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A B S T R A C T 

The nebular recombination line H α is widely used as a star formation rate (SFR) indicator in the local and high-redshift Universe. 
We present a detailed H α radiative transfer study of high-resolution isolated Milky-Way and Large Magellanic Cloud simulations 
that include radiative transfer, non-equilibrium thermochemistry, and dust evolution. We focus on the spatial morphology and 

temporal variability of the H α emission, and its connection to the underlying gas and star formation properties. The H α and 

H β radial and vertical surface brightness profiles are in excellent agreement with observations of nearby galaxies. We find that 
the fraction of H α emission from collisional excitation amounts to f col ∼ 5–10 per cent , only weakly dependent on radius and 

vertical height, and that scattering boosts the H α luminosity by ∼ 40 per cent . The dust correction via the Balmer decrement 
works well (intrinsic H α emission reco v erable within 25 per cent), though the dust attenuation law depends on the amount of 
attenuation itself both on spatially resolved and integrated scales. Important for the understanding of the H α–SFR connection 

is the dust and helium absorption of ionizing radiation (Lyman continuum [LyC] photons), which are about f abs ≈ 28 per cent 
and f He ≈ 9 per cent , respectively. Together with an escape fraction of f esc ≈ 6 per cent , this reduces the a vailable b udget for 
hydrogen line emission by nearly half ( f H 

≈ 57 per cent ). We discuss the impact of the diffuse ionized gas, showing – among 

other things – that the extraplanar H α emission is powered by LyC photons escaping the disc. Future applications of this 
framework to cosmological (zoom-in) simulations will assist in the interpretation of spectroscopy of high-redshift galaxies with 

the upcoming James Webb Space Telescope . 

K ey words: radiati ve transfer – H II regions – ISM: structure – galaxies: star formation. 
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 I N T RO D U C T I O N  

he Balmer lines are some of the most utilized and observed emission
ines in astrophysics since they are in the optical and relatively
biquitous as they arise from recombination to the n = 2 level
f hydrogen, the most common element. In particular, the H α

mission line is one of the prime indicators for the star formation
ate (SFR) of and within galaxies as H α traces the ionized gas of
tar-forming H II regions. H α is used to measure the SFRs locally
nd out to redshift of z ∼ 2.5 both on global (Kennicutt 1983 ; Lee
t al. 2009 ; Koyama et al. 2015 ; Shi v aei et al. 2015 ) and spatially
esolved scales (e.g. Tacchella et al. 2015 , 2018 ; Nelson et al. 2016b ;
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elfiore et al. 2018 ; Ellison et al. 2018 ). The upcoming James Webb
pace Telescope ( JWST ) will extend this redshift limit to z ∼ 7.
urthermore, H α is frequently used to shed light on the variability
f the star-formation activity in galaxies since it traces younger stars
han other SFR tracers such as the UV continuum (e.g. Weisz et al.
012 ; Guo et al. 2016 ; Caplar & Tacchella 2019 ; Faisst et al. 2019 ;
aydon et al. 2020b ). 
Although H α is a well-calibrated SFR tracer (e.g. Shi v aei et al.

015 ), uncertainties remain due to dust attenuation and emission
rom non-H II regions. In principle, one can derive the amount of
ust attenuation of H α ( A H α) from the difference of the observed
 α/H β ratio (i.e. the Balmer decrement) relative to the intrinsic
 α/H β ratio, which itself only weakly depends on local conditions

i.e. electron density and temperature of the H II region) and therefore
s well determined from first principles. Therefore, the Balmer
ecrement is the method of choice for correcting the observed H α

mission for dust attenuation (Berman 1936 ; Calzetti, Kinney &
torchi-Bergmann 1994 ; Gro v es, Brinchmann & Walcher 2012 ;
© 2022 The Author(s) 
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elson et al. 2016a ), with the main uncertainty for estimating A H α

rising from the adopted attenuation law. 
In addition to aforementioned H II regions, diffuse ionized gas 

DIG; sometimes also called the warm ionized gas) can also emit H α.
arrow-band H α imaging surv e ys suggest that the DIG emission

ontributes 20–60 per cent of the total H α flux in local spiral galaxies 
Zurita, Rozas & Beckman 2000 ; Oey et al. 2007 ; Kreckel et al.
016 ; Che v ance et al. 2020 ) and therefore can bias H α-based SFRs
s well as gas-phase metallicity estimates (e.g. Sanders et al. 2017 ;
oetrodjojo et al. 2019 ; Vale Asari et al. 2019 ). Furthermore, the
IG – as traced by H α – typically extends vertically above the plane 
f the disc to scales of about ∼1 kpc (Hoyle & Ellis 1963 ; Reynolds
989 ; Rand, Kulkarni & Hester 1990 ; Jo et al. 2018 ; Levy et al.
019 ). Two possibilities have been suggested for the origin of this
iffuse, extraplanar H α emission. First, the extraplanar H α emission 
races extraplanar DIG, which itself is produced by ionizing photons 
ransported through transparent pathways carved out by superbubbles 
r chimneys (Mac Low & Ferrara 1999 ; Veilleux, Cecil & Bland-
awthorn 2005 ). Secondly, the extraplanar H α emission is caused 
y dust scattering of the photons originating from H II regions in the
alactic disc (Reynolds 1990 ; Ferrara et al. 1996 ). 

Theoretically, it is still challenging to self-consistently model –
n scales of entire galaxies – the detailed structure of the multiphase 
nterstellar medium (ISM), including massive stars and supernovae 
n a radiation hydrodynamical context (Rosdahl & Teyssier 2015 ; 
annan et al. 2020 ; Vogelsberger et al. 2020 ). A handful of theoretical

nv estigations hav e focused on the production and transport of
 α photons (and similar emission lines, e.g. Katz et al. 2019 ;
ilkins et al. 2020 ) with various degrees of sophistication and self-

onsistency, e.g. while also contending with simulation resolution 
f fects. Pre vious studies include an estimate of the importance of
cattered light in the diffuse H α galactic background (Wood & 

eynolds 1999 ; Barnes et al. 2015 ), an investigation of the star
ormation relation (without dust) from simulations of isolated dwarfs 
nd high-redshift galaxies (Kim et al. 2013 , 2019 ), sub-resolution
opulation synthesis for a Milky-Way-like galaxy (Pellegrini et al. 
020a , b ), and periodic tall box simulations to explore sub-parsec
cale feedback and emission (Peters et al. 2017 ; Kado-Fong et al.
020 ). Our work presented here further expands on this class of
etailed emission line modelling. The no v elty of our approach is
hat H α is self-consistently reprocessed from ionizing photons and 
hat LyC and H α are self-consistently scattered/absorbed by dust 
hroughout entire galaxies. In other words, H α is emitted from 

onized/excited gas rather than assuming an SFR–H α conversion 
rom H II regions from young star particles. 

Specifically, in this paper we use the high-resolution Milky- 
ay (MW) and Large Magellanic Cloud (LMC) simulations from 

annan et al. ( 2020 ), which combines the state-of-the-art AREPO-RT 

ode (Kannan et al. 2019 ) with a non-equilibrium thermochemistry 
odule that accounts for molecular hydrogen (H 2 ) coupled to 

xplicit dust formation and destruction. This is all integrated into 
 no v el stellar feedback framework, the Stars and MUltiphase Gas
n GaLaxiEs (SMUGGLE) feedback model (Marinacci et al. 2019 ). 

e employ the Cosmic Ly α Transfer code ( COLT ; Smith et al. 2015 ,
019 ) to perform post-processing Monte Carlo radiative transfer 
MCRT) calculations for ionizing radiation and Ly α, H α, and H β

mission lines. The details of the MCRT calculations and insights 
nto the physics of Ly α escape from disc-like galaxies are presented 
n our companion study (Smith et al. 2021 ). 

In this work, we carefully analyse these detailed numerical 
adiative transfer simulations to shed more light on the emission, 
bsorption, and scattering of Balmer H α and H β photons. In 
articular, we focus on answering questions related to the source 
roperties (collisional excitation versus recombination emission), 
ransport or radiation (dust scattering and absorption), importance 
nd origins of the DIG (including extraplanar emission), and the con-
ection between H α and star formation (including SFR time-scales). 
urthermore, we are looking forward to future applications of our 
ethodology, including cosmological simulations based on the same 

ramework in conjunction with the THESAN project (Garaldi et al. 
021 ; Kannan et al. 2022 ; Smith et al. 2022 ). This will help impro v e
ur understandings of the physics and observational interpretations 
or star-forming galaxies in the high-redshift Universe. 

We introduce the simulations and the performed MCRT calcula- 
ions in Section 2 . We then show in Section 3 that our simulation
roduces realistic spatial distributions of H α and H β emission 
y comparing to measurements of local galaxies. The key results 
oncerning the emission, scattering, and absorption of the Balmer 
mission lines are described in Section 4 . We focus on H α as an
FR tracer in Section 5 by discussing the Balmer decrement for
erforming dust attenuation corrections and the time-scale of the H α

FR indicator. Finally, we discuss limitations and future prospects in 
ection 6 , before concluding in Section 7 . Throughout this paper, we
mploy a Chabrier ( 2003 ) initial mass function (IMF). Luminosities,
asses, and SFRs are calculated assuming a Planck2015 cosmology 

Planck Collaboration XIII 2016 ). 

 M E T H O D S  

e describe in Section 2.1 the simulations, which are based on a
o v el framework to self-consistently model the effects of radiation
elds, dust physics, and molecular chemistry (H 2 ) in the ISM of
alaxies. In particular, we focus on idealized simulations of MW- 
ik e and LMC-lik e galaxies. Section 2.2 giv es a brief o v erview of the

CRT calculations employed in order to predict the H α and H β

mission from the aforementioned simulations. Further details on the 
CRT methodology and the Ly α emission of those simulations are 

resented in our companion paper (Smith et al. 2021 ). To illustrate
he typical properties of the isolated MW simulation, Fig. 1 shows
rojected images of the MW galaxy at 713 Myr for both face-on
nd edge-on views of the stellar mass surface density, SFR surface
ensity, gas mass surface density, and H α surface brightness. 

.1 Isolated MW and LMC simulations 

e use the simulations presented in Kannan et al. ( 2020 ) and Kannan
t al. ( 2021b ). Specifically, we focus on high-resolution isolated sim-
lations of a Milky-Way-like galaxy (MW; M halo = 1.5 × 10 12 M �)
nd an LMC-like galaxy (LMC; M halo = 1.1 × 10 11 M �). The
imulations were performed with AREPO-RT (Kannan et al. 2019 ), 
 no v el radiation hydrodynamic extension of the moving mesh
ydrodynamic code AREPO (Springel 2010 ; Weinberger, Springel & 

akmor 2020 ). 1 The adopted sub-grid models for star formation and
eedback are described in Marinacci et al. ( 2019 ) and Kannan et al.
 2020 ). Briefly, gas is allowed to cool down to 10 K with the cooling
unction divided into primordial cooling from hydrogen (both molec- 
lar and atomic) and helium, metal cooling scaled linearly with the
etallicity of the gas and cooling through gas-dust and radiation 
eld interactions, in addition to photoelectric and photoheating from 

ar -ultra violet (FUV) and Lyman continuum photons, respectively. 
tar particles are probabilistically formed from cold gas abo v e a
MNRAS 513, 2904–2929 (2022) 
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Figure 1. MW simulation at 713 Myr. Maps of stellar mass, SFR (av eraged o v er the past 100 Myr), gas mass, and H α luminosity are shown from left to 
right. The stellar mass, SFR, and H α are smoothed by 50 pc in order to increase visibility. The top and bottom panels show face-on and edge-on projections, 
respectively. The dimensions of each map are 30 × 30 kpc (the ruler in the bottom left indicates 3 kpc). The star formation is concentrated at the centre and spiral 
arms, while the H α emission traces the young, compact H II regions, and supernova bubbles. The corresponding LMC-BC03 maps are shown in Appendix A1 . 
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ensity threshold of n = 10 3 cm 

−3 . Additionally, the star-forming
as cloud needs to be self-gravitating in order to form stars. There are
hree feedback mechanisms implemented related to stars: radiative
eedback, stellar winds from young O, B, and asymptotic giant
ranch (AGB) stars, and supernova feedback. Photoheating, radiation
ressure, and photoelectric heating are modelled self-consistently
hrough the radiative transfer scheme. Furthermore, the simulations
mploy a no v el self-consistent dust formation and destruction model
McKinnon, Torrey & Vogelsberger 2016 ; McKinnon et al. 2017 ),
hich accounts for three distinct dust production channels: SNII,
NIa, and AGB stars (Dwek 1998 ). The dust is assumed to be
ynamically coupled to the gas. The dust mass in the ISM increases
ue to the gas-phase elements colliding with existing grains (Dwek
998 ) and decreases due to shocks from SN remnants (McKee 1989 )
nd sputtering in high-temperature gas (Tsai & Mathews 1995 ). The
esulting dust properties are presented in detail in Kannan et al.
 2020 ). Briefly, the dust-to-gas ratio of the simulations is 0.01–0.014
the canonical MW value is 0.01), with a weak increase towards the
entral region in the galaxy, towards higher gas density, and towards
ower temperature (their figs 9 and 10). 

Important for this work, we assume the Bruzual & Charlot ( 2003 ,
ereafter BC03 ) model as our fiducial stellar population synthesis
SPS) model. In order to see how this assumption affects our
esults, we also run the LMC model with the Binary Population
nd Spectral Synthesis (BPASS) model (v2.2.1; Eldridge & Stanway
009 ; Eldridge et al. 2017 ). 2 We denote these runs as LMC-BC03 and
MC-BPASS. For all SPS models, we assume a Chabrier ( 2003 ) IMF
ith a high-mass cut-off of 100 M �. Importantly, we incorporate the
NRAS 513, 2904–2929 (2022) 
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a  
ifferent SPS models fully self-consistently, i.e. we take into account
oth the change of the production rate of ionizing photons with stellar
ge (Appendix B ) and the strength and timing of radiative feedback,
tellar winds, and supernova feedback. 

The MW and LMC simulations consist of a dark matter halo, a
ulge, and a stellar and gaseous disc set-up following the techniques
escribed in Hernquist ( 1993 ) and Springel & Hernquist ( 2005 ). The
ark matter halo is modelled as a static background gravitational
eld that is not impacted by the baryonic physics. The full set-
p parameters are listed in table 2 of Kannan et al. ( 2020 ) but we
utline the most rele v ant details here. The simulation box sizes for the
W and LMC simulations are 600 and 200 kpc, respectively. The

ark matter halo and the bulge are modelled as Hernquist profiles
Hernquist 1990 ). The initial gas and the stellar discs are exponential
rofiles with ef fecti ve radii of 6 (2.8) kpc and 3 (1.4) kpc for the MW
LMC) simulation, respectiv ely. The v ertical profile of the stellar
isc follows a sech 2 functional form with a scale height of 300 (140)
c for the MW (LMC) simulation and initial stellar ages are taken
o be 5 Gyr to minimize spurious ionization. The initial gas fractions
re 16 (19) per cent for the MW (LMC) and the distributions are
omputed self-consistently assuming hydrostatic equilibrium. The
nitial gas temperature is set to 10 4 K and the initial metallicity to
 Z � (0 . 5 Z �) for the MW (LMC) simulation. The production of new
etals is turned off in order to suppress unrealistic gas metallicities,

aused by the lack of cosmological gas inflow into the disc. The
W and LMC simulations are run with a stellar mass resolution

f 2 . 8 × 10 3 M � and a gas mass resolution of 1 . 4 × 10 3 M �. The
orresponding gravitational softening lengths are ε � = 7 . 1 pc and
 gas = 3 . 6 pc , respectively. The simulations are each run for 1 Gyr. 

After starting the simulations, they settle into equilibrium after
bout 200 Myr (Kannan et al. 2020 ). In this paper, we disregard these

art/stac818_f1.eps
http://bpass.auckland.ac.nz
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Table 1. Median properties of the MW, LMC-BC03, and LMC-BPASS 
simulations. The M � , M gas , and SFR are measured within an aperture of 
15 kpc. The SFR 50 is measured o v er 50 Myr (stars formed in the past 50 Myr). 
The ef fecti ve radius R eff is the half-mass size. 

Simulation M halo M � M gas SFR 50 R eff 

(M �) (M �) (M �) (M � yr −1 ) (kpc) 

MW 1.5 × 10 12 6.2 × 10 10 4.2 × 10 9 2.7 4.4 
LMC-BC03 1.1 × 10 11 3.5 × 10 9 5.2 × 10 8 0.043 2.2 
LMC-BPASS 1.1 × 10 11 3.5 × 10 9 5.2 × 10 8 0.041 2.2 
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rst 200 Myr when computing average or median properties across 
ll snapshots if not otherwise stated. The median values of the key
roperties of the MW, LMC-BC03, and LMC-BPASS simulations 
re highlighted in Table 1 . We find an SFR (av eraged o v er the past
0 Myr) for the MW, LMC-BC03, and LMC-BPASS simulations 
f 2.7, 0.043, and 0.041 M � yr −1 , respecti vely. As we will sho w
elow, although these stellar and gas properties for the LMC-BC03 
nd LMC-BPASS model are basically indistinguishable, the Balmer 
mission from these two models are quite distinct. 

.2 Radiati v e transfer of Balmer emission lines 

e give a schematic overview of the H α radiative transfer in 
ig. 2 . We employ the Cosmic Ly α Transfer code ( COLT ; Smith
t al. 2015 , 2019 ) 3 to perform post-processing MCRT calculations, 
riefly summarizing the most rele v ant details here. In particular, 
he dominant source of H α photons is via cascade recombination 
f recently ionized hydrogen atoms, with a small contribution of 
ollisional excitation emission. To ensure accurate photon con- 
erving ionization states for line radiative transfer we performed 
ost-processing photoionization equilibrium calculations with COLT , 
hich was implemented as an MCRT module mirroring the physics 
f galaxy formation simulations (Rosdahl et al. 2013 ; Kannan 
t al. 2019 ). This is also helpful as the simulations do not fully
esolve the temperature and density substructure of a fraction of the 
oung H II regions where line emission is especially strong (see the
iscussion in our companion paper; Smith et al. 2021 ). We retain
he gas temperature as this is already faithfully modelled but we 
teratively recalculate the ionizing radiation field in three bands (H I ,
e I , and He II ) and update the ionization states assuming ionization

quilibrium stopping this process when the global recombination 
mission is converged to within a 0.1 per cent relative difference. 
he solver also includes dust absorption and anisotropic scattering, 
ollisional ionization, and a meta-galactic UV background with self- 
hielding (Faucher-Gigu ̀ere et al. 2009 ; Rahmati et al. 2013 ). We
mploy 10 8 photon packets in the MCRT calculations, which is 
dequate to represent the ionizing radiation field based on sampling 
rom the age and metallicity-dependent stellar SEDs in terms of 
osition, direction, and frequency. The COLT output images capture 
he photon properties at a pixel resolution of 10 pc oriented in face-on
nd edge-on directions. This resolution was chosen as a compromise 
o be higher than observations while also not requiring too much data
already 6000 2 pixels) or degrading the MCRT signal-to-noise ratio. 

For the line radiative transfer we calculate the resolved H α and 
 β luminosity caused by radiative recombination as 

 

rec 
X = hνX 

∫ 

P B ,X ( T , n e ) αB ( T ) n e n p d V , (1) 
 For public code access and documentation see colt.readthedocs.io . 

D  

2  

M  
here X ∈ { H α, H β} denotes the line, h νX = { 1.89, 2.55 } eV
s the energy at line centre, P B is the conversion probability per
ecombination event (e.g. P B ,X (10 4 K ) ≈ { 0 . 45 , 0 . 12 } ), αB is the case
 recombination coefficient, and the number densities n e and n p are

or free electrons and protons, respectively. We also calculate the 
esolv ed radiativ e de-e xcitation of collisional e xcitation of neutral
ydrogen by free electrons as 

 

col 
X = hνX 

∫ 

q col ,X ( T ) n e n H I d V , (2) 

here q col, X is the collisional rate coefficient and n H I is the number
ensity of neutral hydrogen. 
Stellar continuum spectral luminosities L λ, cont for each line are tab- 

lated by age and metallicity based on the SEDs around the reference
avelengths, which is included to enable self-consistent predictions 

or line equi v alent width (EW) measurements. We emphasize that,
ince the metal enrichment is ignored, all stars have equal metallicity:
.0 Z � and 0.5 Z � in the MW and the LMC case, respectively. The
ust distribution is also self-consistently taken from the simulation 
uch that the local dust absorption coefficient is 

 d ,X = κd ,X Dρ, (3) 

here the dust opacity is κd ,X = { 6627 , 10 220 } cm 

2 g −1 of dust and
he dust-to-gas ratio is D. Dust scattering is modelled based on the
lbedo A = { 0.6741, 0.6650 } and anisotropic Hen ye y–Greenstein
hase function with asymmetry parameter of 〈 cos θ〉 = { 0.4967,
.5561 } , all of which are based on the fiducial Milky Way dust
odel from Weingartner & Draine ( 2001 ). With the 10 8 photon

ackets in the line MCRT calculations, we are able to capture the
scaping photon properties and high signal-to-noise images oriented 
n face-on and edge-on directions. For each of these lines and cameras 
e also calculate ray-tracing-based images of the intrinsic and dust- 

ttenuated line emission based on the adaptiv e conv ergence algorithm 

escribed in appendix A of Yang et al. ( 2020 ). This method eliminates
onte Carlo noise at the expense of treating dust as purely absorbing;

.e. assuming an albedo of A = 0. 

 C O M PA R I S O N  TO  OBSERVATI ONS  

efore discussing the physics of the predicted H α and H β emission
rom our simulation, we show in this section that the predicted
urface brightness profiles are consistent with observations of MW- 
nd LMC-like galaxies in the local Universe. In particular, we 
ompare the radial H α and H β emission line profiles to observational
easurements of the SDSS/MaNGA surv e y in Section 3.1 , while
ection 3.2 compares the vertical scale heights. 

.1 Radial profiles from SDSS/MaNGA 

e compare our simulated H α maps to SDSS/MaNGA observations 
Bundy et al. 2015 ). Specifically, we aim at comparing the shapes
f the H α and H β surface brightness profiles. MaNGA provides 
igh-quality optical (3600–10 300 Å and a spectral resolution of R ∼
000) integral field unit (IFU) spectroscopy for a large ( ∼ 10 000)
ample of low-redshift g alaxies. Individual g alaxies are co v ered out
o a distance of 1.5–2.5 ef fecti ve radii. 

We use DR-15 (Aguado et al. 2019 ), which provides the data
educed by the Data Reduction Pipeline (DRP; Law et al. 2016 ) and
tellar and gas properties of the galaxies made available due to the
ata Analysis Pipeline (DAP; Belfiore et al. 2019 ; Westfall et al.
019 ). We accessed, inspected, and downloaded the data cubes with
arvin (Cherinka et al. 2019 ). The H α and H β emission line maps
MNRAS 513, 2904–2929 (2022) 
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Figure 2. Schema of the H α radiative transfer. H α that reaches the observer can either be emitted by nebular H II regions or DIG. In this study, we differentiate 
between H II regions and the DIG with a simple gas density cut at n thresh = 100 cm 

−3 , though we also investigate other definitions and their implications 
(Section 4.5 ). H α photons are produced by collisional excitation, by collisional ionization, and by recombination of ionized gas, which is ionized by Lyman 
continuum (LyC) photons. Both LyC and H α photons can also be scattered or absorbed by dust. Furthermore, some LyC photons are consumed by He, leading 
to the photoionization of He I and He II . In the case of the MW simulation, on average ∼ 28 per cent of the LyC photons are absorbed by dust, ∼ 8 per cent 
ionize He I , ∼ 1 per cent ionize He II , ∼ 6 per cent escape the galaxy, implying that only about f H ≈ 57 per cent of the produced LyC photons are available for 
ionizing hydrogen and the production of H α (Section 5.2 ). 
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ave been corrected for stellar absorption and Milky Way reddening
sing the O’Donnell ( 1994 ) reddening law. 
For both the MW and LMC simulations, we construct a sample of

alaxies from MaNGA. Our selection is based on both stellar mass
nd SFR. We use as a rough estimate of the SFR the H α-based SFR
ithin the IFU field of view provided by DAP. For the stellar mass,
e use the NASA Sloan Atlas (NSA; Blanton et al. 2005 , 2011 )

atalogue, which provides stellar masses derived from elliptical
etrosian photometry . Specifically , for the MW comparison sample,
e select galaxies with stellar masses of log ( M � /M �) = 10.6–10.9

nd SFR/(M � yr −1 ) = 0.5–5.0, which is consistent with M � and
FR from our MW simulation (Table 1 ). For the LMC comparison
ample, we select galaxies with stellar masses of log ( M � /M �) = 9.4–
.6 and SFR/(M � yr −1 ) = 0.01–0.1. In both comparison samples, we
 xclude an y galaxies with DAP datacube quality flags cautioning ‘do
ot use’, with two or more ‘warning’ flags, as well as objects that are
rregular (visual inspection of the H α maps). This yields MW and
MC comparison samples of 52 and 59 galaxies, respectively. 
For each MaNGA galaxy, we measure the H α and H β surface

rightness profiles in the same elliptical apertures in order to account
or the effect of inclination on radius measurements. Furthermore, we
nly consider spaxels with a signal-to-noise ratio of at least 5. Since
e aim for a comparison of the shapes, we normalize each individual
rofile to a total luminosity of 10 42 erg s −1 (10 41 erg s −1 ) for the case
f H α (H β). We then compute the median profile and 1 σ variation as
 function of radius. We have also experimented with masking regions
f active galactic nuclei (AGNs) – and other excitation mechanisms
via BPT diagnostics (Baldwin, Phillips & Terlevich 1981 ), finding

his had a negligible effect on our median-stacked profile (reduction
f 0.2 dex in the centre relative to the outskirts). 
In order to compare the observed median H α and H β profiles

o our simulated ones, we need to account for the point spread
unction (PSF). MaNGA has a relatively large PSF with a full width
t half-maximum (FWHM) of 2.5 arcsec (Bundy et al. 2015 ). This
orresponds to an angular distance of 3.9 and 1.7 kpc at the average
istance of our MW sample ( 〈 z〉 = 0.078) and LMC sample ( 〈 z〉 =

NRAS 513, 2904–2929 (2022) 
.036), respectively. We apply a Gaussian PSF to the simulated H α

nd H β face-on maps (see Appendix A2 ) and then measure the
rofiles in circular apertures. We compute the median H α and H β

rofiles (again after normalizing each profile) of all snapshots after
00 Myr, which ensures that the simulations have reached a quasi-
teady state (see Section 2.1 ). 

In Fig. 3 , we compare our simulated H α and H β profiles (solid
ines; dotted in case for the LMC-BPASS simulation) with the
bserved MaNGA profiles (points with errorbars). We find excellent
greement in the o v erall shapes for both the MW simulation out to
0–15 kpc (left-hand panel) and LMC simulations out to 4–6 kpc
right-hand panel). To guide the eye, the green dashed lines show a
 ́ersic n = 1 profile, indicating that both the simulated and observed
rofiles are well described by an exponential function in the case of
he MW, while the profiles appear to be steeper in the case of the
MC. An important note is that nuclear regions are not modelled in

he simulation and effects due to AGN feedback are not included (see
.g. Nelson et al. 2021 ), so we do not expect or judge the agreement
here as the consistency could be serendipitous. Furthermore, we
nd little difference between the surface brightness profile of the
MC-BC03 and the LMC-BPASS model. 

.2 Vertical scale heights 

he comparison of the vertical profiles from simulations with obser-
ations is more challenging than the aforementioned comparison of
he radial profiles. The main reason for this is the lack of observational
ata probing H α of edge-on MW-like g alaxies. A recent investig ation
y Jo et al. ( 2018 ) measured the vertical profiles of the extraplanar
 α emission for 38 nearby edge-on late-type galaxies. The data have
een taken from six different H α imaging surv e ys. The galaxies were
elected to be within a distance of 30 Mpc, have no noticeable spiral
r asymmetry patterns, and only include data of sufficient quality
based on signal-to-noise ratios). The resulting 38 galaxies span a
ide range in SFRs (SFR = 0.001–1.5 M � yr −1 ), so we sub-select

art/stac818_f2.eps
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Figure 3. Comparison of the predicted H α and H β surface brightness profiles from the simulations with the observed ones from the MaNGA surv e y. The 
left-hand panel shows the MW simulation run: The solid lines show the median of the simulations, while the points with errorbars mark the observational 
measurements. The right-hand panel shows the results for the LMC-BC03 (solid lines) and LMC-BPASS (dotted lines) simulations. The shaded regions and 
the errorbars show the 16–84th percentiles. The H α (H β) profiles have been normalized to a total luminosity of 10 42 erg s −1 (10 41 erg s −1 ). In both panels, 
the green dashed line shows an arbitrarily normalized S ́ersic profile with S ́ersic index n = 1, indicating that the H α and H β profiles are roughly exponential in 
both observations and simulations. In both the MW and LMC case, the simulations are able to reproduce the observed profiles out to 10–15 kpc. 
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rom this observational sample galaxies with SFR > 0.1 M � yr −1 that
lso show disturbed discs. These criteria lead to a sample size of 12
alaxies for the MW comparison. We do not perform a comparison 
ith the LMC simulations because of a lack of matching comparison 

ample of galaxies. For each galaxy, Jo et al. ( 2018 ) obtained the
ertical profiles of the H α emission by horizontally averaging each 
mage and then fitting the profiles with an exponential function 
 ∝ exp ( −z/ Z H α)), where Z H α is the scale height. 

We estimate the scale height Z H α in the simulations adopting the 
ame procedure as the observations. Specifically, we compute the 
 α vertical profiles for each snapshot by horizontally averaging the 

dge-on projection within the ef fecti ve radius ( R eff = 4.3 kpc) and
hen fitting an exponential function to estimate Z H α . We consider 
nly the snapshots 200 Myr after the start of the simulation. In order
o compare our Z H α from the simulation with observations, we also 
dd a relative uncertainty of 30 per cent. 

The right-hand panel of Fig. 4 shows the scale height distributions
f the observations by Jo et al. ( 2018 ) in black. The median observed
cale height is 0 . 7 + 0 . 3 

−0 . 1 kpc . The scale height distribution for our
imulation is shown in red (with observational uncertainty) and in 
range (without observational uncertainty). We measure a median 
cale height in the simulation of 0 . 7 + 0 . 4 

−0 . 2 kpc , demonstrating that the
cale heights from the MW simulation are o v erall in good agreement
ith the observations. For reference, the scale height for the stellar
ass (Z � = 0.26 kpc), dust mass (Z dust = 0.23 kpc), and gas mass

Z gas = 0.56 kpc) and SFR (Z SFR = 0.12 kpc) are indicated as
ertical arrows. This already hints at in situ ionization of gas, rather
han H α photons scattered on dust into the observer’s line of sight,
eing the main driver of this extraplanar H α emission. We will 
ook further into this in Section 4.6 . For completeness, the left-hand
anels of Fig. 4 show the equivalent plot and numbers for the LMC-
C03 (top) and LMC-BPASS (bottom) simulations. We find that the 
MC simulations have comparable scale heights for the gas and H α

independent of the stellar population model) to the MW simulation, 
hile the SFR and stellar mass scale heights of the LMC are smaller

han the ones of the MW. We attribute the relatively large gas and
 α scale heights of the LMC to the more variable star formation in

he LMC than the MW simulation. 

 BA LMER  EMISSION,  SCATTERI NG,  A N D  

B S O R P T I O N  

fter showing in the previous section that the Balmer (H α and H β)
mission of our MW and LMC simulations are realistic, we now
urn towards understanding the Balmer emission, scattering, and 
bsorption. Specifically, we present results on the gas temperature 
nd density dependence of the Balmer emission (Section 4.1 ), the
ollisional excitation, and recombination emission (Section 4.2 ), 
he importance of scattering (Section 4.3 ), the radiative transfer 
f photons from H II and DIG regions (Section 4.4 ), different DIG
efinitions (Section 4.5 ), and the origin of the extraplanar Balmer
mission (Section 4.6 ). 

.1 Density–temperature dependence of the Balmer emission 

n Fig. 5 , we show the density and temperature dependence of
he Balmer line emission. We have adopted this figure from our
ompanion work (Smith et al. 2021 ), which goes into further detail
eg arding the g as that emits Ly α and Balmer emission. Here, we
lot the density–temperature phase space diagram colour-coded 
y the relative intrinsic H α luminosity, the relativ e observ ed H α

uminosity, and the escape fraction of H α (ratio of observed and
ntrinsic emission). In all panels, the contours indicate the mass- 
eighted distribution of the gas, while the vertical lines show the
MNRAS 513, 2904–2929 (2022) 
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Figure 4. Comparison of the vertical H α scale heights Z H α of the simulations with observations. The left-hand panel shows the MW simulation, while the 
right two panels show the LMC-BC03 (top) and the LMC-BPASS (bottom) simulations. For the LMC, no observational data for a comparison are available. The 
scale heights in both observations and simulations are measured by fitting an exponential function ( ∝ exp ( −z/ Z H α)) to the vertical profiles of the H α emission. 
The observations are taken from scale height measurements by Jo et al. ( 2018 ) of 12 nearby edge-one late-type galaxies. For the MW simulation, we find a 
typical scale height of Z H α = 0.7 kpc in both observations and simulations. After accounting for the observational uncertainty, also the o v erall distribution are 
in good agreement with each other. For reference, the MW scale height for the stellar mass (Z � = 0.26 kpc), dust mass (Z dust = 0.23 kpc), and gas mass (Z gas = 

0.56 kpc) and SFR (Z SFR = 0.12 kpc) are indicated. For the LMC, we find the scale heights of H α, the SFR, and the gas to be comparable to the ones of the 
MW, while the the scale heights for the stellar mass and dust mass tend to be smaller. 

Figure 5. Density and temperature dependence of the Balmer H α line emission across all snapshots of the MW simulation. From left to right, we plot the 
density–temperature phase space diagram colour-coded by the relative intrinsic H α luminosity, the relative observed H α luminosity, and the escape fraction of 
H α (ratio of observed and intrinsic emission). The contours indicate the mass-weighted distribution of the gas, while the vertical lines show the star-formation 
threshold. Most of the intrinsic H α emission comes from dense H II regions with a characteristic temperature of T ∼ 10 3 –10 4 K, while the observed H α emission 
stems from T ∼ 10 4 K gas. The impact of dust absorption can also be seen: the denser the gas, the more pronounced the dust absorption and hence the lower 
the escape fraction. 
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tar-formation threshold. The mass contours highlight the presence
f molecular gas ( ∼ 10 K) and of collapsing structures prior to
eating and disruption via feedback ( ∼ 10 3 K). Importantly, although
ensity is the only direct star-formation condition, the temperature
nters indirectly through Jeans stability and converging flows (see
arinacci et al. 2019 and Kannan et al. 2020 for more details).

his ensures that stars only form within cold ( ∼10 K) molecular
louds and the warm ∼10 3 K track is high-density photoheated gas
NRAS 513, 2904–2929 (2022) 
urrounding young stars that has not had time to become a lower
ensity 10 4 K H II region. 
We find that most of the observed H α emission comes from

ense H II regions with a characteristic temperature of T ∼ 10 4 K and
ensity of n H ∼ 0.1–10 cm 

−3 (middle panel of Fig. 5 ). The intrinsic
 α emission (left-hand panel of Fig. 5 ) also shows strong emission

eatures at T ∼ 10 3 K, which are caused by both physical and numer-
cal effects. On the numerical side, this feature can be associated with

art/stac818_f4.eps
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Figure 6. Importance of collisional excitation emission ( f col ) and scattered emission ( f scat ). The panel on the left, middle, and right show the time-evolving 
global value, azimuthally averaged radial profile, and vertical profile, respectively. The MW, LMC-BC03, and LMC-BPASS simulations are shown from top 
to bottom, with the LMC simulations showing more variability with time. The solid (dashed) red and purple lines show f col for the intrinsic and observed 
H α (H β) emission, respectively. The corresponding blue lines show the fractional increase of observed emission caused by scattering (i.e. f scat = 1 −
L w/o scattering / L with scattering ). We find median values of f col = 5 . 0 + 1 . 7 −0 . 8 per cent ( f col = 6 . 7 + 6 . 1 −3 . 7 per cent and f col = 6 . 0 + 4 . 5 −3 . 2 per cent ) and f col = 7 . 1 + 0 . 9 −1 . 0 per cent 

( f col = 8 . 2 + 3 . 1 −3 . 9 per cent and f col = 7 . 1 + 2 . 8 −3 . 3 per cent ) for the intrinsic and observed H α emission for the MW (LMC-BC03 and LMC-BPASS) simulation, 
respectively, indicating that the Balmer H α and H β emission is dominated by radiative recombination as opposed to collisional excitation. Furthermore, 
scattering is important ( f scat = 37 + 4 −5 per cent for the MW, f scat = 28 + 11 

−11 per cent for the LMC-BC03, and f scat = 21 + 14 
−12 per cent for the LMC-BPASS) in 

boosting the Balmer emission by allowing Balmer photons to scatter out of dust-obscured regions both in the face-on and edge-on directions. There are only 
weak radial gradients in both f col and f scat (middle panels), while the f scat and f col decrease with increasing scale height (right-hand panels). 
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nderresolved and consequently underheated H II regions (see also 
mith et al. 2021 for an extended discussion of this). On the physical
ide, as noted abo v e, this feature can be caused by molecular clouds,
artial ionization, and transient phenomena. Importantly, although 
he intrinsic H α emission is bimodal, this second peak at high 
ensities and temperatures of T ∼ 10 3 K diminishes when looking 
t the observed H α emission (i.e. after scattering and absorption), 
ecause the escape fractions from these same dense dusty regions are 
uch lower in comparison to resolved H II regions at ∼ 10 4 K. This

an be clearly seen in the right-hand panel of Fig. 5 , which shows
he H α escape fraction strongly scales with the density of gas. 

.2 Emission: collisional excitation and recombination 

s shown in the schema of the H α radiative transfer (Fig. 2 ),
ecombination, collisional excitation, and collisional ionization can 
ead to Balmer emission. In this section, we focus on the importance
f collisional excitation emission since the emission from collisional 
onization contributes less than 2 per cent to the total H α emission. 
n Fig. 6 , we show the fraction of collisional excitation emission f col 

or the MW (top panels), LMC-BC03 (middle panels), and LMC-
PASS (bottom panels) simulations. We plot the integrated f col as 
 function of time, the average f col as a function of radial distance,
nd the average f col as a function of vertical scale height in the
eft-, middle, and right-hand panels, respectively. The solid (dashed) 
urple and red lines show f col for the intrinsic and observed H α (H β)
mission. 

The observed emission typically has a higher f col than the intrinsic
mission, since collisional excitation emission is emitted in regions 
ith lower density and therefore suffers less dust absorption. For 

he MW, we find a median value of f col = 5 . 0 + 1 . 7 
−0 . 8 per cent and

 col = 7 . 1 + 0 . 9 
−1 . 0 per cent for the intrinsic and observed H α emission,

espectiv ely. F or the LMC-BC03, we find f col = 6 . 7 + 6 . 1 
−3 . 7 per cent and

 col = 8 . 2 + 3 . 1 
−3 . 9 per cent for the intrinsic and observed H α emission,

hile the LMC-BPASS returns f col = 6 . 0 + 4 . 5 
−3 . 2 per cent and f col =

 . 1 + 2 . 8 
−3 . 3 per cent , indicating that changes to the stellar population

odels lead to small changes in f col . These slightly larger values for
he intrinsic and observed f col can be explained by the more turbulent
MNRAS 513, 2904–2929 (2022) 
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nd bursty nature of the LMC relative to the MW, which gives rise to
ore shocks and therefore collisionally excited gas. The variability

f f col occurs with the same cadence as star formation fluctuations
see Section 5.1 ), which is due to a combined effect of having a
igher recombination rate during a starburst and higher collisional
mission due to feedback. This is also confirmed by the rather large
ariability of f col in the case of the LMC (the confidence intervals
uoted abo v e indicate the 16th and 84th percentiles). 
For the H β emission, we find the same overall trends as for H α.
e obtain lower f col values than for the H α emission. This can be

xplained by the lower collisional rate coefficients of H β compared
o H α (see appendix A of Smith et al. 2021 ). 

The middle and right-hand panels of Fig. 6 show the median radial
nd vertical profiles of f col . Overall, we do not find a strong gradient
n f col . If anything, there is a weak trend for the MW where f col is
lightly higher in the centre than the outskirts and within the disc
ather than abo v e the mid-plane. 

In summary, we find that only a small fraction (5–10 per cent )
f the total Balmer emission stems from collisionally excited gas.
ost of the emission stems from radiative recombination. This

s consistent with previous theoretical findings by Peters et al.
 2017 ), who investigated a small region of a galactic disc with
olar neighbourhood-like properties in the stratified disc approxi-
ation. They found that collisional excitation emission makes up

–10 per cent of the total Balmer emission. 

.3 Scattering of H α photons 

ig. 6 also allows us to investigate the importance of scattering of
he Balmer emission. In all of the panels, the solid (dashed) blue
ines show the fractional increase of observed H α (H β) emission
aused by scattering, f scat ≡ 1 − L w/o scattering / L with scattering . There is
ssentially no difference between H α and H β. We find scattering
o be important with, on average, f scat = 37 + 4 

−5 per cent for the MW,
 scat = 28 + 11 

−11 per cent for the LMC-BC03, and f scat = 21 + 14 
−12 per cent

or the LMC-BPASS. Furthermore, f scat also does not depend signif-
cantly on the viewing angle, i.e. face-on versus edge-on projections
ead to differences of less than 1–2 per cent . This means that if
cattering is not considered, one would underestimate the luminosity
y 20–40 per cent . The reason for this is that scattering allows
almer photons to diffuse out of dust-obscured regions. Although

he azimuthally averaged radial gradients are weak (middle panels
f Fig. 6 ), we find in the next section that scattering is particularly
rominent around H II regions. We find that scattering is high at
ow scale heights, i.e. within the disc, and then gradually decreases
owards larger vertical heights (right-hand panels of Fig. 6 ). 

We investigate in detail the probability that H α photons scatter
t least N times in fig. 22 of our companion paper (Smith et al.
021 ). Av eraged o v er all photon trajectories from all snapshots and
ightlines, we find that 76 per cent (39 per cent) of all H α photons
catter at least once (at least 10 times) for the MW simulation.

hen only considering the observed (i.e. escaped) H α photons,
hese fractions reduce to 36 per cent and 0.3 per cent. On average,
n intrinsic and observed H α photon scatters 11.7 and 0.8 times,
espectively. 

.4 H α photons originating from H II regions and the DIG 

 α can be emitted from H II and DIG regions. Observationally
s well as theoretically, there are no clear definitions of what is
eant by DIG and various works adopt different definitions. In this
ork, we use a threshold in gas density to differentiate between
NRAS 513, 2904–2929 (2022) 
 II and the DIG. Specifically, we adopt a gas density threshold of
 thresh = 100 cm 

−3 . Balmer photons emitted abo v e this threshold are
alled H II photons, while photons emitted from gas below n thresh 

re called DIG photons. Although the choice of n thresh is rather
rbitrary, it is moti v ated by being an order-of-magnitude below the
ensity threshold for star formation, which is n = 10 3 cm 

−3 in our
imulations (Section 2.1 ). Looking at the density–temperature phase
iagram (Fig. 5 ), the DIG is dominated by emission from gas with
 temperature of roughly T ∼ 10 4 K. We compare different DIG
efinitions in Section 4.5 . 
In Fig. 7 , we illustrate the distribution of the H α emission, split

nto H II and DIG photons for the same MW snapshot as shown
n Fig. 1 . The upper and lower panels plot the face-on and edge-
n vie ws, respecti v ely. The intrinsic H II photons, observ ed H II

hotons, intrinsic DIG photons, and observed DIG photons are shown
rom left to right. The intrinsic H II photons are emitted from very
ocalized regions, which extend only a few tens of pc. The observed
 II photons are significantly more extended than the intrinsic H II

hotons, which can be explained by scattering (see below). The
ntrinsic and observed DIG photons have similar distributions and
re both more extended than the intrinsic and observed H II photon
istributions. This is expected, since the DIG photons are emitted
rom less dense gas that is spatially more extended and the dust
eprocessing is minimal. Furthermore, there are several ring-like
eatures in the DIG map, which are shell o v erdensities created by
upernovae bubbles. 

Fig. 8 follows the same layout as Fig. 7 , but shows from left
o right maps of the total observed H α emission, fraction of DIG
hotons ( f DIG ), scattering factor ( f scat ), and fraction of photons emitted
rom collisionally excited gas ( f col ). The map of the observed H α

mission clearly shows the point-like sources, which are the H II

egions. Consistent with Fig. 7 , the f DIG map (second from the left)
ndicates small localized regions with low f DIG , which are the H II

egions. The rest is dominated by the DIG, including the regions
bo v e the plane of the disc. 

The second panel from the right in Fig. 8 shows the fractional
ncrease of observed H α emission caused by scattering (see Sec-
ion 4.3 ). Comparing it with f DIG , we find that the f scat is high where
 DIG is low. This highlights that scattering boosts the H α luminosity
ore significantly in H II regions than in DIG regions. Specifically,

v eraged o v er all MW snapshots, the H II luminosity is boosted
y f scat, HII = 64 + 2 

−2 per cent , while DIG luminosity only increases
y f scat, DIG = 18 + 2 

−2 per cent . For comparison, the total boost-factor
ue to scattering is f scat = 38 + 4 

−5 per cent (see also Fig. 6 ). This
rend is even more apparent when looking at the LMC simulations,
here we find f scat, HII = 51 + 10 

−9 per cent ( f scat, HII = 52 + 6 
−13 per cent )

nd f scat, DIG = 5 + 3 
−1 per cent ( f scat, DIG = 5 + 4 

−2 per cent ) for the LMC-
C03 (LMC-BPASS) model. 
The panel on the right of Fig. 8 shows the map of the fraction of

hotons from collisionally excited gas. There are only a few localized
egions with f col , which are typically at the boundary to low surface
rightness regions. It seems f col is more determined by the overall
arge scale motion of the gas; i.e. regions with ele v ated or reduced
 col are typically a few kpc in size. 

.5 Implications of different DIG definitions 

s mentioned in the previous section, our fiducial identification of
he DIG is based on a density cut of the emitting gas: DIG photons
re emitted by gas with a density of n < 100 cm 

−3 . We now
xplore an additional DIG identification method, which is based
n finding clumps in images. Specifically, high surface brightness
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Figure 7. H α emission maps for face-on (upper panels) and edge-on (lower panels) sightlines with dimensions of 30 × 30 kpc. The photons are categorized 
according to the gas density of the emission region: H II photons (emitted in regions with n > 100 cm 

−3 ) are shown in the left-hand panels and DIG photons 
(emitted in regions with n < 100 cm 

−3 ) are shown in the right-hand panels. For both H II and DIG photons we show the intrinsically emitted photons and the 
observed (after attenuation and scattering) photons. The H II photons are produced on small, confined regions, and only through scattering are able to occupy a 
significant area. On the other hand, the DIG photons are emitted on diffuse scales, extending significantly ( > 3 kpc) above the plane of the disc. 

Figure 8. Maps of the observed H α emission (left-hand panels), the fraction of DIG photons (second from the left), the scattering factor (second from the right; 
f scat ≡ 1 − L w/o scattering / L with scattering ), and the fraction of collisionally excited emission (right-hand panels) for face-on (top panels) and edge-on (bottom panels) 
views. The scattering factor quantifies the fractional increase of observed H α emission caused by scattering. We find that the small-scale, bright regions are 
dominated by H II photons, while most of the area is dominated by DIG photons. Scattering can boost the luminosity by a factor of � 3 in the bright H II regions. 
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Figure 9. Fraction of Balmer emission originating from DIG f DIG as a function of the H α surface brightness � H α (equation 4 ) for different DIG selection 
methods. The left-hand panel shows our fiducial physical DIG definition that is based on a density cut of the emitting gas, while the middle and right-hand 
panels use a DIG definition based clump finding on the 2D face-on projection. In all panels, the red squares, purple circles, and teal stars mark our MW, 
LMC-BC03, and LMC-BPASS simulations, while the filled and empty symbols indicate the observed and intrinsic f DIG , respectiv ely. The gre y plus and cross 
symbols are the observational measurements from the SINGG H α surv e y (Oe y et al. 2007 ; with a median of f DIG = 0 . 66 + 0 . 13 

−0 . 12 in the MW’s � H α range) and 

the PHANGS-MUSE surv e y (Belfiore et al. 2022 ; with a median of f DIG = 0 . 42 + 0 . 11 
−0 . 05 ). The grey solid line shows the best-fitting function (equation 5 ; Sanders 

et al. 2017 ) of the form f DIG ∝ � 

1 / 3 
H α , as suggested by Oey et al. on theoretical arguments. The following are the two key conclusions from this figure: (i) f DIG 

values depend significantly on the selection technique; (ii) f DIG from the clump finding method depends heavily on the spatial resolution of the data; and (iii) the 
intrinsic f DIG is typically smaller (factor of 2–3) than the observed f DIG due to the comparatively higher escape fractions. 
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egions (clumps) are classified as H II regions, while the remaining
iffuse emission is classified as DIG. This is similar to what is done
n some observational data (e.g. Thilker, Braun & Walterbos 2000 ;
ey et al. 2007 ; Barnes et al. 2021 ). As images, we use the spatially

esolved face-on projections with two different resolutions: 50 pc
o mimic MUSE-like resolution and 1.5 kpc to model MANGA-
ike resolution of nearby galaxies. The 50 pc H α surface brightness
aps are presented in Fig. 1 , while the effect of lowering the

esolution is shown in Appendix A2 . The clumps are identified with
strodendro (Robitaille et al. 2019 ), with a surface brightness

hreshold of 10 32 erg s −1 pc −2 , a minimum height for a leaf to be
onsidered an independent entity of 5, and a minimum number of
ixels for a leaf to be considered an independent entity of 10 (pixel
ize of 10 pc). Varying these parameters by an order of magnitude
id not affect our results significantly (i.e. f DIG changed by less than
0 per cent), i.e. the clump finding with this method is robust. 
In Fig. 9 , we plot the fraction of the H α Balmer emission origi-

ating from DIG, f DIG , as a function of the H α surface brightness,
hich is defined as 

 H α = 

L 

tot 
H α

2 πR 

2 
half, H α

, (4) 

here L 

tot 
H α is the total H α luminosity and R half, H α is the half-

ight radius of the galaxy’s H α emission. We measure R half, H α by
etermining the radius from the face-on projected maps that encloses
alf of the total H α flux. 
Fig. 9 compares the aforementioned different DIG selection
ethods. Specifically, the left-hand panel shows the result for our
ducial density cut, while the middle and right-hand panels show the
esults for the clump finding applied to 50 pc and 1.5 kpc resolution
mages. In all panels, the red, purple, and teal symbols represent the

W, LMC-BC03, and LMC-BPASS simulations, respectively. The
lled symbols show the observed f DIG values, while the open symbols
how the intrinsic f DIG values. 

The first thing to notice is – regardless of the exact definition of
he DIG – that the MW values are more clustered together, while the
NRAS 513, 2904–2929 (2022) 
alues for the LMC show more scatter, which is largely driven by the
ore variable star-formation activity. Furthermore, there is a stark

ifference between the observed and intrinsic f DIG : the observed f DIG 

s about a factor of 2–3 larger than the intrinsic f DIG . This makes
ense physically since the DIG H α photons are emitted in less dense
egions, which allows those photons to escape more easily, while
he H II photons are more likely to be absorbed by dust locally.
nvestigating the effects of different DIG selection methods, we find
hat the clump finding approach typically leads to smaller observed
 DIG, obs values, but similar intrinsic f DIG, int values, in comparison with
ur fiducial density-based method. Decreasing the resolution of the
mages to which the clump finding is applied to leads to an increase
f the DIG fraction since high-surface brightness clumps are more
meared out. The exact quantitative values can be found in Table 2 . 

In addition, we perform an approximate comparison to obser-
ations from the SINGG H α surv e y (Oe y et al. 2007 ) and the
HANGS-MUSE surv e y (Belfiore et al. 2022 ; Emsellem et al. 2022 )

n Fig. 9 . We emphasize that this is only a ‘rough’ comparison because
t is difficult to mimic the same method as adopted in the observations,
uch as modelling the exact noise properties of the observational data
nd the data processing (i.e. binning of pixels in order to achieve a
omogeneous signal-to-noise ratio). Oey et al. ( 2007 ) showed that
 DIG decreases with increasing � H α . Specifically, they argue that H II

egions occupy a larger fraction of the ionized ISM volume as star
ormation becomes more concentrated, predicting a dependence of
 DIG ∝ � 

1 / 3 
H α . This agrees well with data from the SINGG H α surv e y

grey plus symbols in Fig. 9 ). Sanders et al. ( 2017 ), using the data
rom Oey et al. ( 2007 ), fitted f DIG as a function of � H α , obtaining: 

 DIG = −1 . 5 × 10 −14 × � 

1 / 3 
H α + 0 . 748 , (5) 

here � H α is in units of erg s −1 kpc −2 . This best fit is shown
s the solid grey curves in Fig. 9 . Recently, the higher resolution
ata from the PHANGS-MUSE surv e y (Belfiore et al. 2022 ) point
o wards a lo wer DIG fraction than what Oey et al. ( 2007 ) reported
t fixed � H α . Those observations are shown as dark grey crosses
n Fig. 9 . Specifically, in the MW range of � H α Oey et al. ( 2007 )
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Table 2. DIG fraction of the Balmer H α emission for different DIG selection method: our fiducial 
density selection selection versus clump finding with different resolutions. We also differentiate between 
the observed (obs) and intrinsic (int) emission. 

Density selection Clump finding (50 pc) Clump finding (1.5 kpc) 
Simulation f DIG, obs f DIG, int f DIG, obs f DIG, int f DIG, obs f DIG, int 

MW 0 . 59 + 0 . 10 
−0 . 08 0 . 24 + 0 . 09 

−0 . 07 0 . 44 + 0 . 08 
−0 . 04 0 . 23 + 0 . 09 

−0 . 07 0 . 42 + 0 . 12 
−0 . 10 0 . 37 + 0 . 11 

−0 . 13 

LMC-BC03 0 . 49 + 0 . 22 
−0 . 17 0 . 26 + 0 . 21 

−0 . 13 0 . 32 + 0 . 12 
−0 . 13 0 . 19 + 0 . 11 

−0 . 09 0 . 50 + 0 . 18 
−0 . 21 0 . 45 + 0 . 23 

−0 . 19 

LMC-BPASS 0 . 66 + 0 . 19 
−0 . 23 0 . 39 + 0 . 23 

−0 . 17 0 . 43 + 0 . 15 
−0 . 17 0 . 42 + 0 . 12 

−0 . 10 0 . 37 + 0 . 32 
−0 . 19 0 . 33 + 0 . 33 

−0 . 18 
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Figure 10. Comparison of the different DIG selection methods on spatially 
resolved scales. We plot the normalized distribution of f DIG , as defined by our 
fiducial density threshold method, for DIG and H II regions as identified by 
the clump finding method on images with 50 pc (thick red and blue lines) and 
1.5 kpc (thin orange and bright blue lines) resolution. The errorbars indicate 
the 16–84th percentile of the distribution when considering all snapshots. 
The diffuse regions (non-clumps) indeed correspond to regions of high f DIG . 
Ho we ver, some clumpy features that are identified as H II regions actually 
have a high f DIG , which leads to the o v erall lower f DIG in the clump finding 
method in comparison with the density selection method as shown in Fig. 9 . 
Lowering the resolution of the clump finding method leads to more mixing. 
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eport a median of f DIG = 0 . 66 + 0 . 13 
−0 . 12 , while Belfiore et al. ( 2022 )

nd f DIG = 0 . 42 + 0 . 11 
−0 . 05 (see also Che v ance et al. 2020 , who estimate

he DIG fraction of a subsample of PHANGS galaxies using H α

arrow-band data, finding o v erall consistent results with Belfiore 
t al. 2022 ). This observ ational dif ference indicates that there is not
et a consensus and dif ferent observ ational methods and data sets can
asily lead to differences on the 10–20 per cent lev el. Nev ertheless,
e find that our MW simulation agrees very well with the more recent
HANGS-MUSE observations when adopting the clump finding 
ethod with 50 pc resolution data ( f DIG , obs 0 . 44 + 0 . 08 

−0 . 04 in the simulation
ersus 0 . 42 + 0 . 11 

−0 . 05 in the observations). The LMC-BC03 and LMC-
PASS simulations are consistent with the observations as well, but 

t is more difficult to make a more conclusive statement due to the
carcity of the observational data and the o v erall large scatter (in both
bservations and simulations). Obviously, a more rigorous compar- 
son between simulations and observations is needed in the future. 
urthermore, investigating other DIG selection methods (for example 
ased on the emission line [S II ]) is also of great interest (Section 6.2 ).
Looking further into the different DIG selection methods at hand 

n this work, it is clear that the clump finding identifies some DIG
egion photons as stemming from H II regions, which leads to a
ower DIG fraction with respect to the physical density cut. We show
his explicitly in Fig. 10 for the MW simulation, which plots the
ormalized distribution of f DIG for DIG and H II regions as identified
y the clump finding method on images with 50 pc (thick red and
lue lines) and 1.5 kpc (thin orange and bright blue lines) resolution.
ere, f DIG refers to our fiducial density-based method and has been 

stimated for each spatial region separately. We only consider spatial 
e gions abo v e a surface brightness of 10 30 erg s −1 kpc −2 , moti v ated
y observations (e.g. Belfiore et al. 2022 ). The errorbars indicate the
6–84th percentile of the distribution when considering all snapshots. 
s clearly shown in the case for the high-resolution analysis, some 

lumpy features that are identified as H II regions actually have a
igh f DIG , while the diffuse regions (non-clumps) indeed correspond 
o regions of high f DIG . This explains the aforementioned difference 
see also Fig. 9 ). When lowering the resolution, there is much more
ixing, leading to H II regions with high f DIG . 
Finally, we focus on the H α EW distribution of the DIG and
 II emission. Some observational studies (e.g. Lacerda et al. 2018 ;
ale Asari et al. 2019 ) define regions with low EW of H α emission

e.g. EW(H α) < 3 Å) as DIG. The moti v ation from this stems form
he fact that EW(H α) can distinguish between ionization due to 
ot lo w-mass e volved stars (‘HOLMES’; lo w- to intermediate-mass 
tars with 0.8–8 M � in all stages of stellar evolution subsequent 
o the AGB) from that of star formation (and AGN). The exact
oundary between HOLMES and star formation depends on metal- 
icity, IMF, and stellar evolution tracks, but it has been put forward
hat HOLMES typically produce EW(H α) of 0.5–2.5 Å (e.g. Cid 
ernandes et al. 2014 ; Byler et al. 2019 ). Inspired both by theoretical
nd empirical considerations, Lacerda et al. ( 2018 ) suggested a 
hree-tier scheme: regimes where EW(H α) < 3 Å are dominated 
y HOLMES (i.e. DIG), regions where EW(H α) > 14 Å trace star-
ormation comple x es (i.e. H II re gions), and the intermediate re gions
ith EW(H α) = 3–14 Å reflect a mixed regime. 
An important consideration in the discussion of the EW(H α) on

patially resolved scales is – in addition to spatial resolution – the size
f the aperture. In particular, is the EW calculated o v er individual
ixels or binned pixels (according to some signal-to-noise criterion 
r some classification schema, such as DIG versus H II regions)?
ince the EW is a ratio quantity, calculating the EW for individual
r binned pixel can have an important effect, as we highlight now. 
Fig. 11 plots the normalized EW(H α) distributions for the DIG

nd H II regions in red and blue, respectively. In the left-hand panel,
e use our fiducial physical DIG definition that is based on a
ensity cut of the emitting gas to identify DIG regions in the face-
n projection ( f DIG > 0.5). In the middle and right-hand panel, we
dentified H II region with the clump finding method described abo v e.
hese distributions depend not only on the DIG definition, but also
n the aperture o v er which the EW are calculated: the red and blue
istograms (together with the vertical lines indicating the median 
nd 16–84th percentile of the distributions) estimate the EW o v er
MNRAS 513, 2904–2929 (2022) 
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Figure 11. H α EW distributions for the DIG (red) and H II (blue) regions as identified by the different selection methods. From left to right we show the results 
for our fiducial physical DIG definition that is based on a density cut of the emitting gas, and clump finding on images with 50 pc and 1.5 kpc resolution. These 
distributions depend not only on the DIG definition, but also on the aperture o v er which the EW are calculated: the red and blue histograms (together with the 
vertical lines indicating the median and 16–84th percentile of the distributions) estimate the EW o v er the entire DIG and H II regions (reg), while the magenta 
and cyan histograms show the EW of all the individual 10 pc × 10 pc pixels classified as either DIG or H II (pix). The vertical grey lines indicate 14 Å, suggested 
by Lacerda et al. ( 2018 ) as a cut to select pure H II regions. 
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he entire DIG and H II re gions (‘re g’, i.e. binned pix els), while the
agenta and cyan histograms show the EW of all the individual

0 pc × 10 pc pixels classified as either DIG or H II (pix). We
nd that this pixel binning affects the distributions significantly, in
articular in case of high-resolution data. Binning individual pixels
ogether leads to a bias towards the brightest pixels, hence higher
Ws. This effect makes it difficult to perform a robust comparison

o observations, since observers typically bin pixels in a non-
omogeneous manner in order to achieve an optimal arrangement of
ignal-to-noise ratios. Quantitatively, we find, when calculating the
W o v er entire DIG and H II regions, EW(H α) = 5 + 5 

−2 Å for the DIG
nd EW(H α) = 78 + 103 

−29 Å for the H II regions when performing our
ducial density selection (left-hand panel of Fig. 11 ). Adopting the
lump finding method on 50 pc data (middle panel) leads to similar
Ws (DIG EW(H α) = 4 + 4 

−1 Å for DIG and EW(H α) = 51 + 55 
−19 Å for

 II regions). In both cases, a value of 14 Å (v ertical gre y line) seems
o work well for selecting pure H II regions, which is consistent with
acerda et al. ( 2018 ). Furthermore, the 50 pc clump finding results
re in excellent agreement with the quoted values from the PHANGS-
USE surv e y (Belfiore et al. 2022 ): EW(H α) = 5 . 3 + 12 . 1 

−3 . 0 Å for the
IG and EW(H α) = 48 . 7 + 98 . 4 

−34 . 0 Å for the H II regions. Lowering the
esolution (right-hand panel) leads to more mixing and a smaller
ifference in the EWs of the DIG and H II regions. Specifically, the
W threshold to identify H II region needs to be lowered. 
Focusing on the effect of binning, we find that EW distributions

re significantly lower when evaluating individual pixels. This
ffect is particularly drastic when considering high-resolution data:
W(H α) = 1 . 5 + 0 . 7 

−0 . 4 Å for the DIG and EW(H α) = 2 . 1 + 0 . 5 
−0 . 2 Å for

he H II regions when performing our fiducial density selection,
hile EW(H α) = 1 . 5 + 0 . 5 

−0 . 4 Å for the DIG and EW(H α) = 12 . 5 + 4 . 0 
−1 . 9 Å

or the H II regions when adopting the 50 pc clump finding. The
eason for this is that the faint H α regions (EW(H α) < 1 Å; regions
here stars are present but nearly no H α emission) are binned

nto larger regions, where their contribution is insignificant. The
 v erall effect is that the long tail to low EWs is binned up and high
W regions dominate. Additionally, adopting the clump finding
ethod leads to a larger difference on the individual pixels than for

he density selection, with H II regions having an EW(H α) that is
NRAS 513, 2904–2929 (2022) 
oughly an order-of-magnitude larger than the DIG regions. This
s not surprising, because the clump finding method by definition
lassifies regions of high H α surface brightness as H II regions,
hich typically also have a higher EW(H α). 
In summary, although different selection techniques lead to quanti-

ati ve dif ferent DIG fractions, we find that the observed DIG fraction
s of the order of ∼ 50 per cent . Importantly, the intrinsic DIG
raction (i.e. before accounting for dust absorption and scattering) is a
actor of 2–3 times lower. The H α EW is not a good tracer of whether
n H α photon has been emitted in dense gas (H II region) or diffuse
as (DIG region). A key question that we have not yet addressed in
he section is: What powers the DIG? We find that leaking radiation
rom H II regions can play a major role. As shown in our companion
aper (fig. 25 in Smith et al. 2021 ), in the MW simulation about
0 per cent of all the LyC photons travel 0.01–1.0 kpc before they
onize hydrogen (or undergo dust absorption), with an additional
5 per cent travelling beyond 1 kpc. 4 This radiation is in principle
nough to power an intrinsic DIG fraction of 20–30 per cent as
equired. Nevertheless, we find that additional processes such as
ollisional excitation and ionization (related to, e.g. shocks) also
ontribute to the H α emission on the 5–10 per cent level and
herefore can contribute substantially to the powering of the DIG
Section 5.2 ). As shown in Appendix B , older stars ( > 10 8 yr)
ontribute to ≈ 2 per cent the ionizing budget of the MW simulation
this increases to ≈ 8 per cent for the LMC simulation assuming the
C03 SPS model) and therefore do not dominate the DIG emission

n these simulations. This has implications for the high-ionization
ines (e.g. Zhang et al. 2017 ), which is of great interest for upcoming
tudies (Section 6.2 ). 

.6 Extraplanar Balmer emission 

e now focus on understanding the origin of the extraplanar Balmer
mission, which is directly related to the previous discussion about
he DIG. As we have highlighted in the Introduction, there are two
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Figure 12. Extraplanar Balmer emission of the MW simulation. From left to right, the vertical profiles of H α and H β, of H α split by DIG and H II photons, 
of H α split by scattered and non-scattered photons, and H α split by radiative recombination and collisional excitation. The smaller panels on the bottom show 

the fractional contribution of the different components. All the vertical profiles are obtained within the ef fecti ve radius of 4.3 kpc. The key message from this 
figure is that the Balmer emission at large scale heights ( z > 200 pc) is mainly emitted in situ via radiative recombination, emitted in low-density gas (i.e. the 
DIG), and scattering is significant but not dominant ( f scat ≈ 20 per cent ). 
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ossible explanations for this extraplanar emission. On one hand, this 
mission could be produced by ionizing photons transported through 
ransparent pathways carved out by superbubbles or chimneys. On 
he other hand, it could be caused by dust scattering of the photons
riginating from H II regions in the galactic disc. Moti v ated by the
ood agreement between the scale heights of our simulated MW 

alaxy and the observations (Section 3.2 ), we now investigate the 
hysical origin of this extraplanar Balmer emission. 
In Fig. 12 , we show the vertical profiles within the ef fecti ve radius

f 4.3 kpc for the MW simulation split by different diagnostics. The
eft-hand panel shows the vertical profiles for H α and H β emission.
he solid and dashed lines show the observed and intrinsic emission,

espectiv ely. As e xpected, the intrinsic profile is nearly 1 dex higher
han the observed profile within the disc ( z < 200 pc), which can be
xplained by the absorption of dust. There is very little difference 
etween the intrinsic and observed emission at high altitudes: the 
bserved emission is slightly above ( < 0.2 dex) the intrinsic emission
ecause of scattering (see below). 
The second panel from the left in Fig. 12 splits the H α emission

y photons emitted in H II regions and the DIG, as defined by the
imple gas density cut ( n thresh = 100 cm 

−3 ). We find that the DIG
ominates at all scale heights. The fraction of H α photons emitted 
y the DIG is f DIG 70 per cent within the disc (see lower panel) and
ncreases towards larger heights to f DIG > 90 per cent . There is very
ittle difference between the intrinsic and observed emission for the 
IG component. Contrarily, the intrinsic H II photons are basically 

ll emitted within the disc ( z < 200 pc), while they are observed out
o much higher scale heights ( z > 1 kpc). This can be explained by
ust scattering, as we discuss next. 
In the third panel from the left in Fig. 12 we investigate the

mportance of scattering of H α photons. This shows that indeed 
ll ( ∼ 100 per cent ) of the H II photons at large scale heights have
een scattered. Looking at DIG photons, we find that scattering is
ignificant with a fraction of 10–30 per cent . Since the DIG photons
ominate, we find that the majority of extraplanar H α emission is
ot scattered ( f scat ≈ 10–30 per cent ). 
Finally, in the rightmost panel of Fig. 12 we split the H α emission

y the physical emission process, i.e. radiative recombination and 
ollisional excitation. We find that at all scale heights, radiative 
ecombination clearly dominates. 

In summary, the extraplanar emission extends to several kpc in our
W simulation. The exponential scale height amounts on average 

o 0.7 kpc, consistent with observations (see Fig. 4 ). As shown in
ig. 12 , this extraplanar Balmer emission is produced in situ by

onizing photons emitted from the disc via radiative recombination. 
hose ionizing photons must be transported through transparent 
athways carved out by superbubbles or chimneys (see Fig. 1 ). This
s consistent with our measurement that about 30 per cent of all the
yC photons travel 0.01–1.0 kpc before they ionize hydrogen (see 
g. 25 of our companion paper, Smith et al. 2021 ). Since the gas
ensity is low at large scale heights, we classify all of this Balmer
mission as being emitted from the DIG. We find that scattering
ncreases the H α luminosity abo v e the plane of the disc by roughly
 scat ≈ 10–30 per cent . 

 BA LMER  LI NES  A S  A  STAR-FORMATIO N  

RAC ER  

 α is a prime indicator for the SFR of galaxies, both on global
nd spatially resolved scales (see Introduction). We now turn to 
nderstanding the connection between the SFR and H α in more 
etail. In particular, we look into the time evolution of H α and SFR
Section 5.1 ), the connection between the intrinsic H α emission 
nd the SFR (‘conversion factor’; Section 5.2 ), dust correction (Sec-
ion 5.3 ), and star-formation time-scale probed by H α (Section 5.4 ).
MNRAS 513, 2904–2929 (2022) 
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M

Figure 13. Time evolution of the H α luminosity (top panels), Balmer decrement (ratio of the observed H α/H β in the middle panels), and the SFR (bottom 

panels) for the MW (left-hand panels), LMC-BC03 (middle panels), and LMC-BPASS (right-hand panels) simulations. All quantities are measured within 
an aperture of 15 kpc. The red, purple, and orange lines in the top panel show the observed, intrinsic, and dust-corrected (using the Balmer decrement) H α

luminosities. The Balmer decrement oscillates around a typical value of ∼3.5, which corresponds to an attenuation for H α of A H α ≈ 1.0 mag. The SFR is 
estimated considering stars with ages t age < 5 Myr (cyan), < 10 Myr (blue), and < 50 Myr (pink). The orange line in the bottom panel shows the SFR estimated 
from the dust-corrected H α luminosity using the Balmer decrement, which closely follows the SFR averaged over short time-scales ( < 5–10 Myr). 
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.1 Time evolution of the H α luminosity and SFR 

n Fig. 13 , we show the temporal evolution of the H α luminosity
top panels), Balmer decrement (ratio of the observed H α/H β in
he middle panels), and the SFR (bottom panels) for the MW (left-
and panels), LMC-BC03 (middle panels), and LMC-BPASS (right-
and panels) simulations. All measurements are on global scales; i.e.
btained with an aperture of 15 kpc. For the H α luminosity, we plot
he observed luminosity (red line), intrinsic luminosity (without dust
bsorption and scatter; purple line), and dust-corrected luminosity
orange line), which we perform via the Balmer decrement as
escribed in Section 5.3 . As we see, for all simulations, the dust
orrection works extremely well and is able to reco v er the intrinsic
 α luminosity nearly perfectly. 
In the middle panels of Fig. 13 , we show the Balmer decrement for

ace-on and edge-on views as red solid and dashed lines, respectively.
n the MW case, we can clearly see that the edge-on alignment
xhibits a larger Balmer decrement, which is consistent with the
dea that edge-on integrations lead to higher attenuation (by about
.5 mag for H α). There is very little difference between the different
ightlines in the LMC simulations due to the lower dust content. In
hese middle panels, we also plot the intrinsic Balmer decrement
s solid purple lines. We find on average an intrinsic Balmer
ecrement of (H α/ H β) int = 2 . 97 + 0 . 01 

−0 . 01 , 2 . 99 + 0 . 05 
−0 . 04 , and 2 . 97 + 0 . 04 

−0 . 03 for
he MW, LMC-BC03, and LMC-BPASS simulations; all values are
lose to the fiducial value of 2.87 (shown as vertical black line)
hat assumes an electron temperature of T e = 10 4 K, an electron
ensity of n e = 10 2 cm 

−3 , and Case B recombination conditions
Osterbrock & Ferland 2006 ). Most of the differences can be
xplained by collisional excitation emission, which intrinsically has
 higher Balmer decrement (the dotted purple line shows the Balmer
NRAS 513, 2904–2929 (2022) 
ecrement for the intrinsic radiative recombination radiation), while
he rest is due to the more realistic range of different gas temperatures
nd densities (see Fig. 5 ). 

In the bottom panels of Fig. 13 we plot the SFR estimated from
 α (orange line) assuming an ef fecti v e conv ersion factor (see the
ext section) and direct measurements of the SFR by considering
ll stars born in the past 5 Myr (cyan line), 10 Myr (blue line), or
0 Myr (pink line). The H α-based SFR employs the dust-corrected
 α luminosity and an effective H α–SFR con version factor , which
e discuss in detail in the next section. We see that the H α-based
FR accurately traces the < 5–10 Myr SFR, something we explore
ore in Section 5.4 . 

.2 The H α–SFR conversion factor 

n order to derive an SFR from the observed H α luminosity, two
teps are necessary. First, the observed H α luminosity needs to be
orrected for dust attenuation to derive the intrinsic H α luminosity.
econdly, the intrinsic H α luminosity needs to be converted to the
FR via an H α-to-SFR conversion factor. We now focus on the H α-

o-SFR conversion (i.e. focusing on the relation between the intrinsic
 α emission and its relation with star formation) and discuss the dust

orrection in the ne xt section. F or this section, by ‘SFR’ we mean
he SFR considering all stars born in the past 5 Myr (i.e. 〈 SFR 〉 5Myr ;
ection 5.4 ). 
The intrinsic (or dust-corrected) H α luminosity L (H α) int can be

onverted to an SFR via 

FR = C × L (H α) int , (6) 
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Figure 14. H α–SFR connection. We compute the SFR from the intrinsic H α emission (i.e. no dust absorption) by multiplying it with the Kennicutt ( 1998 ) 
conversion factor (equation 6 ) and denote it by SFR H α . We plot the ratio of SFR H α and the true SFR (averaged over 5 Myr; 〈 SFR 〉 5Myr ) as a function of 
〈 SFR 〉 10Myr / 〈 SFR 〉 100Myr , which indicates whether the SFR is increasing or decreasing o v er the past 100 Myr. The salmon and red symbols are from the MW 

simulations, while the grey symbols are from both the LMC-BC03 and LMC-BPASS simulations. We find that the simple H α-based SFR underpredicts the true 
SFR by 0 . 20 + 0 . 09 

−0 . 07 (0 . 05 + 0 . 12 
−0 . 12 and 0 . 12 + 0 . 11 

−0 . 24 ) dex in the MW (LMC-BC03 and LMC-BPASS) case. For the MW simulation, this can be explained by the dust 
and helium absorption of ionizing LyC photons ( f abs ≈ 28 per cent and f He ≈ 9 per cent ), while effects related to the escape of LyC photons and H α emission 
collisionally excited gas roughly cancel each other out ( f esc ≈ 6 per cent versus f col ≈ 5 per cent ), see arrows in the lower left for the average strengths of these 
processes. Contributions from older stars ( f old ≈ 3 per cent ) and collisionally ionized gas ( f col , ion ≈ 2 per cent ) are both small. Since the f abs depends on the 
recent SFH, these corrections are actually dependent on the SFH itself. 
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here C is the H α-to-SFR conversion factor. This factor typically 
ssumes that: (i) the star formation has been roughly constant o v er the
ime-scale probed (in case of H α a few tens of Myr), (ii) the stellar
MF is known, and (iii) the stellar IMF is fully sampled. Furthermore,
n the case of nebular lines such as H α, values for the electron temper-
ture and density also need to be assumed. Not surprisingly, there is
 significant variation among published calibrations ( ∼ 30 per cent ), 
ith most of the dispersion reflecting differences in the stellar 

volution and atmosphere models. We adopt for the MW simulation 
 = 4 . 5 × 10 −42 ( M � yr −1 ) / ( erg s −1 ), which is consistent – after
onverting from a Salpeter ( 1955 ) to a Chabrier ( 2003 ) IMF using
he conversion presented in Driver et al. ( 2013 ) – with the widely
sed conversion factor of Kennicutt ( 1998 ). The conversion factor 
f the LMC-BC03 and LMC-BPASS simulations (both 0.5 Z �) are 
aken to be 4.2 and 2 . 1 × 10 −42 ( M � yr −1 ) / ( erg s −1 ), respectively. 

We now convert the intrinsic H α luminosities to SFRs via 
quation ( 6 ) with the aforementioned standard Kennicutt ( 1998 )
onversion factor. We compare these SFRs (SFR H α) with the SFR
btained by considering all stars born in the previous 5 Myr; i.e. the
rue SFR averaged over the previous 5 Myr; 〈 SFR 〉 5Myr . Specifically,
n Fig. 14 we show the ratio of the H α-based SFR and the true SFR of
he simulation as a function of the ratio of the true SFR averaged over
he previous 10 Myr and the previous 100 Myr; i.e. the x -axis shows
hether the star-formation history (SFH) is increasing or decreasing 
 v er the past 100 Myr. 
The salmon-coloured (bright grey) points in Fig. 14 are obtained 

y adopting the H α-based SFR of the MW (LMC-BC03 and LMC-
PASS) simulation with the simple conversion described above. 
e clearly see that these points lie below the black vertical line,

ndicating that the SFRs obtained from the intrinsic H α luminosity 
re systematically underestimating the true SFR av eraged o v er the
revious 5 Myr. In fact, there is a trend with the SFH evolution
n which snapshots where the SFH o v er the past 100 Myr was
ncreasing have H α-based SFRs that are 0.2–0.4 dex lower than
he true SFR. This difference is only about 0.1 dex when the SFH
s decreasing. The median difference for the MW, LMC-BC03, and 
MC-BPASS simulations is −0 . 20 + 0 . 07 

−0 . 09 , −0 . 05 + 0 . 12 
−0 . 12 , and −0 . 12 + 0 . 24 

−0 . 11 ,
especti vely. The dif ference is typically less for the LMC than for
he MW simulation. What is the reason for this difference? 

As shown in Fig. 2 , there are several different physical processes
hat can reduce or boost the H α luminosity relative to the SFR; i.e. the
ormation rate of young stars. First, ionizing LyC photons from young
assive stars can be absorbed by dust and helium before ionizing

ydrogen that recombines to emit H α photons. This reduction of 
MNRAS 513, 2904–2929 (2022) 
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 α production relative to the SFR is significant in our simulations:
e find (median o v er all snapshots) that f abs ≈ 28 per cent of LyC
hotons are absorbed by dust, while f He ≈ 9 per cent of LyC photons
onizing helium. 5 Secondly, some ionizing LyC photons escape the
alaxy and do not interact with either gas or dust. The fraction of
scaping LyC photons is low with an average of f esc ≈ 6 per cent .
hirdly, as discussed in Section 4.2 , collisionally excited gas actually
oosts the H α emission relative to the SFR, though this fraction is
ow with an average of f col ≈ 5 per cent . Directly related to this is the
ollisionally ionized gas which contributes negligibly with f col , ion ≈
 per cent . Fourthly, older stars with ages of > 10 Myr only weakly
oost the H α luminosity on the level of f old ≈ 3 per cent . Finally, one
ore channel that is self-consistently modelled is photoionization

y the UV background, which produce very little recombination
mission ( < 1 per cent ), which we therefore do not report here. 

These corrections are different for the LMC simulations: ( f abs ,
 He , f esc , f col , f col, ion , f old ) are on average (12 pe cent, 11 per cent,
 per cent, 7 per cent, 4 per cent, 8 per cent) and (15 per cent,
 per cent, 12 per cent, 6 per cent, 2 per cent, 9 per cent) for
he LMC-BC03 and LMC-BPASS simulation, respectively. This
eans that the budget of H-ionizing LyC photons is reduced to
 H ≈ 57 per cent (i.e. 43 per cent of the produced LyC photons
re absorbed by dust or helium, or escape the galaxy) in the MW
imulation, to f H ≈ 72 per cent in the LMC-BC03 simulation, and
o f H ≈ 67 per cent in the LMC-BPASS simulation. As expected, the
yC photon absorption by dust is less important for the LMC, while

he contribution of older stars is more prominent since the specific
FR of the LMC is lower than that of the MW. Comparing BC03 with
PASS, we find that the LyC escape fraction of the LMC-BPASS
odel is about twice as high as for the LMC-BC03 model, which can

e attributed to the LyC emission of slightly older stellar populations
n the former model, which are typically located in less obscured
egions of the galaxy. 

After correcting each individual snapshot for these effects – the
ypical arrows of corrections for the MW simulation are shown in
he bottom left of Fig. 14 – we find that the H α-based SFR agrees
ell with the true SFR. The corrected values for the MW (LMC-
C03 and LMC-BPASS) simulation are shown as red-coloured

dark grey) squares in Fig. 14 . We find the log difference to
e log ( SFR H α, int / 〈 SFR 〉 ) = 0 . 00 + 0 . 03 

−0 . 03 , 0 . 00 + 0 . 07 
−0 . 04 , and 0 . 00 + 0 . 18 

−0 . 09 for
he MW, LMC-BC03, and LMC-BPASS simulations, respectively.
mportantly, we find that these aforementioned corrections depend
n the SFH, i.e. the ratio of the SFR averaged over 10 and 100 Myr ( x -
xis of Fig. 14 ). This makes it difficult to correct for those effects in
ractice. Nevertheless, we can define an effective conversion factor,
hich takes into account these corrections on average. Specifically,
e find C eff = 7.1, 4.7, and 2 . 7 × 10 −42 ( M � yr −1 ) / ( erg s −1 ) for

he MW, LMC-BC03, and LMC-BPASS simulation, respectively.
hese ef fecti v e conv ersion factors lead to log ( SFR H α, int / 〈 SFR 〉 ) =
 . 00 + 0 . 07 

−0 . 09 , 0 . 00 + 0 . 12 
−0 . 12 , and 0 . 00 + 0 . 24 

−0 . 11 , implying that there is little bias in
stimated SFRs though the dispersion increases significantly. 

In summary, to reproduce the true SFR averaged over 5 Myr in
he simulation from the intrinsic H α emission, we need to include a
orrection factor to account for the dust and helium absorption, the es-
ape of LyC photons, collisional excitation and ionization emission,
nd the contribution from older stars. This correction can be achieved
y increasing the H α-to-SFR conversion factor by ∼ 50 per cent
NRAS 513, 2904–2929 (2022) 

 Most of the LyC photons absorbed by helium are actually absorbed by He I , 
roducing He II . We track He II absorption as well (producing He III ), though 
his fraction is about eight times lower than He I absorption. 

h  

d  

i  

d  

1

10–30 per cent) in the MW (LMC) simulation. Absorption of LyC
hotons is challenging to measure observationally, but it has been
ighlighted as a caveat in the literature (e.g. Puglisi et al. 2016 ;
acchella et al. 2018 ). Salim et al. ( 2016 ), fitting ∼ 700 000 local
alaxies with CIGALE, found a fraction of LyC photons absorbed by
ust to be 0.3 in order to match the observed EWs of the main optical
ines (H α, H β, [O II ], [O III ]) from SDSS spectra. Consistently,
revious studies on nearby spiral galaxies found similar LyC photon
bsorption fractions of 0.3–0.5 (Inoue, Hirashita & Kamaya 2001 ;
irashita, Buat & Inoue 2003 ; Iglesias-P ́aramo et al. 2004 ). This

s in good agreement with our inferred absorption and escape of
 total of ∼ 43 per cent ( f abs ≈ 28 per cent due to dust absorption,
 He ≈ 9 per cent due to helium absorption, and f esc ≈ 6 per cent due

o escape), which highlights that the absorption of LyC photons
s significant ( ∼0.1–0.2 dex) and needs to be accounted for when
stimating the SFRs from Balmer emission lines. On the theoretical
ide, using a periodic tall box simulation to explore sub-parsec scale
eedback and emission in the solar neighbourhood, Kado-Fong et al.
 2020 ) find approximately half of ionizing photons are absorbed by
as and half by dust, i.e. f abs ≈ 0.5. This is roughly in the same
allpark as our estimate. 

.3 Balmer decrement and attenuation law 

he dust attenuation towards star-forming regions is most directly
robed using Balmer recombination line flux ratios, because as dust
ttenuation is wavelength dependent, its effects can be measured
y comparing the observed and intrinsic Balmer decrements (e.g.
alzetti 1997 ). Specifically, dust will preferentially absorb the shorter
avelength H β λ4861 Å line rather than the longer wavelength
 α λ6563 Å line, increasing the observed value of the Balmer
ecrement (H α/H β) obs . The Balmer decrement can therefore be
sed to derive the attenuation towards H α in the following way: 

 H α = 

κ( λH α) 

κ( λH β) − κ( λH α) 
× 2 . 5 log 

(
(H α/ H β) obs 

(H α/ H β) int 

)
, (7) 

here κ( λ) is the attenuation curve. The intrinsic Balmer decrement
H α/H β) int is not constant for and within galaxies since it depends on
oth the electron temperature and density and collisional excitation.
t is usually assumed to be (H α/H β) int = 2.87, which is valid for an
lectron temperature of T e = 10 4 K and an electron density of n e =
0 2 cm 

−3 , under Case B recombination conditions (Osterbrock &
erland 2006 ). Ho we ver, with higher temperature or higher density,
e expect that (H α/H β) int increases since higher temperature or
igher density introduces more collisional mixing of electron states,
herefore increasing the ability to populate the n = 4 state (and thus
 β). For typical star-forming regions, Osterbrock & Ferland ( 2006 ,

ee also Dopita & Sutherland 2003 ) find that increasing T e from
 × 10 3 to 2 × 10 4 K reduces (H α/H β) int from 3.05 to 2.76 at
onstant n e = 10 2 cm 

−3 . At constant T e = 10 4 K, (H α/H β) int only
educes from 2.85 to 2.81 for a change in n e from 10 4 to 10 6 cm 

−3 .
herefore, (H α/H β) int is expected to be in the rather narrow range
f 2.76 to 3.05. 
As described in Section 5.1 , the middle panels of Fig. 13 show

he observed and intrinsic Balmer decrement as a function of time.
e find on average an intrinsic Balmer decrement of (H α/ H β) int =
 . 97 + 0 . 01 

−0 . 01 for the MW and 2 . 98 + 0 . 05 
−0 . 02 for the LMC. This is slightly

igher than the aforementioned fiducial value of 2.87. Most of this
ifference can be explained by collisional excitation emission, which
ntrinsically has a higher Balmer decrement, while the rest is due to a
ifferent gas temperature and gas density than the fiducial one ( T e =
0 4 K and n e = 10 2 cm 

−3 ; Fig. 5 ). 
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Figure 15. Inferred dust attenuation law for Balmer lines (ratio of the 
attenuation law function at H α and H β [ κH α / κH β ] on the left and the power- 
law slope n on the right) as a function of the attenuation at H α (A H α). We solve 
for the dust attenuation law by inverting equation ( 7 ). The red squares, purple 
circles, and teal stars show the measurements for the MW, LMC-BC03, and 
LMC-BPASS simulations, respectiv ely. The he x-binned histogram indicates 
the measurements on spatially resolved scales from random 1 kpc apertures 
of the MW simulation. The pink and green dashed lines show the MW 

attenuation law and the input dust opacities (Section 2.2 ). The orange line 
indicates the best fit of equation ( 8 ). We find that individual snapshots as well 
as the spatially resolved measurements follow the trend of steeper attenuation 
laws for less attenuated regions. Furthermore, for the MW simulation, we find 
a typical power-law attenuation law with an index of n ≈ −0.63. 
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In addition to (H α/H β) int , the second important factor in deriving
 H α from equation ( 7 ) is the attenuation curve κ( λ). The attenuation
urve for the nebular emission is not well constrained observationally. 
ur simulations allow us to infer the attenuation law by inverting 

quation ( 7 ) and measuring in the simulations A H α and (H α/H β) obs ,
hile assuming (H α/H β) int . In the following text, we assume the
ducial value of (H α/H β) int = 2.87. 
Fig. 15 shows the inferred shape of the attenuation law (ratio of

( λH α)/ κ( λH β ) on the left and power-la w inde x n on the right) as a
unction of the measured amount of optical depth (attenuation A H α).
he integrated measurements for the MW and LMC simulations 
re shown as red squares and purple circles, respectively. The hex- 
inned histogram indicates the measurement on spatially resolved 
cales from random, 1-kpc apertures. The pink dashed line indicates 
he MW attenuation law, which assumes the Cardelli, Clayton & 

athis ( 1989 ) Galactic extinction curve, with an update in the near-
V from O’Donnell ( 1994 ). The green dashed line marks the ratio
f the input dust opacities for H α and H β (Section 2.2 ). 
It is apparent from Fig. 15 that the integrated measurements follow 

he spatially resolved measurements for all simulation set-ups: the 
ower the attenuation, the steeper the attenuation law. We quantify 
his trend with the following equation: 

log ( κH α/κH β ) = n log ( λH α/λH β ) 

= −0 . 09 log ( A H α) 2 + 0 . 08 log ( A H α) − 0 . 09 , (8) 

here n is the power-law index from κ( λ) ∝ λn . The best-fitting line
s shown as orange curve in Fig. 15 . 

This trend is consistent with the findings of Che v allard et al.
 2013 ), who analysed a diverse series of theoretical attenuation laws
nd showed that all the studies predict a relationship between the 
ptical depth and attenuation law slope (see also Narayanan et al. 
018 ; Trayford et al. 2019 ; Salim & Narayanan 2020 ). The physical
rigin for this optical depth–slope relationship was put forward by 
he v allard et al. ( 2013 ): red light scatters more isotropically than
lue. Red photons emitted in the equatorial plane of the galaxy will
e more likely to escape, while blue photons have a comparatively 
ncreased likelihood of remaining, and subsequently being absorbed. 
n the low optical depth limit, this corresponds to a steepening of the
ttenuation curve for face-on directions. 

For the MW simulation, we find a typical slope of the attenuation
aw of n = −0.63 ± 0.07 ( κ( λH α)/ κ( λH β ) = 0.83 ± 0.02) and
ttenuation of A H α = 1 . 1 + 0 . 3 

−0 . 2 mag. This is consistent with the power-
a w e xponents for the diffuse ISM and natal birth clouds found by
harlot & Fall ( 2000 ). For the LMC simulation, we find a larger
ariation in both the amount of extinction as well as the slope of
he attenuation curve. On average, the LMC has typically a steeper
ttenuation law and a smaller optical depth than the MW with A H α =
.6 ± 0.3 mag and κ( λH α) /κ( λH β) = 0 . 77 + 0 . 05 

−0 . 9 , which corresponds
o a slope of n = −0 . 87 + 0 . 22 

−0 . 42 . These numbers do not significantly
hange when considering the LMC-BPASS run. 

We emphasize that although the measurements shown in Fig. 15 
re calculated from the face-on projection, there will be little 
ifference when changing the inclination. Specifically, the extreme 
ase of an edge-on projection for the MW leads – as expected – to
ore attenuation with A H α = 1.7 ± 0.4 mag. Accordingly, the atten-

ation law is slightly flatter with n = −0 . 65 + 0 . 07 
−0 . 06 ( κ( λH α)/ κ( λH β ) =

.82 ± 0.02), but as shown in Fig. 15 , the slope of the attenuation
aw roughly remains constant above A H α > 1 mag. This universal
ptical depth–slope relationship is independent of inclination, which 
s consistent with the theoretical analysis by Che v allard et al. ( 2013 )
nd observations by Salim, Boquien & Lee ( 2018 , see also Salim &
arayanan 2020 for a re vie w). Similarly, the optical depth–slope

elation also holds for spatially resolved scales, as shown by the grey
ex-bin histogram in Fig. 15 . This is consistent with observations of
ocal galaxies that show intriguing variations within galaxies, with 
egions of high attenuation exhibiting a shallower attenuation curve 
Decleir et al. 2019 ). 

We can use the optical depth–slope relationship (equation 8 ) and
terativ ely solv e for A H α and n (i.e. κ( λH α)/ κ( λH β )) to obtained
he dust-corrected H α luminosity. Fig. 16 plots the ratio of the
ust-corrected H α luminosity and the intrinsic H α luminosity as 
 function of 〈 SFR 〉 10Myr / 〈 SFR 〉 100Myr , which indicates whether the
FR is increasing or decreasing o v er the past 100 Myr. The red
quares, purple circles, and teal stars show the measurements for 
he MW, LMC-BC03, and LMC-BPASS simulations, respectively. 
he hex-binned histogram indicates the measurements on spatially 

esolved scales from random 1 kpc apertures of the MW simulation.
e find that the Balmer dust correction works well, independent 

f the SFH, though there is a significant amount of scatter with
0.1–0.2 dex. Specifically, the median and the 16–84th percentile 

f the log difference between H αdust-corr and H αint are −0 . 02 + 0 . 10 
−0 . 08 ,

 . 04 + 0 . 20 
−0 . 13 , and −0 . 01 + 0 . 13 

−0 . 10 for the MW, LMC-BC03, and LMC-
PASS simulations, respectiv ely. F or the spatially resolved data of

he MW, we find log (H αdust−corr / H αint ) = 0 . 05 + 0 . 11 
−0 . 19 . These numbers

re indicated in the right-hand panel of Fig. 16 . 

.4 Time-scale of the H α SFR tracer 

s shown in the bottom panels of Fig. 13 , the SFR averaged over short
ime-scales (5–10 Myr) is in better agreement with the H α-based
FR than the SFR av eraged o v er longer time-scales. Understanding

he star-formation time-scale that H α traces is of great importance 
ince by comparing H α-based SFRs to SFRs obtained with other
MNRAS 513, 2904–2929 (2022) 
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M

Figure 16. Testing the Balmer decrement dust correction. On the left, we 
plot the log difference of the H α flux corrected for dust via the Balmer 
decrement (H αdust-corr ; equations 7 and 8 ) and the intrinsic H α flux (H αint ) 
as a function of 〈 SFR 〉 10Myr / 〈 SFR 〉 100Myr , which indicates whether the SFR 

is increasing or decreasing o v er the past 100 Myr. The red squares, purple 
circles, and teal stars show the measurements for the MW, LMC-BC03, and 
LMC-BPASS simulations, respectiv ely. The he x-binned histogram indicates 
the measurements on spatially resolved scales from random 1 kpc apertures 
of the MW simulation. The right-hand panel shows the vertical histogram of 
log (H αdust-corr /H αint ), with the medians and the 16–84th percentile indicated 
with the corresponding symbols and errorbars. The grey triangle shows the 
median of the random 1 kpc apertures. The Balmer dust correction works 
well, independent of the SFH, though there is a significant amount of scatter 
of ∼0.1–0.2 dex. 
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ndicators (for example from the UV continuum), we are able to
earn about the variability of star formation (e.g. Sparre et al. 2017 ;
aplar & Tacchella 2019 ; Emami et al. 2019 ). The variability of star

ormation (sometimes also called ‘burstiness’) is directly related to
ow star formation is regulated and it informs us as to what time-
NRAS 513, 2904–2929 (2022) 

igure 17. Inferring the time-scale of the H α SFR indicator. Left: Scatter plot of t
v eraged o v er 5 Myr (c yan), 10 Myr (blue), 50 Myr (green), and 100 Myr (pink). A
 smaller scatter than averaging over longer time-scales. Right: Normalized RMSD
ime-scales t avg and the SFR estimated from the intrinsic H α emission (dashed lin
nd the dust-corrected (via Balmer decrement) H α emission (solid lines). The MW
eal, respectively. The solid dots indicate the minima for the dust-corrected H α SFR
n the left). This averaging time-scale depends on the stellar population model, the
cales are important for the evolution of galaxies (Iyer et al. 2020 ;
acchella, Forbes & Caplar 2020 ; Wang & Lilly 2020 ). 
The goal of this section is to determine the time-scale of the
 α SFR indicator. We follow the approach outlined in Caplar &
acchella ( 2019 ) and Flores Vel ́azquez et al. ( 2021 ). Specifically,
e find the best-fitting averaging time-scale t avg, min that minimizes

he difference between the true SFR 〈 SFR 〉 t avg of the simulation and
he observed SFR SFR ind . The time-scale t avg, min is the width of the
oxcar integration over which one would have to average the true
FR of the simulation to match the indicated SFR (in our case H α)
t the time of an observation. To find t avg, min , we minimize the follow
oot mean square deviation (RMSD) estimate: 

MSD ( t avg ) = 

√ ∑ 

i 

(
log SFR 

i 
ind − log 〈 SFR 〉 i t avg 

)2 

N 

, (9) 

here i is the index running over the N snapshots. 
In the left-hand panel of Fig. 17 we show the dust-corrected H α

FR (SFR H α, dust-corr ) versus the true SFR ( 〈 SFR 〉 t avg ), averaged over
 Myr (cyan), 10 Myr (blue), 50 Myr (green), and 100 Myr (pink).
s expected from Fig. 13 , averaging over shorter time-scales (5–
0 Myr) leads a smaller scatter and a better alignment with the one-
o-one relation than averaging over longer time-scales. The RMSD
ntroduced abo v e (see equation 9 ) corresponds to the scatter with
espect to this one-to-one line. 

In the right-hand panel of Fig. 17 , we plot the normalized RMSD
s a function of the averaging time-scale. The MW, LMC-BC03,
nd LMC-BPASS simulations are shown in red, purple, and teal,
espectively. The dashed, solid, and dotted (only shown for the

W) lines show the results for the SFR estimated from the intrinsic
 α emission, the dust-corrected (via Balmer decrement with the
ptical depth–slope relationship given by equation 8 and the effective
onversion factor discussed in Section 5.2 ) H α emission, and the
bserved H α emission. The time-scales that minimize the RMSD for
he case of the dust-corrected H α SFR are indicated with the circles
he dust-corrected H α SFR (SFR H α, dust-corr ) versus the true SFR ( 〈 SFR 〉 t avg ), 
s expected from Fig. 13 , av eraging o v er shorter time-scales (5–10 Myr) leads 
 (equation 9 ) between the true SFR of the simulation averaged over different 
es), the observed H α emission (dotted line; only shown for the MW case), 
 , LMC-BC03, and LMC-BP ASS simulations are shown in red, purple, and 
 indicator, which minimizes the scatter in the one-to-one relation (as shown 
 star-formation variability, and the line-of-sight projection (Table 3 ). 
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Table 3. Star-formation time-scale ( t avg, min ) and 1 σ scatter of the measured-to-time-averaged-true-SFR ratio ( σR ) 
for the MW and LMC simulations. The following SFR indicators are shown from left to right: dust-corrected H α, 
intrinsic H α, observed (w/o dust correction) H α, and edge-on dust-corrected H α (instead of our default face-on 
project). 

H α (dust-corr) H α (int) H α (obs) H α (dust-corr; edge-on) 
Simulation t avg, min σR t avg, min σR t avg, min σR t avg, min σR 

MW 5.9 + 2 . 3 −3 . 4 0.10 3.6 + 2 . 7 −1 . 3 0.07 4.0 + 16 . 0 
−3 . 0 0.13 7.7 + 2 . 4 −1 . 5 0.11 

LMC-BC03 4.9 + 0 . 6 −0 . 5 0.12 4.5 + 0 . 5 −0 . 5 0.12 7.5 + 0 . 7 −2 . 4 0.12 4.7 + 0 . 5 −0 . 5 0.12 

LMC-BPASS 7.8 + 0 . 2 −0 . 3 0.17 11.0 + 1 . 2 −0 . 7 0.18 11.1 + 0 . 7 −0 . 5 0.14 7.8 + 0 . 2 −0 . 3 0.18 
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nd we tabulate these time-scales in Table 3 . The uncertainties given
n Table 3 are estimated by considering the RMSD 5 per cent abo v e
he its minimum. 

As summarized in Table 3 , the time-scale of the H α SFR indicator
epends on several factors, including the star-formation variability 
tself (MW versus LMC), the amount of dust attenuation (face-on 
ersus edge-on), and the stellar population model (BC03 versus 
PASS). This time-scale also depends on the IMF, though we have 
xed the IMF in our current investigation (see also Section 6.1 ). We
nd that, for the MW simulation, the SFR estimated from the intrinsic
 α luminosity traces the SFR on a time-scale of 3 . 6 + 2 . 7 

−1 . 3 Myr, which
s shorter than the time-scale of 4 . 0 + 16 . 0 

−3 . 0 Myr for the observed H α-
ased SFR (not corrected for dust), though the latter has a significant
ail to much longer time-scales. This can be explained by the fact
hat the youngest stars are still embedded within molecular clouds, 
hich leads to higher dust absorption of H α photons that trace those
oungest stars. When correcting for dust, the tail towards long time- 
cales of observed H α-based SFR disappears. The numbers for the 
ace-on and edge-on case are 5.9 and 7.7 Myr, respectively, indicating 
hat the amount of dust attenuation plays an important role as well. 

Comparing these results to the LMC simulations (both LMC-BC03 
nd LMC-BPASS), we find qualitatively similar trends, though there 
re quantitative differences. First, the adjustment of the SFR based 
n the intrinsic H α luminosity to the one based on the dust-corrected
nd observed H α luminosity is smaller. This is because there is less
ust attenuation in the LMC simulations in comparison with the MW 

imulation. Secondly, the averaging time-scale for the intrinsic H α- 
ased SFR is longer for the LMC simulation (4 . 5 + 0 . 5 

−0 . 5 Myr for the
MC-BC03 and 11 . 0 + 1 . 2 

−0 . 7 Myr for the LMC-BPASS) with respect to
he MW simulation (3 . 6 + 2 . 7 

−1 . 3 Myr). The difference in the LMC-BC03
an be explained by the larger fractional contribution of older stars
i.e. lower specific SFR), while the difference in LMC-BPASS model 
dditionally stems from the fact that intermediate-age stars (10–
00 Myr) in the BPASS model produce significantly more ionizing 
hotons than the ones in the BC03 model (Appendix B ). In summary,
e find that H α traces the SFR on time-scales of 5–8 Myr. 
This is o v erall consistent with quoted values in the literature. Flores

el ́azquez et al. ( 2021 ) found 5 Myr by convolving the SFHs of the
IRE simulation with the H α response function of the BPASS model 
i.e. without radiative transfer). Similarly, using a family of variable 
FHs drawn from a power spectrum density, Caplar & Tacchella 
 2019 ) quote values of 2–6 Myr, depending on the burstiness of the
FH itself. Haydon et al. ( 2020b ) used an idealized hydrodynamical
isc galaxy simulation without radiative transfer (no dust attenuation 
nd scatter) and inferred an H α time-scale of 4 . 32 + 0 . 09 

−0 . 23 Myr, which
s close to our intrinsic time-scale (Table 3 ). Haydon et al. ( 2020a )
evisited results from Haydon et al. ( 2020b ) by quantifying the impact
f dust extinction, and found that extinction mostly decreases the SFR 

racer emission time-scale (factor of a few for H α). Observationally, 
orrelating maps of different light tracers such as H α, CO, and 24
m on spatially resolved scales to empirically constrain the giant 
olecular cloud lifecycle (see also Kruijssen et al. 2019 ; Che v ance

t al. 2020 ), Kim et al. ( 2021 ) found a duration of H α emitting phase
f 5.5–8.9 Myr for nearby spiral galaxies, which is consistent with
ur dust-corrected time-scale estimates. 
Finally, SFR ind is not exactly equal to 〈 SFR 〉 t avg in the general case.

herefore, we now address the question: how well does the measured
FR match the true SFR averaged over t avg, min ? Following Flores
el ́azquez et al. ( 2021 ), we investigate the scatter of the measured-

o-time-averaged-true-SFR ratio ( R 

ind 
t avg 

= SFR ind / 〈 SFR 〉 t avg ) and pro-

ide in Table 3 the standard deviation of log R 

ind 
t avg 

( ≡ σ R ). We find σ R 

or the dust-corrected H α-based SFR to be 0.10, 0.12, and 0.17 for
he MW, LMC-BC03, and LMC-BPASS, respectively. The values 
or σ R only marginally decrease when switching to the intrinsic 
 α-based SFR, highlighting that this scatter is caused by both the
ncertainty of the H α-to-SFR conversion (Section 5.2 ) and the dust
orrection (Section 5.3 ). 

 LI MI TATI ONS  A N D  F U T U R E  PROSPECTS  

.1 Current limitations and caveats 

n important result regarding the H α-to-SFR conversion is the 
ignificant effect of the dust absorption of ionizing LyC photons 
roduced by young stars. In the case of the MW simulation,

28 per cent of the LyC photons are absorbed by dust, ∼ 8 per cent
onize He I , ∼ 1 per cent ionize He II , ∼ 6 per cent escape the galaxy,
mplying that only about ∼ 57 per cent of the produced LyC pho- 
ons are available for ionizing hydrogen. Although we discuss in 
ection 5.2 that the rather high dust absorption is consistent with
bservational estimates, we acknowledge here that – even with 
arsec-scale resolution – it remains challenging to resolve dust 
n ionized H II regions. While the present treatment is state-of-
he-art, dust modelling in general is highly uncertain, especially 
onsidering complex multiscale effects such as spatially dependent 
rain size distributions and compositions, decoupling of dust and 
as kinematics, and various physical processes impacting growth 
nd destruction mechanisms that in principle affect dust attenuation 
aw shapes (e.g. Draine 2011 ; Aoyama et al. 2018 ; McKinnon et al.
018 , 2019 ; Li, Narayanan & Dav ́e 2019 ). 
As described in Section 2 , we do not model the effects of AGNs,

oth in regard to the hydrodynamics or the radiative transfer. AGNs
re an important source of ionizing radiation, in particular near the
entral regions of some galaxies. Although we find a good agreement
ith the o v erall Balmer surface brightness profiles (Section 3 ), we
o not judge the agreement in the centre as the consistency could
e serendipitous. Obviously, it is of great interest to understand 
he impact of AGN feedback on the surrounding gas and how this
ould be detected in IFU data through broadened emission lines (e.g.
MNRAS 513, 2904–2929 (2022) 
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 ̈orster Schreiber et al. 2014 ; Genzel et al. 2014 ). Along similar lines,
e have not included X-ray binaries in the numerical model, though

hey are of interest for both changing the cooling function (e.g.
annan et al. 2016 ) and as a production site for ionizing raditation

e.g. Schaerer, Fragos & Izotov 2019 ; Senchyna et al. 2020 ). 
SPS models are the foundation for interpreting galaxy observa-

ions. They account for the light emitted by stars and the reprocessing
f that light by dust, and some codes also include nebular emission
see re vie ws by Walcher et al. 2011 ; Conroy 2013 ). These SPS
odels have a number of assumed parameters that can alter the

mount of ionizing flux significantly (e.g. Eldridge & Stanway
012 ; Levesque et al. 2012 ; Stanw ay, Eldridge & Beck er 2016 ),
hrough stellar atmospheres (winds, opacities) and stellar evolution
mass-loss, rotation, binarity). Here, we hav e inv estigated how stellar
inarity affects some of our conclusions by running the LMC
imulation with the BC03 as well as the BPASS stellar models
Section 2 ). Changing the SPS has two effects. First, it changes the
roduction rate of ionizing photons with stellar age (Appendix B ).
econdly, it affects the strength and timing of radiative feedback,
tellar winds, and supernova feedback, which are all modelled self-
onsistently . We show , among other things, that (i) the SFH is more
ariable in the LMC-BC03 simulation than in the LMC-BPASS
odel (Fig. 13 ); (ii) there is a higher helium absorption but a lower

scape fraction of LyC photons in the LMC-BC03 model than in the
MC-BPASS model; and (iii) in the LMC-BC03 model H α traces

he SFR on ∼5 Myr, while it is ∼8 Myr in the LMC-BPASS case
Fig. 17 and Table 3 ). In the future (see below), it will be of great
nterest to better understand how we can constrain the SPS model
by breaking degeneracies with, e.g. IMF, metallicity, and SFH) from
alaxy integrated measurements that are based on combining UV-
o-IR photometry with measurements of the Balmer (and possibly
aschen) emission lines. 
Finally, we note that the stellar mass resolution of 2.8 × 10 3 M �

er particle is sufficient to resolve the SFH of the LMC and MW
imulation. In a 5 Myr time bin, we will be able to resolve an SFR of
.6 × 10 −3 M � yr −1 with one particle. This implies that the median
FR of the LMC simulation is resolved with ∼66 ( ∼13) particles
onsidering a time in of 5 Myr (1 Myr) time interv al. Ne vertheless,
or the LMC (and lower mass dwarfs), stochastic sampling of the
MF will have interesting and important effects (e.g. Fumagalli, da
ilva & Krumholz 2011 ; da Silva, Fumagalli & Krumholz 2014 ). In
articular, regarding the H α-to-SFR conv ersion, ev en if a galaxy has
 constant SFR, at low SFR the H α emission will fluctuate because
f the fact that massive OB stars, which dominate the production
f LyC photons, form rarely. In the limit of very low SFRs, these
assive stars can be so rare that their number fluctuates significantly
ith time, leading to an additional source of stochasticity. This leads

o an increase of scatter and also an o v erall bias to lower H α emission
or a given SFR. 

.2 Future applications 

he presented Balmer line (H α and H β) radiative transfer study
f high-resolution MW-like and LMC-like galaxies is only the first
tep and will allow us to make further progress in several different
irections in the future. As mentioned abo v e, having broad-band UV-
R photometry in addition to the Balmer emission lines will allow
s to tackle interesting questions related to the accuracy of SED
odelling and degeneracies related to the SPS models. Therefore,
e plan to expand our spectral co v erage of synthetic observations to

nclude stellar and dust continuum radiative transfer based on state-
f-the-art pipelines (e.g. Camps & Baes 2015 ; Narayanan et al. 2021 ).
NRAS 513, 2904–2929 (2022) 
Along these lines, we w ould lik e to extend our spatially resolved
CRT framework to include metal ionization for self-consistent

ebular line studies. This will allow us to address several interesting
ssues, including: (i) the selection efficiency of the DIG via the
trength of the [S II ] emission line; (ii) understanding how the DIG
otentially biases strong-line gas-phase metallicity measurements
e.g. Sanders et al. 2017 ; Poetrodjojo et al. 2019 ); (iii) impro v ed
election of star formation, AGN and shock regions in galaxies; and
iv) calibrations of ISM pressure and electron density diagnostics
e.g. K e wley, Nicholls & Sutherland 2019 ). 

Employing our spatially resolved MCRT methodology with these
forementioned impro v ements will be ke y to understanding the
hysics of emission lines of and within galaxies both at low and
igh redshifts. In particular, we are currently working on zoom-in
imulations based on the SMUGGLE-RT framework as part of the
HESAN project (Kannan et al. 2021a , 2022 ; Garaldi et al. 2022 ;
mith et al. 2022 ), which are ideally suited for studying the high-
edshift Universe. These and similar simulations will allow us to
i) better understand current and upcoming observations by being
ble to accurately estimate uncertainties and be aware of possible
iases; and (ii) gain inspiration for new observational projects. 

 C O N C L U S I O N S  

n this work, we shed new light on to the emission, absorption,
nd scattering of Balmer emission lines (H α and H β) in MW-
ike and LMC-like galaxies to better understand the importance of
ollisionally excited gas, emission of the DIG (including extraplanar
mission), and connections between H α emission and SFRs. We
erform a detailed radiative transfer analysis of high-resolution
solated MW and LMC simulations that include radiative transfer,
on-equilibrium thermochemistry, and dust evolution. We confirm
hat the simulations produce realistic H α and H β radial and vertical
urface brightness profiles that are consistent with observations of
ocal MW-like and LMC-like galaxies (Figs 3 and 4 ). The main
esults and conclusions of this work are as follows: 

(i) H α (and H β) photons are predominantly produced by recom-
ination of ionized gas, which is ionized by LyC photons (Fig. 2 ).
e also find that a small fraction (5–10 per cent ) of the total Balmer

mission stems from collisionally excited gas (Fig. 6 ) and an even
maller fraction ( < 2 per cent ) from collisionally ionized gas. 

(ii) Although different selection techniques lead to quantitatively
ifferent DIG fractions, we find that the observed DIG fraction is
f the order of ∼ 50 per cent , roughly consistent with observations
Fig. 9 ). Importantly, the intrinsic DIG fraction (i.e. before account-
ng for dust absorption and scattering) is a factor of 2–3 times lower
ecause of dust attenuation effects. Furthermore, we show in Fig. 11
hat the H α EW distribution is not easy to interpret because it is
e verely af fected by spatial binning. We confirm that a v alue of
W(H α) = 14 Å seems to work well for selecting pure H II regions.
(iii) The extraplanar Balmer emission is produced in situ by

onizing photons emitted from the disc via radiative recombination
Fig. 12 ). Those ionizing photons must be transported through
ransparent pathways carved out by superbubbles or chimneys. Since
he gas density is low at large scale heights, we classify all of this
almer emission as being emitted from the DIG. 
(iv) When converting the intrinsic (or dust-corrected) H α lumi-

osity to an SFR, we find that a correction of ∼ 10 − 60 per cent
eeds to be applied in order to account for the pre-absorption of LyC
hotons by dust ( f abs ≈ 28 per cent ) and helium ( f He ≈ 9 per cent )
nd for the escape of LyC photons ( f esc ≈ 6 per cent ; see Fig. 14 ).
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his correction depends on the recent SFH and therefore cannot 
traightforwardly be applied in observations without further infor- 
ation. Effects related to H α emission by collisionally excited and 

onized gas and related to older stars contribute at the 5 per cent level
r less. 
(v) The intrinsic H α can be well reco v ered (within 25 per cent)

rom the observed H α emission by applying the Balmer decrement 
ethod (see Fig. 16 ). We find that the nebular attenuation law

epends on the amount of attenuation both on integrated and spatially 
esolved scales, and that more attenuated regions follow a shallower 
ttenuation law (see equation 8 and Fig. 15 ). 

(vi) The star-formation time-scale for the H α-based SFR indicator 
s 5–10 Myr (see Fig. 17 and Table 3 ). We quantify how the exact
ime-scale depends on the variability of the SFH (LMC versus MW), 
he stellar population model, and the amount of attenuation. It is
mportant to consider this variation when measuring the ‘burstiness’ 
f star formation from, for example, the H α-to-UV ratio. 

In the future, we will apply this framework to cosmological 
zoom-in) simulations. Such studies will allow us to more accurately 
nterpret spectroscopic data of high-redshift galaxies with the up- 
oming James Webb Space Telescope . Specifically, drawing from an 
mpro v ed understanding of the H α–SFR connection, we will be able
o assess the spatially resolved stellar-mass growth and the regulation 
f star formation via time variability investigations. 
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PPENDI X  A :  A D D I T I O NA L  MAPS  

1 LMC maps 

or completeness, we plot in Fig. A1 the maps of stellar mass, SFR,
as mass, and H α luminosity for the LMC-BC03 simulation. 

2 Effect of smoothing 

ig. A2 sho ws ho w dif ferent resolutions af fect the visual appearance
f the H α surface brightness maps. As discussed in Section 4.5 , we
ocus on a resolution of 50 pc and 1.5 kpc, meaning that the FWHM
f the PSF has a size of 50 pc and 1.5 kpc. This corresponds to
oughly to resolution of MANGA and MUSE for nearby galaxies. 
MNRAS 513, 2904–2929 (2022) 

t as Fig. 1 : maps of stellar mass, SFR (averaged over the past 100 Myr), gas 
 α are smoothed by 50 pc in order to increase visibility. The top and bottom 

 map are 30 × 30 kpc (the ruler in the bottom left indicates 3 kpc). 
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M

Figure A2. Effect of smoothing. We plot from left to right the H α surface brightness maps of the MW with a PSF FWHM of 50 pc, the MW with PSF FWHM 

of 1.5 kpc, the LMC-BC03 with PSF FWHM of 50 pc, and the LMC-BC03 with PSF FWHM of 1.5 kpc. The top panels show the face-on projections, while 
the bottom panels show the edge-on projections. 

A
D

T  

p  

p  

t  

m  

s  

(  

(  

a  

a  

B  

p
 

p  

o  

r  

(  

L  

t  

a  

s  

r  

s  

b  

s
 

w  

B  

s  

s
t  

s  

(  

m  

e
 

m  

S  

n  

t  

f  

s  

t  

t  

r
 

o  

t  

s  

(  

S  

B  

i  

c  

i  

r  

a  

f
 

o  

f  

L  

o  

L  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/2/2904/6553846 by Technical Services Serials user on 16 June 2022
PPENDIX  B:  I O N I Z I N G  R A D I AT I O N  F RO M  

IFFER ENT  STELLAR  POPULATION  M O D E L S  

he intrinsic production rate of H-ionizing Lyman continuum (LyC)
hotons of a galaxy depends on the IMF, the SFH, and the stellar
opulation synthesis model. For the discussion here and throughout
he paper, we fix the IMF to the Chabrier ( 2003 ) IMF with an upper

ass limit of 100 M �. We investigate the effect of the SFH and two
tellar models: the Binary Population and Spectral Synthesis model
BPASS; Eldridge & Stanway 2009 ) and the Bruzual & Charlot
 2003 , denoted as BC03) model. Specifically, for each snapshot, we
dopt the masses, ages, and metallicities of the stars of the MW
nd LMC simulations and convolve those with the BC03 and the
PASS models to compute the intrinsic production rate of LyC
hotons. 
Fig. B1 investigates the stellar age dependence of the LyC photon

roduction rate. Specifically, the left-hand panel plots the histogram
f the number of LyC photons (Q H I ) as a function of stellar age,
eflecting both the evolution of individual simple stellar populations
SSPs) as well as the SFH of the MW simulation (solid lines) and
MC simulation (dashed lines). As a reference, we also indicate

he evolution of a BC03 SSP with an initial mass of 10 5 M � as
 black line. The blue and pink lines show the BPASS and BC03
tellar synthesis models. Specifically, the solid line and shaded
egion mark the median and the 16–84th percentile across all
imulation snapshots. The constancy beyond ∼500 Myr is caused
y the initialization of the simulation, where all old stars have a
ingle age of 5 Gyr. 

The left-hand panel of Fig. B1 clearly shows that young stars
ith ages of < 10 Myr dominate production of LyC photons for both
C03 and BPASS. Ho we ver, Q H I declines faster with increasing

tellar age for BC03 than for BPASS, implying that intermediate-age
tars (10–200 Myr ) contribute more significantly in BPASS to Q H I 

han in BC03. After the main-sequence stars have died, post-AGB
NRAS 513, 2904–2929 (2022) 
tars produce most of the ionizing flux in the older stellar populations
 > 100 Myr ), which explains the upturn at older ages for the BC03
odels and the constancy in the case of the BPASS model (e.g. Byler

t al. 2019 ). 
Comparing the MW to the LMC simulation, we find a large (1–2
ag) normalization difference because of the higher stellar mass and
FR of the MW simulation than the LMC simulation (Table 1 ). This
ormalization difference is stellar age dependent mainly because of
he different SFH. The ratio of younger versus older stars is larger
or the MW than the LMC, which can be directly seen looking at the
pecific SFR (4 × 10 −11 yr −1 for the MW versus 1 × 10 −11 yr −1 for
he LMC). An additional effect is the metallicity difference between
he MW and LMC simulation, though this effect plays only a minor
ole (e.g. Byler et al. 2017 ; Choi, Conroy & Byler 2017 ). 

The middle and right-hand panels of Fig. B1 show the contribution
f intermediate (10–100 Myr) and old ( > 100 Myr) stars to Q H I for
he BPASS and BC03 models. For reference, the SFHs (SFR 5 ) are
hown as orange lines, linearly rescaled by a factor of 0.1/ 〈 SFR 〉
see Table 1 for the MW and LMC values of 〈 SFR 〉 ). For the
FH of the MW (middle panel), we find that in the case of
C03 the contribution to Q H I of both intermediate and old stars

s negligible with 0 . 6 per cent and 1 . 8 per cent , respectively. In the
ase of BPASS, the fractional contribution of intermediate-age stars
s significant with 7 + 8 

−3 per cent , while the contribution of old stars
emains low (1 . 6 per cent ). The contribution fraction of intermediate-
ge stars peaks (up to ∼ 20 per cent ) shortly after a burst of star
ormation. 

The right-hand panel of Fig. B1 shows the results for the SFH
f the LMC. As discussed in Section 5.1 , the SFH is more variable
or the LMC than the MW, i.e. there are periods in the SFH of the
MC where the SFR 5 is < 10 2 M � yr −1 , typically proceeding a burst
f star formation. In these phases of little-to-no star formation, the
yC production rate of young stars is very low (see also extended

art/stac818_fa2.eps
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Figure B1. Stellar population dependence of the H-ionizing Lyman continuum (LyC) photon production rate. Left : The histogram shows the number of LyC 

photons as a function of stellar age, reflecting both the evolution of individual simple SSPs as well as the SFH of the MW simulation (solid lines) and LMC 

simulation (dashed lines). For reference, the black solid line marks the evolution of a BC03 SSP with an intial mass of 10 5 M �. The blue and pink lines show 

the BPASS (Eldridge & Stanway 2009 ) and BC03 (Bruzual & Charlot 2003 ) stellar synthesis models. Specifically, the solid line and shaded region mark the 
median and the 16–84th percentile across all simulation snapshots. The constancy beyond ∼500 Myr is caused by the initialization of the simulation, where all 
old stars have a single age of 5 Gyr. Middle and right : Fractional contribution of older stars to the H-ionizing LyC flux emission as a function of time for the 
MW SFH (middle panel) and LMC SFH (right-hand panel). The pink and purple (light and dark blue) lines indicate the fraction of LyC photons that stem from 

10–100 Myr and > 100 Myr old stars in the BC03 (BPASS) models. The orange curve shows the normalized SFR averaged over 5 Myr. For the SFH of the MW 

simulation, we find that LyC photons are mainly produced by young stars ( < 10 Myr old stars) both in BC03 and BPASS models, though in the BPASS model 
intermediate-age stars (10–100 Myr ) contribute more significantly ( ∼ 10 per cent ) to the ionizing budget than in the BC03 model. The contribution fraction of 
intermediate-age stars peaks (up to ∼ 20 per cent ) shortly after a burst of star formation. For the LMC SFH, the contribution of intermediate-age (and even older 
stars) stars varies more and peaks at larger values. 
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ercentiles to low Q H I values in the left-hand panel), leading to 
 boost in the relative contribution of intermediate and old stars.
pecifically, in the BC03 case, we find a median contribution 
rom old stars of 7 + 12 

−4 per cent , but with short phases where the
ontributions amount to more than 30 per cent. Intermediate-age stars 
till only contribution on the level of ∼ 1 per cent . For the BPASS
odel, the situation is flipped: intermediate-age stars contribute more 

rominently with 8 + 10 
−5 per cent , while the contribution from old stars 

s smaller (2 + 6 
−1 per cent ). 
In summary, even when just studying the production rate of H-
onizing LyC photons without any radiative transfer effects, we see 
hat changes in the stellar models (BC03 versus BPASS) and the SFH
an lead to drastically different outcomes regarding the contribution 
f older stellar populations to the ionizing flux (see also, e.g. Choi
t al. 2017 ; Rosdahl et al. 2018 ; Ma et al. 2020 ). 
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