using Eqs. 15 and 16, respectively. The green, empty contours are the
Kewley et al. (2004) predictions obtained using Eq. 17 with SFR and cold gas metallicity as inputs. The green, solid lines are the same
predictions assuming median metallicity values in bins of SFR.

Figure 12. From top to bottom and from left to right: sag, sage and galacticus z ⇠ 1 intrinsic [O ii] luminosities versus broad-band
magnitudes, ages and stellar masses (contours) compared with the DEEP2-FF observations at 0.9 < z < 1.1 (grey, shaded squares). The
L[O ii] values are computed using the get emlines code with instantaneous SFR for sag and average SFR for sage and galacticus.
The innermost and outermost model contours represent 68% (1�) and 95% (2�) of the distribution. A minimum [O ii] flux cut of
5⇥ 10�18 erg s�1 cm�2 has been applied to both data and model galaxies. The diagonal lines are the linear fits for strong correlations
with r > 0.6, as reported in Table 2.
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Qualitatively compare the L[OII] - SFR dependence  against 3 published relations 
calibrated on different data sets: 

Moustakas et al. 2006, z=0.1: 

Sobral et al. 2012, z=1.47:

Kewley et al. 2004, z=1: 
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4 [O LUMINOSITY PROXIES

Observational studies have shown tight correlations between
the [O ii] luminosity, SFR (Kennicutt 1998; Sobral et al.
2012; Kewley et al. 2004; Moustakas et al. 2006; Comparat
et al. 2015) and the galaxy UV-emission (Comparat et al.
2015), without the need to introduce any dependence on
metallicity (Moustakas et al. 2006). This has prompted au-
thors of theoretical papers to treat star-forming galaxies as
ELGs when making predictions for upcoming surveys (e.g.
Orsi & Angulo 2018; Jiménez et al. 2019).

Here we explore the possibility of using simple, linear re-
lations to infer the [O ii] luminosity from global galaxy prop-
erties that are commonly output in SAMs. For this purpose,
we investigate both observationally motivated prescrip-
tions (Section 4.1), and we derive model relations from the
get emlines code coupled with the SAMs considered (Sec-
tions 4.2 and 4.3). For this last study, we quantify the cor-
relation between the model L[O ii] from get emlines with
the average SFR, broad-band magnitudes, stellar masses,
ages and cold gas metallicities. Directly using the measured
L[O ii]-SFR linear relation is useful to understand when is
adequate to consider ELGs equivalent to star-forming galax-
ies and when it is not.

We find that the stellar mass of the MultiDark-
Galaxies are una↵ected by the change in proxies for es-
timating their [O ii] luminosities. As a consequence, the
stellar-to-halo mass relation (SHMR) is also unchanged us-
ing di↵erent L[O ii] proxies.

We remind the reader that, unless otherwise specified,
we exclusively select emission line galaxies with fluxes above
5⇥ 10�18erg s�1 cm�2 in both the DEEP2-FF observations
and MultiDark-Galaxies. This flux limit corresponds to
a L[O ii] > 1040.4 erg s�1 at z = 1 in the Planck cosmology
(Planck Collaboration et al. 2015). All the results in what
follows have these minimum cuts applied.

4.1 The SFR–L[O relation

In this Section, we derive intrinsic L[O ii] from the aver-
age SFR of the MultiDark-Galaxies using three di↵er-
ent, published relations assuming a Kennicutt (1998) IMF.
These are: the Moustakas et al. (2006) conversion (see also
Comparat et al. 2015) calibrated at z = 0.1,

LMoust
[OII] (erg s�1) =

SFR(M� yr�1)
2.18⇥ 10�41

, (15)

the Sobral et al. (2012) formulation optimised at z = 1.47,

LSob
[OII](erg s�1) =

SFR(M� yr�1)
1.4⇥ 10�41

, (16)

the Kewley et al. (2004) conversion calibrated at z = 1,

LKew
[OII](erg s

�1) =
SFR(M� yr�1)
7.9⇥ 10�42

⇥(a[12 + log10(O/H)cold] + b).

(17)

The coe�cients (a, b) in the equation above are the values
from Kewley et al. (2004) derived for the R23 metallicity
diagnostic (Pagel et al. 1979). The [12+log10(O/H)cold] term
is the [O ii] ELG gas-phase oxygen abundance, which we
proxy with the cold gas-phase metallicity Zcold given in Eq. 5
through the solar abundance and metallicity. Explicitly we
have:

12 + log10 (O/H)cold = [12 + log10 (O/H)�]
Zcold

Z�
, (18)

Figure 10. Mean gas-phase oxygen abundance in bins of stellar
mass of the SDSS emission line galaxies at z ⇠ 0.1 (Favole et al.
2017) compared to the MultiDark-Galaxies models. The abun-
dance is computed for the SAMs using Eq. 18. The error bars on
the SDSS measurements are the 1� scatter around the mean.

where we assume Z� = 0.0134 (Asplund et al. 2009), and
[12 + log10 (O/H)�] = 8.69 (Allende Prieto et al. 2001). As
the above relations are for intrinsic luminosities, dust atten-
uated quantities are obtained following the description in
§ 3.2.

For sag and galacticus, galaxies’ cold gas is broken
into bulge and disc components (see their respective papers
for their definitions of a ‘gas bulge’); we therefore take a
mass-weighted average of these components’ metallicities to
obtain Zcold. sage instead always treats cold gas as being
in a disc. In addition, the sag catalogues also output the
(O/H)cold values, which are mass density ratios, that we use
in the calculation of Eq. 17 for sag model galaxies. In order
to derive the correct abundances in terms of number den-
sities, we need to rescale them by the Oxygen-to-Hydrogen
atomic weight ratio, AO/AH ⇠ 15.87.

Fig. 10 displays the comparison between the gas-phase
oxygen abundances of our SAM galaxies computed using
Eq. 18 and the observed abundance of the SDSS [O ii] ELGs
at z ⇠ 0.1 from Favole et al. (2017). The SDSS metallicity
values have been derived from the MPA-JHU DR713 cata-
logue of spectrum measurements and are built according to
the works of Tremonti et al. (2004) and Brinchmann et al.
(2004). Overall, we find that the gas-phase oxygen abun-
dance in MultiDark-Galaxies increases with stellar mass
up to M? ⇠ 1011 M�. Beyond this value it drops and reaches
a plateau.

The sag and sage model galaxies under-predict the
gas-phase oxygen abundance by an average factor of ⇠
0.02 dex. This systematic o↵set for SAGE is not predictive,
but purely due to the fact that this model was calibrated
by assuming a di↵erent value of (O/H)�/Z�, specifically
[12 + log10(O/H)] = [9 + log10(Zcold/0.02)]; for further de-
tails, see Knebe et al. (2018).

At M? < 1010.2 M�, galacticus also under-predicts
the gas-phase abundance by the same factor. However, this
model exhibits a bump at M? ⇠ 1010.5 M�. This feature is
related to the excess of galaxies around this stellar mass,
which is seen in the galaxy stellar mass function (see Fig. 3).
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uated quantities are obtained following the description in
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into bulge and disc components (see their respective papers
for their definitions of a ‘gas bulge’); we therefore take a
mass-weighted average of these components’ metallicities to
obtain Zcold. sage instead always treats cold gas as being
in a disc. In addition, the sag catalogues also output the
(O/H)cold values, which are mass density ratios, that we use
in the calculation of Eq. 17 for sag model galaxies. In order
to derive the correct abundances in terms of number den-
sities, we need to rescale them by the Oxygen-to-Hydrogen
atomic weight ratio, AO/AH ⇠ 15.87.

Fig. 10 displays the comparison between the gas-phase
oxygen abundances of our SAM galaxies computed using
Eq. 18 and the observed abundance of the SDSS [O ii] ELGs
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values have been derived from the MPA-JHU DR713 cata-
logue of spectrum measurements and are built according to
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(2004). Overall, we find that the gas-phase oxygen abun-
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The sag and sage model galaxies under-predict the
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0.02 dex. This systematic o↵set for SAGE is not predictive,
but purely due to the fact that this model was calibrated
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is the [O ii] ELG gas-phase oxygen abundance, which we
proxy with the cold gas-phase metallicity Zcold given in Eq. 5
through the solar abundance and metallicity. Explicitly we
have:

12 + log10 (O/H)cold = [12 + log10 (O/H)�]
Zcold

Z�
, (18)

Figure 10. Mean gas-phase oxygen abundance in bins of stellar
mass of the SDSS emission line galaxies at z ⇠ 0.1 (Favole et al.
2017) compared to the MultiDark-Galaxies models. The abun-
dance is computed for the SAMs using Eq. 18. The error bars on
the SDSS measurements are the 1� scatter around the mean.

where we assume Z� = 0.0134 (Asplund et al. 2009), and
[12 + log10 (O/H)�] = 8.69 (Allende Prieto et al. 2001). As
the above relations are for intrinsic luminosities, dust atten-
uated quantities are obtained following the description in
§ 3.2.

For sag and galacticus, galaxies’ cold gas is broken
into bulge and disc components (see their respective papers
for their definitions of a ‘gas bulge’); we therefore take a
mass-weighted average of these components’ metallicities to
obtain Zcold. sage instead always treats cold gas as being
in a disc. In addition, the sag catalogues also output the
(O/H)cold values, which are mass density ratios, that we use
in the calculation of Eq. 17 for sag model galaxies. In order
to derive the correct abundances in terms of number den-
sities, we need to rescale them by the Oxygen-to-Hydrogen
atomic weight ratio, AO/AH ⇠ 15.87.

Fig. 10 displays the comparison between the gas-phase
oxygen abundances of our SAM galaxies computed using
Eq. 18 and the observed abundance of the SDSS [O ii] ELGs
at z ⇠ 0.1 from Favole et al. (2017). The SDSS metallicity
values have been derived from the MPA-JHU DR713 cata-
logue of spectrum measurements and are built according to
the works of Tremonti et al. (2004) and Brinchmann et al.
(2004). Overall, we find that the gas-phase oxygen abun-
dance in MultiDark-Galaxies increases with stellar mass
up to M? ⇠ 1011 M�. Beyond this value it drops and reaches
a plateau.

The sag and sage model galaxies under-predict the
gas-phase oxygen abundance by an average factor of ⇠
0.02 dex. This systematic o↵set for SAGE is not predictive,
but purely due to the fact that this model was calibrated
by assuming a di↵erent value of (O/H)�/Z�, specifically
[12 + log10(O/H)] = [9 + log10(Zcold/0.02)]; for further de-
tails, see Knebe et al. (2018).

At M? < 1010.2 M�, galacticus also under-predicts
the gas-phase abundance by the same factor. However, this
model exhibits a bump at M? ⇠ 1010.5 M�. This feature is
related to the excess of galaxies around this stellar mass,
which is seen in the galaxy stellar mass function (see Fig. 3).
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4 [O LUMINOSITY PROXIES

Observational studies have shown tight correlations between
the [O ii] luminosity, SFR (Kennicutt 1998; Sobral et al.
2012; Kewley et al. 2004; Moustakas et al. 2006; Comparat
et al. 2015) and the galaxy UV-emission (Comparat et al.
2015), without the need to introduce any dependence on
metallicity (Moustakas et al. 2006). This has prompted au-
thors of theoretical papers to treat star-forming galaxies as
ELGs when making predictions for upcoming surveys (e.g.
Orsi & Angulo 2018; Jiménez et al. 2019).

Here we explore the possibility of using simple, linear re-
lations to infer the [O ii] luminosity from global galaxy prop-
erties that are commonly output in SAMs. For this purpose,
we investigate both observationally motivated prescrip-
tions (Section 4.1), and we derive model relations from the
get emlines code coupled with the SAMs considered (Sec-
tions 4.2 and 4.3). For this last study, we quantify the cor-
relation between the model L[O ii] from get emlines with
the average SFR, broad-band magnitudes, stellar masses,
ages and cold gas metallicities. Directly using the measured
L[O ii]-SFR linear relation is useful to understand when is
adequate to consider ELGs equivalent to star-forming galax-
ies and when it is not.

We find that the stellar mass of the MultiDark-
Galaxies are una↵ected by the change in proxies for es-
timating their [O ii] luminosities. As a consequence, the
stellar-to-halo mass relation (SHMR) is also unchanged us-
ing di↵erent L[O ii] proxies.

We remind the reader that, unless otherwise specified,
we exclusively select emission line galaxies with fluxes above
5⇥ 10�18erg s�1 cm�2 in both the DEEP2-FF observations
and MultiDark-Galaxies. This flux limit corresponds to
a L[O ii] > 1040.4 erg s�1 at z = 1 in the Planck cosmology
(Planck Collaboration et al. 2015). All the results in what
follows have these minimum cuts applied.

4.1 The SFR–L[O relation

In this Section, we derive intrinsic L[O ii] from the aver-
age SFR of the MultiDark-Galaxies using three di↵er-
ent, published relations assuming a Kennicutt (1998) IMF.
These are: the Moustakas et al. (2006) conversion (see also
Comparat et al. 2015) calibrated at z = 0.1,

LMoust
[OII] (erg s�1) =

SFR(M� yr�1)
2.18⇥ 10�41

, (15)

the Sobral et al. (2012) formulation optimised at z = 1.47,

LSob
[OII](erg s�1) =

SFR(M� yr�1)
1.4⇥ 10�41

, (16)

the Kewley et al. (2004) conversion calibrated at z = 1,

LKew
[OII](erg s

�1) =
SFR(M� yr�1)
7.9⇥ 10�42

⇥(a[12 + log10(O/H)cold] + b).

(17)

The coe�cients (a, b) in the equation above are the values
from Kewley et al. (2004) derived for the R23 metallicity
diagnostic (Pagel et al. 1979). The [12+log10(O/H)cold] term
is the [O ii] ELG gas-phase oxygen abundance, which we
proxy with the cold gas-phase metallicity Zcold given in Eq. 5
through the solar abundance and metallicity. Explicitly we
have:

12 + log10 (O/H)cold = [12 + log10 (O/H)�]
Zcold

Z�
, (18)

Figure 10. Mean gas-phase oxygen abundance in bins of stellar
mass of the SDSS emission line galaxies at z ⇠ 0.1 (Favole et al.
2017) compared to the MultiDark-Galaxies models. The abun-
dance is computed for the SAMs using Eq. 18. The error bars on
the SDSS measurements are the 1� scatter around the mean.

where we assume Z� = 0.0134 (Asplund et al. 2009), and
[12 + log10 (O/H)�] = 8.69 (Allende Prieto et al. 2001). As
the above relations are for intrinsic luminosities, dust atten-
uated quantities are obtained following the description in
§ 3.2.

For sag and galacticus, galaxies’ cold gas is broken
into bulge and disc components (see their respective papers
for their definitions of a ‘gas bulge’); we therefore take a
mass-weighted average of these components’ metallicities to
obtain Zcold. sage instead always treats cold gas as being
in a disc. In addition, the sag catalogues also output the
(O/H)cold values, which are mass density ratios, that we use
in the calculation of Eq. 17 for sag model galaxies. In order
to derive the correct abundances in terms of number den-
sities, we need to rescale them by the Oxygen-to-Hydrogen
atomic weight ratio, AO/AH ⇠ 15.87.

Fig. 10 displays the comparison between the gas-phase
oxygen abundances of our SAM galaxies computed using
Eq. 18 and the observed abundance of the SDSS [O ii] ELGs
at z ⇠ 0.1 from Favole et al. (2017). The SDSS metallicity
values have been derived from the MPA-JHU DR713 cata-
logue of spectrum measurements and are built according to
the works of Tremonti et al. (2004) and Brinchmann et al.
(2004). Overall, we find that the gas-phase oxygen abun-
dance in MultiDark-Galaxies increases with stellar mass
up to M? ⇠ 1011 M�. Beyond this value it drops and reaches
a plateau.

The sag and sage model galaxies under-predict the
gas-phase oxygen abundance by an average factor of ⇠
0.02 dex. This systematic o↵set for SAGE is not predictive,
but purely due to the fact that this model was calibrated
by assuming a di↵erent value of (O/H)�/Z�, specifically
[12 + log10(O/H)] = [9 + log10(Zcold/0.02)]; for further de-
tails, see Knebe et al. (2018).

At M? < 1010.2 M�, galacticus also under-predicts
the gas-phase abundance by the same factor. However, this
model exhibits a bump at M? ⇠ 1010.5 M�. This feature is
related to the excess of galaxies around this stellar mass,
which is seen in the galaxy stellar mass function (see Fig. 3).
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L[OII] correlations with other galactic properties 
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Figure 11. Intrinsic [O ii] luminosity as a function of the SFR from the MultiDark-Galaxies at z ⇠ 1 (salmon, yellow and blue, filled
contours), compared with the DEEP2-FF observations at 0.9 < z < 1.1 (grey, shaded squares, colour-coded with the density of emitters
per 2D bin area). The innermost (outermost) contour represents 68% (95%) of the galaxy distributions. For sag model galaxies, the [O ii]
luminosities have been computed from instantaneous SFRs, while for the other SAMs they are based on average SFRs. Both data and
model ELGs are selected imposing a minimum [O ii] flux of 5⇥10�18 erg s�1 cm�2. The thick, coloured, diagonal lines are the linear
fits to each SAM distribution, and their best-fit parameters are reported in Table 2. The black dot-dashed and dashed, diagonal lines are
the L[O ii] predictions obtained from the SFR range of interest using Eqs. 15 and 16, respectively. The green, empty contours are the
Kewley et al. (2004) predictions obtained using Eq. 17 with SFR and cold gas metallicity as inputs. The green, solid lines are the same
predictions assuming median metallicity values in bins of SFR.
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Figure 12. From top to bottom and from left to right: sag, sage and galacticus z ⇠ 1 intrinsic [O ii] luminosities versus broad-band
magnitudes, ages and stellar masses (contours) compared with the DEEP2-FF observations at 0.9 < z < 1.1 (grey, shaded squares). The
L[O ii] values are computed using the get emlines code with instantaneous SFR for sag and average SFR for sage and galacticus.
The innermost and outermost model contours represent 68% (1�) and 95% (2�) of the distribution. A minimum [O ii] flux cut of
5⇥ 10�18 erg s�1 cm�2 has been applied to both data and model galaxies. The diagonal lines are the linear fits for strong correlations
with r > 0.6, as reported in Table 2.
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SFR and magnitudes are the galaxy properties that correlate the most with L[OII], so 
we use them as L[OII] proxies 
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z=1 sag sage galacticus

log10(L[O ii] /erg s�1) =A log10(SFR/M� yr�1)+B A 0.609±0.001 0.792±0.001 0.795±0.001
B 41.05±0.01 40.98±0.01 40.95±0.01
�log(SFR) 0.50 0.53 0.48
�log(L[OII]) 0.38 0.45 0.46
r 0.80 0.92 0.83

log10(L[O ii] /erg s�1) =AMu +B A -0.231±0.001 -0.373±0.001 -0.323±0.001
B 36.93±0.01 34.01±0.01 34.61±0.01
�Mu

1.07 1.05 1.18
�log(L[OII]) 0.38 0.45 0.46
r 0.65 0.86 0.83

log10(L[O ii] /erg s�1) =AMg +B A -0.218±0.001 -0.342±0.001 -0.328±0.001
B 36.97±0.01 34.29±0.01 34.53±0.01
�Mg

1.11 1.08 1.15
�log(L[OII]) 0.38 0.45 0.46
r 0.64 0.81 0.82

log10(L[O ii] /erg s�1) =A log(age/yr)+B A — — -0.646±0.001
B — — 47.17±0.01
�log(age) — — 0.54
�log(L[OII]) — — 0.46
r -0.44 -0.47 -0.76

log10(L[O ii] /erg s�1) =A log(M? /M�)+B A — 0.563±0.001 —
B — 35.70±0.01 —
�log(M?) — 0.52 —
�log(L[OII]) — 0.45 —
r 0.54 0.64 0.03

Table 2. Best-fit parameters of the linear scaling relations shown in Figs. 11 and 12. All the [O ii] luminosities here are intrinsic and
computed using the get emlines code with input the instantaneous SFR for sage and average SFR for sage and galacticus.

the get emlines code (thick, coloured lines without er-
ror bars) with those from using the SFR (solid, black),
Mu (dashed, green) and Mg (dot-dashed, orange) proxies es-
tablished above and summarised in Table 2. The shaded re-
gions represent the e↵ect of the scatter �y on the proxy-
L[O ii] relation and are derived from LFs estimated from 100
Gaussian realisations G(�y,µ) with mean µ =(SFR, Mu ,
Mg ) and fixed scatter �y = (�SFR,�Mu

,�Mg
) from Table 2.

The [O ii] luminosity functions derived from the proxies
are strongly model dependent, with varying levels of suc-
cess for each model and proxy, as can be seen in Fig. 13. In
sag, the Mu proxy produces a luminosity function which,
in the L[O ii] range 1041.7 � 1042.5 erg s�1, is consistent with
that derived from coupling the model with the get emlines
code, while the other two proxies are lower. In sage, the
Mg proxy returns a LF in very good agreement with the
get emlines estimate on all luminosity scales. Mu gives
good agreement at L[O ii] . 1042 erg s�1, while beyond this
value it slightly overestimates the number of [O ii] emitters.
The SFR proxy is consistent with the get emlines result
at L[O ii] . 1041.7 erg s�1, while at higher L[O ii] values it
overpredicts the luminosity function by ⇠ 1.5 dex.

The L[O ii] function based on the SFR proxy from
galacticus is in reasonable agreement with that from cou-
pling the model with get emlines, while the magnitude
proxies produce a lack of emitters on all luminosity scales (⇠
1.4 dex at ⇠ 1040.5 erg s�1, ⇠ 0.4 dex at ⇠ 1041.5 erg s�1 and
⇠ 1.8 dex at ⇠ 1042 erg s�1). Fig. 12 shows that galacticus
magnitudes are below those from DEEP2-FF. This discrep-
ancy is likely to be the cause of the lack of [O ii] emitters.

In the right column of Fig. 13, we display the intrin-
sic L[O ii] functions colour-coded as the left panels. In sag
and sage model galaxies, the e↵ect of dust attenuation is

stronger at higher luminosities, while in galacticus it is
more significant at L[O ii] . 1042 erg s�1. We overplot, as
dashed, blue lines, the [O ii] luminosity functions obtained
by applying the Kewley et al. (2004) conversion (Eq. 17) to
each one of the model catalogues. This lies below (above) the
other results in the bright end for sag and sage (galacti-
cus) model galaxies. The relation from Kewley et al. (2004)
produces very di↵erent L[O ii] functions compared to the
ones obtained from the SAM model galaxies coupled with
the get emlines prescription. This result highlights that
the dispersion in the model gas metallicities is not the only
source of the variation seen in the luminosity function in
Fig. 13.

In this Section, we have investigated the impact in the
[O ii] luminosity function of using the L[O ii] proxies es-
tablished above. We find the L[O ii] proxies to be model-
dependent and to overall result in either a lack or an excess
of bright [O ii] emitters. These outcomes emphasise the in-
appropriateness of using simple relations to derive the [O ii]
emission from global galaxy properties. In fact, besides intro-
ducing systematic uncertainties, they can also result in [O ii]
luminosity functions with very di↵erent shapes depending
which properties are used.

4.4.2 Galaxy clustering

We further check how the clustering of our model ELGs
is sensitive to an [O ii] luminosity selection, where L[O ii] is
computed either from the get emlines code, or the proxies
established above. We consider sag, sage and galacticus
model galaxies at z ⇠ 1 and impose on them a minimum
luminosity threshold of L[O ii] > 1040.4 erg s�1.

Fig. 14 shows the ratios between the projected two-point
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Proxy performance against GET_EMLINES estimates
I) L[OII] functions II) Clustering of SAM galaxies selected 

at log(L[OII]/erg s-1)>40.4  
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Figure 13. Left column: From top to bottom, attenuated [O ii] luminosity functions of the sag, sage and galacticus model galaxies
at z ⇠ 1. We show as thick lines the results with L[O ii] computed using the get emlines code described in Section 3.1 with either
instantaneous or average SFR and metallicity as inputs. We compare these results with the L[O ii] functions derived from the three
L[O ii] proxies established above: SFR (solid, black line), Mu (dashed, green) and Mg (dotted, orange). The shaded regions represent the
±�y scatter in the proxy-L[O ii] linear scaling laws, which is given in Table 2. Right column: Same as left column, but here the L[O ii] are
intrinsic. The lines are colour-coded as the left panels. We show as blue dashed lines the results from the Kewley et al. (2004) conversion.

correlation functions obtained from the proxy-to-L[O ii] re-
lations and those derived from L[O ii] computed using the
get emlines code with instantaneous SFR (sag) or aver-
age SFR (sage and galacticus). In Fig. 14, we also show
the clustering of the data obtained using the conversion from
Kewley et al. (2004) given in Eq. 17. For all the models, this
clustering is in excellent agreement with the data derived
from the get emlines L[O ii] estimation.

For the clustering we adopt the Landy & Szalay (1993)
estimator and the two-point function code from Favole et al.
(2016b). The shaded regions present the e↵ect of the �y scat-
ter given in Table 2 in the proxy-L[O ii] linear relations. The
dispersion is computed from the covariance of 100 Gaussian
realisations with mean the desired proxy and scatter �y (see
Section 4.4.1 for further details).

The clustering amplitude remains similar (within 12%)
for the di↵erent L[O ii] calculations in all the SAM consid-
ered. In particular, in sag and sage galaxies, all the proxies
agree within 5% with the get emlines and Kewley et al.
(2004) results on all scales. On small scales, the SFR proxy
in sag declines by 5% and in sage it shows some small fluc-
tuations. In Galacticus, the clustering amplitude diminishes
by up to 12% (4%) on small (intermediate) scales when as-
suming any proxy.

The two point correlation functions at rp > 1h�1Mpc

are consistent with each other, agreeing within the 1�y dis-
persion.

We have investigated further the redshift evolution at
0.6 < z < 1.2 and the dependence of di↵erent L[O ii]
thresholds of the MultiDark-Galaxies clustering ampli-
tude, both based on estimates from coupling the models
with get emlines and on the proxies above. In general, we
find that increasing both the redshift and the L[O ii] thresh-
olds, the galaxy number density decreases, resulting in a
noiser clustering. Despite this increased noise, we find that
model galaxies with L[O ii] > 1041erg s�1 can be more clus-
tered when L[O ii] is derived from proxies. We find variation
among the di↵erent proxies used together with one of the
three SAMs explored here. This possible dependency with
L[O ii] should be taken into account when using proxies to
create fast galaxy catalogues for a particular survey.

Overall, we find that the MultiDark-Galaxies clus-
tering signal is model-dependent. The linear bias is mostly
unchanged, however di↵erences are seen at small scales, be-
low 1h�1Mpc. The dispersion changes between the di↵erent
proxies, with the SFR presenting the largest scatter, overall.

Our ELG clustering results show that simple L[O ii] es-
timates based on a linear relation with SFR are su�cient for
modelling the large scale clustering of [O ii] emitters, even if
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Figure 14. Proxy-to-L[O ii] ratios of the projected two-point cor-
relation functions of, from top to bottom, sag, sage and galacti-
cus model galaxies at z ⇠ 1. The SAG L[O ii] is estimated using
the get emlines code with instantaneous SFR, while sage and
galacticus using the average quantity. Galaxies have been se-
lected to have L[O ii] > 1040.4 erg s�1. The shaded regions repre-
sent the e↵ect of the �y scatter in the proxy-L[O ii] linear relations
reported in Table 2. These regions are the 1� uncertainties derived
from the co-variance of 100 Gaussian realisations with the L[O ii]
proxy considered as mean and �y as scatter. We over plot the
Kewley et al. (2004) result as a dashed, blue line.

they are not accurate enough to predict the [O ii] luminosity
function.

4.4.3 [Oii] ELG Halo Occupation Distribution

In Fig. 15, we show the MultiDark-Galaxies mean halo
occupation distribution (HOD) for model galaxies selected
with L[O ii] > 1040.4 erg s�1. Here, the model [O ii] lumi-
nosities have been calculated using the get emlines code.
We highlight contributions from central and satellite model
galaxies. The shapes of the HODs are qualitatively con-
sistent among the di↵erent models, with an asymmetric
Gaussian for central galaxies, plus maybe a plateau, and
a very shallow power law for satellite galaxies. A similar
shape has been found using di↵erent models for either young
or star-forming galaxies, selected in di↵erent ways (Zheng
et al. 2005; Contreras et al. 2013; Cochrane & Best 2018;
Gonzalez-Perez et al. 2018) and also in measurements de-
rived from observations (Geach et al. 2012; Cochrane et al.
2017; Guo et al. 2018).

The shape of the HOD for central star-forming galaxies
is very di↵erent from those selected with a cut in either rest-
frame optical broad-band magnitudes or stellar mass, which
is close to a smooth step function that reaches unity (e.g.

Figure 15.Mean halo occupation distribution of the sag (salmon
solid line), sage (yellow solid line) and galacticus (blue solid
line) model galaxies with L[O ii] > 1040.4 erg s�1 at z ⇠ 1. The
model L[O ii] has been computed using get emlines with in-
stantaneous SFR for sag galaxies and average SFR for sage and
galacticus. The contribution from central galaxies is shown by
dashed lines and that for satellites by dot-dashed lines.

Berlind & Weinberg 2002; Kravtsov et al. 2004). As it can be
seen in Fig. 15, the HOD of MultiDark-Galaxies central
[O ii] emitters does not necessarily reach unity, i.e. it is not
guaranteed to find an [O ii] emitter in every dark matter
halo above a given mass.

We find that the SAG HODs peak at higher halo masses
compared to the other two SAMs. The mean halo masses
predicted by the sag, sage and galacticus model galaxies
are in agreement with the results of Favole et al. (2016a) for
BOSS [O ii] ELGs at z ⇠ 0.8 and Favole et al. (2017) for
SDSS [O ii] ELGs at z ⇠ 0.1.

The HOD of MultiDark-Galaxies satellite [O ii]
emitters is a very shallow power law, closer to a smooth
step function. This is similar to what has been inferred
for eBOSS [O ii] emitters (Guo et al. 2018), but very dif-
ferent to the findings using the galform semi-analytical
model (Gonzalez-Perez et al. 2018). This di↵erence is most
likely related to a di↵erent treatment of gas in this model, as
the distribution of satellites in dark matter haloes of di↵er-
ent masses is very sensitive to both the modelling of feedback
and environmental processes.

In Fig. 16, we display the ratios between the
MultiDark-Galaxies HODs selected in L[O ii], where the
luminosity is calculated from either using the get emlines
code or the proxies indicated in the legend. We find that
the di↵erences in the HODs from proxies and get emlines
are negligible for galacticus and less than 20% for sag
at Mhalo & 1012M�, while sage shows di↵erences above a
factor 1.5 in most cases. The L[O ii] proxies behave very
similarly, with negligible di↵erences between them, except
for the galacticus SFR proxy, which is slightly lower than
the magnitude ones.

In summary, we find di↵erent levels of agreement with
the get emlines results depending on the model consid-
ered. However, the HOD remains almost unchanged when
di↵erent L[O ii] proxies are assumed.

MNRAS 000, ??–?? (2020)
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Summary 

12

The average SFR used as input for L[OII] computation using GET_EMLINES 
returns accurate (<5% discrepancy) results at log(L[OII]/erg s-1)<42.2 (dust 
attenuated)

SFR and the broad-band u,g magnitudes are the quantities that correlate the most 
with L[OII], so best proxies. They result in L[OII] functions which are in reasonable 
agreement with the GET_EMLINES estimates, although very model/proxy dependent. 
Overall, the proxies result in a lack of bright emitters.

Our results show that ELGs are different from SFR-selected samples and their L[OII] estimation 
needs a more complex modelling than assuming a linear relation with SFR. Simple L[OII] 
estimates are not accurate enough to predict direct statistics of L[OII], as the luminosity 
functions, but they are sufficient to model the large-scale clustering of [OII] emitters.

The clustering of galaxies selected at log(L[OII]/erg s-1)>40.4 remains unchanged beyond 
1Mpc/h, independently of the L[OII] computation method.


