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Abstract

After more than five years of development, we present a new version of DARK SAGE, a semi-analytic model (SAM) of galaxy formation
that breaks the mould for models of its kind. Included among the major changes is an overhauled treatment of stellar feedback that is
derived from energy conservation, operates on local scales, affects gas gradually over time rather than instantaneously, and predicts a mass
loading factor for every galaxy. Building on the model’s resolved angular momentum structure of galaxies, we now consider the heating of
stellar discs, delivering predictions for disc structure both radially and vertically. We add a further dimension to stellar discs by tracking the
distribution of stellar ages in each annulus. Each annulus—age bin has its own velocity dispersion and metallicity evolved in the model. This
allows DARK SAGE to make structural predictions for galaxies that previously only hydrodynamic simulations could. We present the model
as run on the merger trees of the highest-resolution gravity-only simulation of the MillenniumTNG suite. Despite its additional complexity
relative to other SAMs, DARK SAGE only has three free parameters, the least of any SAM, which we calibrate exclusively against the cosmic
star formation history and the z = 0 stellar and H I mass functions using a particle-swarm optimisation method. The DARK SAGE codebase,
written in C and PYTHON, is publicly available at https://github.com/arhstevens/DarkSage.
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1. Context of galaxy formation models, frameworks, and simulations —
alongside observations — is paramount to test and develop our
theoretical understanding of not just galaxies themselves, but
cosmology too.

Two methods for simulating the formation of galaxies in a cos-
mological context have stood out in recent decades: semi-analytic
models (SAMs) and hydrodynamic simulations. Hydrodynamic
simulations simultaneously and self-consistently account for grav-
ity, fluid dynamics, and all astrophysical processes deemed rele-
vant to the formation of galaxies. SAMs separate the formation
of the universe’s large-scale structure from that of galaxies by
first constructing a universe with only gravity, and subsequently
evolving galaxies in the gravitationally bound structures in that
universe — referred to as ‘haloes’ — with relatively macroscopic
descriptions of baryonic astrophysics. In truth, hydrodynamic
simulations are still ‘semi-analytic’ at the level of a particle, which
is generally comparable in mass to a giant molecular cloud or
globular cluster of stars. Or, to frame this in reverse, all baryonic
processes are ‘subgrid’ at the level of the (sub)halo in a SAM. A

Research into galaxy formation remains among the top priori-
ties in the field of astronomy (National Academies of Sciences,
Engineering, and Medicine 2021). With the likes of the James
Webb Space Telescope in full operation and construction of the
Square Kilometre Array underway, this is a promising decade for
the field. The endgame of these multi-billion-dollar enterprises is
to develop a comprehensive working theory for how the Universe
works, of which galaxy formation is a major, crucial part. But the
flood of incoming high-quality observations is only as powerful as
the models we use to interpret those data. Galaxy formation is a
highly complex problem to model, which requires us to ‘solve’ it
with numerical simulations. While every model is flawed, simu-
lations are the closest that extragalactic astrophysicists will ever
come to conducting a controlled experiment. Having a variety
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holistic summary of these methods of galaxy formation modelling
can be found in a number of review articles (e.g. Somerville & Davé
2015; Vogelsberger et al. 2020).
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In this paper, we present a new version of the SAM known
as ‘DARK SAGE’. DARK SAGE has been in development since
2015, with two main versions previously released (Stevens et al.
2016, 2018). The model started as a modified version of SAGE
(Croton et al. 2016). While the code architecture is still based
on SAGE, the physical models implemented in DARK SAGE are
almost entirely unique. SAGE was itself built from the Croton et al.
(2006) version of the Munich SAM — from which the likes of
GAEA (Xie et al. 2020, and references therein) and L-GALAXIES
(Henriques et al. 2020) also stem — with many versions pre-
ceding that too (Kauffmann et al. 1999; Springel et al. 2001; De
Lucia, Kauffmann & White 2004). While the new DARK SAGE
that we present here brings together five years of development
since its last release, it builds on over 25 years of research in the
community.

Outside of the main model papers (Stevens et al. 2016, 2018),
DARK SAGE has been used to investigate the effects of environ-
ment and feedback on the gas content of galaxies (Stevens &
Brown 2017), research the angular momentum of galaxies at both
high redshifts (Okamura, Shimasaku & Kawamata 2018) and high
stellar masses (Porras-Valverde et al. 2021), explain the origin of
H1-excess galaxies (Lutz et al. 2018), confirm the origin of the
H 1 size-mass relation (Stevens et al. 2019b), predict the results of
H 1 intensity-mapping experiments (Wolz et al. 2022), develop an
H 1-dependent halo occupation distribution model for cosmology
applications (Qin et al. 2022), and more.* The significant updates
that we present in this paper will not only expand the range of use
cases for DARK SAGE, but also improve the predictive power for
the use cases it was originally designed for.

We have endeavoured to adopt a new philosophy with how
SAMs should be designed with this new version of DARK SAGE.
Our main goal is to re-derive the core aspects of galaxy evo-
lution physics from as near to first principles as possible; there
are fewer ad hoc descriptions left, and the ones we do use are
updated to modern measurements where possible, often over
broader mass and redshift ranges. This has meant increasing the
coupling between physical prescriptions, which results in the elim-
ination of a large number of free parameters. Simultaneously, we
have increased the detail and complexity of the galaxies we evolve,
building their structure numerically in more than one dimension.
Feedback from stars and AGNs — arguably the most impor-
tant processes in galaxy evolution — are derived from the law
of energy conservation. While the model is certainly not free of
phenomenology, our philosophy has meant we can capture the
uncertainty in our model almost completely with only three free
parameters (a factor 3-6 lower than comparable models tabulated
in Table 2), each with well defined boundaries, which we suc-
cessfully calibrate to observational statistics of galaxies with an
objective, automated method.

DARK SAGE is a publicly available, version-controlled code
(Stevens et al. 2017b), open for the community to use and mod-
ify as they desire. The aim of this paper is to describe how the
model works, and should serve especially well for those using the
code itself. While we present some predictions of the model here,
we deliberately do not linger on them. Science questions and spe-
cific results will be better served as the subject of future, focussed

papers.

*For a manually updated list of papers that have used results from any of the
SAGE family of models, see https://ui.adsabs.harvard.edu/public-libraries/JsIFrCAISE2
wzNqL5trCwg.
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2. ‘The next generation’ N-body simulations

The results of DARK SAGE in this paper are produced by run-
ning the model on the merger trees of the main gravity-only
MillenniumTNG N-body simulation. The MillenniumTNG simu-
lations® (Barrera et al. 2023; Bose et al. 2023; Contreras et al. 2023;
Delgado et al. 2023; Ferlito et al. 2023; Hadzhiyska et al. 2023a,b;
Hernandez-Aguayo et al. 2023; Kannan et al. 2023; Pakmor et al.
2023) are the latest addition to ‘The Next Generation’ (TNG)
simulation suite, which began with HlustrisTNG® (Weinberger
et al. 2017; Marinacci et al. 2018; Naiman et al. 2018; Nelson
et al. 2018, 2019b; Pillepich et al. 2018a,b; Springel et al. 2018).
Each simulation in the TNG suite has paired N-body and mag-
netohydrodynamic versions with identical initial conditions, run
with the same code [AREPO (Springel 2010), although N-body
runs have also been completed with GADGET-4 (Springel et al.
2021)], and all carry the same ACDM cosmology: 2, = 0.3089,
Q, =0.6911, 2, = 0.0486, h = 0.6774, 05 = 0.8159, n, = 0.9667
(Plank Collaboration 2016). We assume this cosmology for all
results in this paper (including observational data that we com-
pare to, where we have adjusted published data accordingly).
The MillenniumTNG run used in this paper (hereafter ' MTNG,
referred to as ‘MTNG740-DM-1’ in other papers) has a comoving
box length of 500 h~' cMpc (nearly 740 cMpc) with 4320° parti-
cles of mass 1.329 x 103 ™! My, (= 1.962 x 10® Mg,), and was run
with AREPO.

There are many advantages to pairing a SAM like DARK SAGE
with MTNG:

e Both the volume and resolution are high enough to simulta-
neously capture a large number of galaxy clusters with small
enough galaxies to study environmental effects on galaxy evo-
lution.

e Simulations with different mass resolutions have been run,
allowing for future resolution studies.

e Objects from the SAM can be directly compared against the
galaxies formed in the hydrodynamical run (Pakmor et al.
2023) in future studies.

e Galaxy catalogues from at least one other SAM have already
been produced (Barrera et al. 2023, another descendant of the
Munich model), allowing for additional future model compar-
ison.

e With an equivalent volume and eight times the number of par-
ticles, MTNG is a natural successor to the original Millennium
simulation (Springel et al. 2005), which many SAM results in
the literature are based on, including previous iterations of
DARK SAGE (Stevens et al. 2016, 2018).

e If a galaxy of a given stellar mass being ‘resolved’ in a sim-
ulation requires it to have a minimum number of particles,
then by virtue of the fact that only a fraction of baryon par-
ticles in a hydrodynamic-simulation halo will become star
particles, semi-analytic galaxies built in a simulation of fixed
volume and dark-matter particle number are, in principle,
resolved (and therefore complete) to lower stellar masses than
a hydrodynamic simulation with those same specifications.

Haloes and their substructure (‘subhaloes’) are identified in

each snapshot of MTNG with SUBFIND-HBT, described in sec-

Yhttps://www.mtng-project.org/
https://www.tng-project.org/
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tion 7 of Springel et al. (2021). A minimum of 20 particles must
be connected in a friends-of-friends (FoF) group to form a halo.
When using the terms ‘halo mass’ or ‘virial mass’, we mean the
mass enclosed by a sphere whose mean density is 200 times the
critical density of the (simulated) universe (denoted by subscript
200¢’). This has a one-to-one relationship with both virial radius
and virial velocity:

100 H(2) Ry _ Voo W
G 10GH(z)’

200c =

where H(z) is the redshift-dependent fractional expansion rate of
the universe or ‘Hubble parameter’.

The merger trees for MTNG were originally constructed with
the new GADGET-4 tree builder (see section 7.4 of Springel et al.
2021). This is similar to the format of LHALOTREE, originally
presented in Springel et al. (2001) and used for the Millennium
simulation (see the supplementary material of Springel et al. 2005)
and is now in HDF5 format. DARK SAGE requires input merger
trees in the original binary format of LHALOTREE. We thus con-
verted the MTNG trees back to the old LHALOTREE format for
this project.

While the final results in this paper are presented with the full
MTNG box, all preliminary results and model calibration were
performed with a smaller simulation for practical purposes. ‘Mini-
MTNG’, as we refer to it, had identical parameters, including mass
resolution, but only included 540° particles in a 62.5h™! cMpc
box (MTNG’s equivalent of ‘Mini-Millennium’).

3. Definitions and design of baryonic reservoirs

Baryonic matter [gas, stars, and black holes (BHs)] in DARK SAGE
galaxies and haloes is broken into discrete components. Indeed,
the primary function of a SAM is to calculate how mass and met-
als move between these components. For basic context and to
familiarise the reader with the nomenclature used throughout this
paper, we briefly describe each component in this section.

3.1. Gas components

The gas reservoirs in DARK SAGE galaxies and haloes include:

e The interstellar medium (ISM) or ‘cold gas’, which refers to
gas in a galaxy’s disc. Each disc is broken into N,,, annu-
lar segments, each fixed a priori in terms of specific angular
momentum. Each segment has fields for its mass, metallicity,
and radial boundaries. The ISM is assumed to be axisymmet-
ric and thin, but its radial structure is built numerically over
time in the model. We use the subscript ‘cold’ to refer to ISM
properties in equations, even though this medium includes
some ionised gas.

e The ‘hot gas’ reservoir, which represents the bulk of the cir-
cumgalactic medium (CGM), that is, the gas in the halo that
is distinct from that in the galaxy. This reservoir is always
assumed to be homogenous in terms of its temperature and
metallicity, and therefore is described entirely by two fields:
its total mass and total metal content. It is assumed to follow
an analytic density profile. ‘Hot gas’ represents that which is
available to be accreted onto the galaxy, subject to cooling (i.e.
be it through the ‘hot mode’ or ‘cold mode’).

e The “fountain’ reservoir, which accounts for gas in the CGM
that has recently been reheated out of the ISM and is in the
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process of mixing with the hot gas. It is assumed to follow the
same density profile and have the same specific energy as the
hot-gas reservoir. We label this reservoir ‘fount’ in equations.

e The ‘outflowing’ reservoir, abbreviated to ‘outfl’ in equations.
Similar to the fountain reservoir, this represents gas in the
CGM that has been reheated due to feedback. But its spe-
cific energy is higher, such that it will escape the halo after
an appropriate time.

e The ‘ejected’ reservoir, denoted by subscript ‘ejec’, which rep-
resents gas that has been expelled from the halo’s virial radius
due to feedback (after transiting the outflow reservoir). It is
reincorporated into the CGM over time.

e The ‘local intergalactic medium’ (LIGM), which represents
the remaining gas in the halo that is outside the virial radius of
all its subhaloes. This is a single field per halo; in practice, it is
associated with the central subhalo. The LIGM primarily pro-
vides a means of tracking metal enrichment in cosmological
gas that can eventually be accreted by the central galaxy.

Whenever we generically refer to the ‘CGM’ in text and equa-
tions, we mean the sum of the hot, outflowing, and fountain
reservoirs:

McGM = Mot + Meount + Moutdl- (2)

The temperature and density profile of all 3 CGM components is
assumed to be the same.

3.2. Stellar components

The stellar components in DARK SAGE galaxies and haloes
include:

e The stellar disc, which — like the ISM — is broken into a
series of annuli. These annuli are fixed in terms of specific
angular momentum in the same way as the ISM, but the stel-
lar disc need not always be coplanar with the ISM. We denote
fields concerning the stellar disc with the subscript *,disc’.

e The instability-driven bulge, which — as its name
suggests — is built from disc instabilities driving stellar
mass into a galaxy’s centre. This component has zero angular
momentum by definition, and is therefore supported against
gravity entirely by random motions.

e The merger-driven bulge, which is more akin to a classical
galaxy bulge or ellipsoid. This constitutes stars that enter the
bulge as a direct result of galaxy mergers. We calculate a
nominal specific angular momentum for the merger-driven

bulge.

e Intrahalo stars, otherwise referred to as the stellar halo or
‘THS’ for short. This is built up through tidal stripping and
the disruption of satellite galaxies before they have the chance
to merge. By definition, this exclusively tracks stars inside the
virial radius of a subhalo. Satellites can have a non-zero IHS.

e Local intergalactic stars (LIGS), the stellar analogue for the
LIGM. It is built up similarly to IHS, but accounts exclusively
for tidally stripped stellar mass in a halo that falls outside
the virial radius. This field is always zero for satellites by
construction.

One major infrastructural change we have made to the stel-
lar components is that each one is now broken into N, age
bins. This means there are (Nynn +4) X Ny stellar-mass and
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stellar-metallicity fields for each galaxy (the ‘+4” accounts for the
spheroidal components and the LIGS).

The introduction of stellar-age bins serves several purposes that
expand DARK SAGE’s capabilities. For one, it means it is possi-
ble to reconstruct the formation history of any disc segment or
bulge component of a galaxy (or the galaxy as a whole) from a
single-snapshot output. This means DARK SAGE can now predict
age gradients in stellar discs and even three-dimensional age-
metallicity-radius maps of populations of galaxies, which can be
tested against modern observations (e.g. with survey data from
integral field spectrographs). In this sense, DARK SAGE galax-
ies have ‘multidimensional’ structure, 4 la the title of this paper.
Component-wise star formation histories of DARK SAGE galaxies
are trivially reconstructed from a single-snapshot output, allow-
ing for easy comparison with the outcome of models applied to
the spectral energy distributions of survey galaxies by component
(notably, e.g. Robotham, Bellstedt & Driver 2022). The age bins
also allow us to add detail to our treatment of stellar evolution and
feedback, where we now model the distribution of supernovae as
a function of time since birth for stellar populations (Section 8).

Nige is a user-defined integer. In this work, we take Nyg. = 30,
which is high enough to ensure that the delayed feedback scheme
is sufficiently converged with N,g (not shown here) and to recover
the shape of galaxies’ star formation histories, but not so high that
it prohibitively slows the code. The age bracket of each age bin is
interpolated from the snapshot times of the underlying N-body
simulation (see Section 3.5); N, is therefore capped by the num-
ber of time steps in the merger trees. If Nyge = Ngnap — 1, then each
age bin has a one-to-one correspondence with snapshot intervals
in the mergers trees. Later, in Figure 7, we show the age bins used
in this work.

Whenever we refer to ‘the bulge” without further specificity
(or use subscript *,bulge’), we mean the combination of the
instability- and merger-driven bulges. Whenever we refer to the
total stellar content of a galaxy (or shorthand “’), we mean the
combination of the stellar disc and both bulges, but not intraclus-
ter stars (nor the LIGS).

3.3. Disc annuli

We maintain the design of Stevens et al. (2016) in keeping the
annular boundaries for DARK SAGE discs as

(i)

.] outer

A (30)
kpckm's
. 0, i=1
e (3b)
outer? 1 Z 2
i€ [1> 2) ~'>Nann_ 1>Nann] > (3C)

with Ny, = 30. Throughout this paper, we use the superscript (i)’
to refer specifically to the ith annulus. When no such superscript
appears for a disc property, we are referring to that property for
the whole disc. For convenience, in parts of this paper, we will also
refer to the mean properties of an annulus, for example,
(i) (i)
(i) — Jinner +]outer
()= e (4)
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The above applies for both stellar and gas discs. Whenever we
refer to ‘the disc’, we mean the combination of the ISM and stellar
disc.

3.4. BH components

We expand the consideration of where massive BHs can exist
in DARK SAGE. Each subhalo now is now granted several BH
reservoirs:

e The central BH of the galaxy maintains the definition as in
previous versions of DARK SAGE. It is what powers AGN feed-
back. Each galaxy is effectively assumed to hold a single central
BH; when two galaxies merge, their BHs are assumed to merge
too.

e The ‘intrahalo black holes’ reservoir (IHBH) tracks the total
number and summed mass of BHs that end up inside the halo
but outside the galaxy itself. This reservoir grows through the
disruption of satellite galaxies inside R, of their parent halo.
This reservoir has no effect on galaxy evolution.

e The reservoir for ‘local intergalactic black holes’ (LIGBH) sim-
ilarly tracks the number and summed mass of BHs stripped
from satellites outside the virial radius. Satellite galaxies them-
selves always have zero LIGBHs by construction.

3.5. Time-steps

In the vernacular of this paper, a full ‘time-step’ refers to the
interval between snapshots in the merger trees of the N-body sim-
ulation that DARK SAGE is run on. MTNG has 264 time-steps,
starting at z~~29.3 and finishing at z =0 (the initial conditions
were produced at z = 63). The separation between each pair of the
first 31 snapshots is A log,, (a) = 0.014, where a is the cosmolog-
ical expansion factor. The interval in A log,, (@) is halved for the
next 33 snapshots and halved again for the remainder.

The movement of mass, metals, angular momentum, et cetera,
between reservoirs in DARK SAGE is ultimately governed by a
series of coupled differential equations. These equations are solved
numerically and sequentially. Rather than setting the ‘unit’ of time
used in the numerical solution to that of the time-step in the
merger trees, we break each time-step into three ‘sub-time-steps’
in DARK SAGE.

The use of sub-time-steps helps mitigate the fact that we must
chose an order in which we apply our astrophysical processes; in
principle, most processes should happen simultaneously (though,
some have a natural order in which they should be done). This
way, we loop through all physical processes multiple times over a
time-step, rather than once. Each sub-time-step within the same
full time-step covers the same interval in cosmic time. We denote
the cosmic-time interval of a sub-time-step as At throughout this
paper.

In earlier versions of DARK SAGE, there were 10 sub-time-steps
between each time-step. Those versions were based on the original
Millennium simulation, which only had 64 snapshots in its merger
trees, versus 265 in MTNG. The total number of sub-time-steps
has therefore moderately increased from those versions (640 then
versus 792 now).

Rather than explicitly writing out the network of coupled
differential equations in DARK SAGE altogether, we present equa-
tions in this paper in the form that they are solved within a
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sub-time-step. This best reflects how the equations are written in
the codebase.

4. Baryon accretion, gas cooling, and disc formation

When a halo grows in mass — that is, when stepping between
snapshots in the underlying merger trees — mass is added to
the CGM (and/or occasionally the IHS; see below) of the central
to ensure the baryonic mass fraction of the halo remains in line
with the cosmic baryon fraction, fg;;mic, modulo a suppression fac-
tor, f.7, associated with photoionisation heating (Efstathiou 1992;

Gnedin 2000). That is, we enforce

Rgal <Raooc

-+ fcosmic __ cen § gal gal
fy fbary M200C - mejec + <m* + Meoid
gal

gal gal gal gal
+ megy + Migs + My + Mgy > (5)

where the sum over ‘gal’” includes the central galaxy and all satel-
lites within the virial radius. There is an important subtlety in how
the ejected reservoir of the central is handled in equation (5). The
entire ejected reservoir is defined to lie outside Ryg.. It is included
in the right-hand side of equation (5) because that gas was inside
Rygoc; this gas is ejected by stellar and AGN feedback (described
in Sections 8 and 9), and there is no physical reason why that gas
should be automatically replaced by other baryons (which would
happen if it were not in the equation). In principle, this means
that, even in the absence of photoionisation heating, the cosmic
baryon fraction only provides an upper limit on the halo baryon
fraction in DARK SAGE. We can straightforwardly calculate the
baryon fraction inside the virial radius of a halo as

cen

200c _ f+ gcosmic __ ejec
fbary _fy fbary M200c . (6)

The f}" factor is adopted from DARK SAGE’s predecessors (Croton
et al. 2006, 2016), which follow the ‘filtering mass’ fitting func-
tion of Kravtsov, Gnedin & Klypin (2004, see their appendix B).
This depends on both halo mass and redshift and is primarily
relevant during the epoch of reionisation (z 2 6, for all haloes)
and for haloes with M, < 10'2 Mg, (at all epochs). ]f:rsymic is set

by the cosmology of the underlying N-body simulation (f 7" =
Q/ Qm = 0.1573 in this work).

In previous versions of the model, when a halo grew, pristine
cosmological gas (i.e. with close to zero metallicity) was added
to the hot-gas reservoir. This still happens as the norm, but with
our new framework, preference is first given to mass in the local
intergalactic reservoirs to be accreted into the halo. Should a halo
have a non-zero LIGM and/or LIGS, mass is proportionally and
respectively transferred from these to the hot-gas reservoir and the
IHS. Should this be insufficient to raise the halo baryon fraction to
r f,f:rsymic, then pristine cosmological gas is added to the hot gas to
top it up. See Sections 11 and 12 for how the LIGM and LIGS are
built up in the first place.

Gas must first pass through the CGM before reaching the ISM.
The process for calculating how much mass is transferred from
the CGM to the ISM in a given sub-time-step is similar in con-
cept to previous incarnations of the model (which harken back to
White & Frenk 1991) but is not identical.
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Given that we assume hot gas to be spherically symmetric and
homogenised, the cooling time for gas at a given radius in the
CGM is calculated as

therm

o (R) = i 3 Thotmyp ks
Z9R) = 2 pron(R) AT Zoo)

hot

(7)

where eﬂ}ftrm is the specific thermal energy of the CGM, érhﬁ(R)
is the rate of specific energy loss through radiation, Ty, is the
CGM temperature, 1, is the mass of a proton, it =0.59 under
the assumption that hot gas is fully ionised, kg is the Boltzmann
constant, phot(R) is the hot-gas density profile, A(Thot, Znot) is the
tabulated cooling function from Sutherland & Dopita (1993), and

Zhot 1s the hot-gas metallicity. We maintain the assumption that

the CGM temperature is the same as the virial temperature:¢
p 2
um, V-
Thot = Toom = Tuir = ——2 (8)
2 kg

This formula for Tcgu is defined for centrals; after infall, satellites
are assumed to have fixed Tcgy. We further maintain the defini-
tion of the ‘cooling radius’ as being that where the cooling time
equals the halo dynamical time, that is,

Roooc 1
teool(Reool) = tayn = ——— = '
cool( cool) dyn Vaooe 10 H(Z)

However, what we have changed is the analytic profile for hot gas.

While previous iterations of SAGE and DARK SAGE assumed
the CGM to follow the density profile of a singular isother-
mal sphere, we instead now adopt the so-called ‘beta’ profile.
Nominally, a beta profile follows the expression

5 _38)2
ps(R) = po |:1 + <R_c> :| ,

where py = pg(0) and R, is the ‘core’ radius. For the application
of this profile to the GALFORM SAM, modulo changes to the pro-
file from feedback, Benson et al. (2003) assume that § =2/3 and
R, is a fixed fraction of the virial radius of a halo. We follow this
idea, but instead of allowing for the profile shape to be modified by
galaxy evolution processes, we set an explicit redshift dependence
on the latter, that is, R. = cg(z) Rxgoc. Finally, with recognition that
the CGM is defined in this paper to be within Ryg. [i.e. a volume
integral of pcgm(R) out to Ryg. must return mcgym], and that each
component of the CGM is assumed to follow the same density
profile, we implement

)

(10)

M,
Prot(R) = — pcem(R),
mcGMm

(11a)

mcom Cﬁ(z)

R i
47“:%3(2) Rigo. |:1+ (Cﬂ(z) R200c> :| > (D)

Cplz) = {1 —¢g(2) tan™! [c,gl(z)]}_1 ) (11c)

For the functional form of cs(z), we use the fitting function of
Stevens et al. (2017a) to gas haloes from the EAGLE® simulations:

(12)

pcam(R) =

cp(2) = max [0.05, 0.2 exp (—1.52) —0.039z +0.28] .

dIn practice, the temperature of the CGM should vary with radius. But cosmological
hydrodynamic simulations have shown that it remains within a factor of 2 of T;, out to
Ry, even with variation in how feedback is modelled (Stevens et al. 2017a).

“Evolution and Assembly of GaLaxies and their Environment (Crain et al. 2015; Schaye
et al. 2015).
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The lower limit of 0.05 is imposed by hand; this represents the
16th percentile of haloes at the highest redshift (z ~ 4) studied in
Stevens et al. (2017a). As a point of comparison, in their models,
Benson et al. (2003) and Font et al. (2008) adopt default (but not
fixed) cg values of 0.07 and 0.1, respectively.

For the CGM of satellite galaxies, we still assume a truncation
radius. While it does not make complete physical sense to define
Ryno. for a satellite subhalo, we adopt My as the smaller of either
the present total subhalo mass or its pre-infall virial mass, then
solve for an equivalent Ry through equation (1). This ensures
that as satellites are tidally stripped, their CGM truncation radius
decreases too, which is physically expected. By contrast, as noted
above, T\ is deliberately not recomputed after infall; if it were, we
would be implicitly assuming that tidal stripping causes a decrease
in the average CGM temperature, which seems non-physical.

Combining equations (7-12), one can solve for R .. Because of
the update in the hot-gas density profile, this solution is different
from earlier versions of DARK SAGE.

Two modes of gas accretion onto a galaxy can take place; the
‘cold mode’ of accretion takes place when Ry > Ryg0c, Otherwise
the galaxy is in the ‘hot mode’ (White & Frenk 1991). In con-
cept, these are unchanged from earlier models. That is, in the cold
mode, gas in the CGM that is en route to the ISM is limited more
by the time it takes to fall onto the ISM than any time required
to cool. In this instance, it becomes somewhat of a misnomer to
call the CGM ‘hot gas’, but we nevertheless maintain the nomen-
clature for consistency with the literature. For a sub-time-step At,
the mass deposited onto the ISM in the cold mode is taken as

AT = o = — A, (13)
dyn
The term Am° represents an offset in accretion onto the
ISM from radio-mode AGN feedback (defined and discussed in
Section 9). While this term applies for both the cold and hot mode,
it is normally only important in practice for the hot mode.

For the hot mode, the flux of mass cooling through R.. is
taken as equal to the mass deposition rate onto the galaxy (based
on the results of Bertschinger 1989). To calculate this, we solve

-1
dt,
hot- 1
AmporG =470 Prot(Reoot) Rl dcoo At
R R—>Reool

A (19

Assuming equation (11), the solution can be written as

Mot Reoo1 Cp(z i

Aoty = Moo R D) e 15)

2 Ryo0c tdyn

With Amiperscold determined, the final thing to consider is the
fraction of that mass that each annulus of the gas disc receives. As
each annulus is bound by fixed values of specific angular momen-
tum, this means defining a probability distribution function (PDF)
of j for the cooling gas. We base this on the PDF of j for an
exponential disc with a constant rotational velocity, that is,

4 —2j
PDFcool(j) = 2_] exp <—]> s

cool Jcool

(16)

where fooo PDF001(j) dj = 1 by definition, and jeeo is the mean of
the PDF. Equation (16) here is simply a more correct and flexible
way of writing equation 6 of Stevens et al. (2016). We emphasise
that even though equation (16) is the same as an exponential disc
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with a constant rotational velocity, that does not mean it is the only
type of disc consistent with this PDF. That is, for any arbitrary sur-
face density profile X(r), one can find a rotational velocity profile
Verc(r) that gives the same PDF of j as in equation (16). We are
therefore not making any explicit assumptions about the form of
3 (r) or veir () as gas cools/accretes onto a galaxy; in fact, we solve
for these profiles (using additional information per Section 5).
Even if one were to make assumptions about the surface density
profile or velocity profile of freshly cooled gas, one would still end
up with a predictive model for the resulting disc structure after
several time-steps, as both the value of j., and the vector along
which accretion takes places change between time-steps.

What then sets j.,01? The answer to this also depends on the
accretion mode. In the cold mode, gas is assumed to be efficiently
transported from the halo outskirts to the galaxy via cold streams
(as shown to occur in hydrodynamic simulations, e.g. Keres et al.
2005; Dekel & Birnboim 2006; van de Voort et al. 2011). In the
absence of evidence to the contrary, we set

-cold-mode

Jcool (17)

:jhalm

maintaining the status quo from several SAMs (e.g. Lagos et al.
2018; Henriques et al. 2020). jp,, is the specific angular momen-
tum of the halo inside the virial radius, which we take from the
input merger trees. For the hot mode, we modify the fitting func-
tion of Stevens et al. (2017a) — which was first implemented in
DARK SAGE in Stevens et al. (2018) — by rewriting it in terms of j:

hot-mode
Jcool

I —900 ) =0.23 I A) — kg,
%810 <2 Ryooc V200c> o810 ()~ ks

where we adopt the Bullock et al. (2001) approximation for halo
spin,

(18)

_ _] halo
V2 Ryooc Vaooc

While the slope of equation (18) originates from equation 19 of

Stevens et al. (2017a), the normalisation is set by hand to recover
the result of Stevens et al. (2017a) that (j]c‘gf,]m"de /Jhalo) == 1.4 > V2
when one only considers gas inside the virial radius. Rearranging
the above, one can then solve for k, to force this outcome. Doing

S0 gives

(19)

kg ~log,, ()»‘0'77> . (20)

To match the low-redshift sample used in Stevens et al. (2017a), we
calculate the average of A %77 for haloes with 10'® < Mygp./ Mg <
10'2% at z =0 in Mini-MTNG. This returns k; = 1.15.f Because of
the explicit dependence on halo spin in equation (18) — which
is known to have a scatter of ~0.26 dex and only systematically
depend on halo mass to second order in N-body simulations
(Bullock et al. 2001; Knebe & Power 2008) — we naturally have
a scatter in j?gé'lm"de /jhalo in DARK SAGE of ~0.2 dex. This is shown
as a function of halo mass in Figure 1. As can be seen by compar-
ing the curves and shaded regions in the top panel for all centrals
with those exclusively in the hot mode, M. >~ 10'>* My marks
the transition between haloes predominantly in the cold mode
and those in the hot mode. There are, nevertheless, some haloes
in the hot mode all the way down to the resolution limit of the
simulation.

In Stevens et al. (2018), k; was set to 1.0. This was a calculation error.
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Figure 1. Top panel: Host halo mass versus the ratio of the specific angular momen-
tum of gas cooling from the CGM onto the ISM of the central galaxy in DARK SAGE to
that of the halo from MillenniumTNG at z = 0. For haloes accreting in the ‘hot mode’,
this ratio is determined by equation (18). The scatter and mild slope in this relation
is driven entirely by the distribution of halo spins, as seen in the bottom panel. For
cold-mode haloes, it is assumed that jcol/jnalo = 1. Running percentiles and means
are shown for the full population (thinner lines in the foreground) and when exclu-
sively selecting those in the hot mode (thicker, behind). The dotted line in the top
panel marks where jcool /jhato = 1.4, the average value predicted for hot-mode haloes
by Stevens et al. (2017a). Satellite subhaloes are excluded from this plot.

With the above pieces in place, we can calculate the amount of
cooling gas that goes into each annulus of the new gas disc. For the
ith annulus, the mass received is
Jouer

A m1(1i(),t_, cold = A Mhot—cold [ PDFCOOI (]) d] (2 1 )

(i)

Jinner

If this is the first cooling episode in a halo or muq was 0 at the
start of the sub-time-step, this completes the relevant description
of how a gas disc is formed. If this new gas is adding to a pre-
existing disc in the galaxy (as is the case for most galaxies at most
snapshots), there is one more step to consider.

While the magnitudes of the cooling gas and halo’s specific
angular momenta are not always assumed to be the same, their
directions are. The orientation of a galaxy’s disc in DARK SAGE is
always tracked by its angular momentum vector. When a new gas
disc forms, the direction of its angular momentum vector is set
parallel to that of the halo, that is, jcold = jcool = jhalo. However, jhalo
changes over time for any given halo, meaning sequential accre-
tion episodes are unlikely to be parallel. When a pre-existing gas
disc is present, a vector sum of 7501d and 75001 is done to define the
new orientation of the resulting gas disc. Both the pre-existing and
freshly cooled gas discs are then projected onto this new plane,
which uses the same discretised j structure per equation (3a). This
means that the mass in the first annulus of the resulting disc will
be the sum of the first annuli of the pre-existing and freshly cooled
discs plus some fraction of their second (and possibly their third,
fourth, etc.) annuli, depending on the angles involved. This aspect
of DARK SAGE remains unchanged from Stevens et al. (2016).

It is worth mentioning that Thalo is typically a noisy quantity
in an N-body simulation (e.g. Benson 2017; Contreras, Padilla &
Lagos 2017). While this induces some randomness to the precise
orientation and magnitude of the angular momentum of cooling
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gasin a DARK SAGE at a particular instant, this randomness should
be averaged out after several time-steps with our method.

5. Computing potentials and converting from specific angu-
lar momentum to radius

Recall that disc annuli in DARK SAGE galaxies are fixed in terms of
specific angular momentum. While this design choice was deliber-
ate, it nevertheless remains crucial to compute the radii of annuli
for several of the model’s modules. Annulus radii must be (and
are) regularly updated in the model, at least once per sub-time-step
per galaxy. To convert j to r, one must first compute the poten-
tial of the galaxy and its (sub)halo in the plane of the disc, ®(r).
In Stevens et al. (2016), this was achieved by approximating the
potential as spherically symmetric and the disc to have precisely
centripetal motion at all radii, then iteratively solving for rf,’zter for
each annulus through

(i) () (@) ).

Jouter = Touter VCil’C(router

(22)

Stevens et al. (2018) later dropped the assumption of perfect cen-
tripetal motion by adding a radially variant factor for the fraction
of gravity balanced by circular motion (as opposed to random
radial motion), fe(r):

Veire (1) = feire (1) Vien (1) = foare (1) ¥ (zi:, (23)
where subscripts ‘circ’ and ‘cent’ are respective shorthands for
‘circular’ and ‘centripetal’. As noted in Stevens et al. (2018), the
spherical-potential approximation is accurate in the outskirts of a
galaxy, but becomes exponentially inaccurate towards the centre.
Moreover, solving equation (22) iteratively was a bottleneck in the
code. For these reasons we have overhauled the j-to-r conversion.

With the new version of the model, we treat the shape of the
potential as a combination of spherically symmetric components
(the dark-matter halo, stellar bulges, intracluster stars, and hot gas;
shorthand ‘sph’) and two axisymmetric, infinitesimally thin discs
(one each for stars and cold gas). This can be written in terms of
contributions to the centripetal velocity:

Vzent(r) = Vgph(r) + Vi,disc(r) + Véas,disc(r)'

The challenge comes in the implementation of the two latter-
most terms. While one can numerically solve for a disc’s potential
as a function of radius from first principles, the only way to
self-consistently do this in the framework of DARK SAGE is by
maintaining the iterative j-to-r process and increasing the com-
putational demand of each iteration. For practical reasons, we
therefore employ an approximation of a different kind, but one
that remains faithful to the general shape of a disc potential.
Namely, we assume the analytic approximation of Obreschkow
etal. (2009, their equation 37):

(24)

G Misc

2
Vdisc (T’) =

Ts Ts r

r Ts
1+4.8exp <—0.35 — =35 —>

-1
r s\ 2 Ts

X —+<—> +2./—
Ts r r

This approximation works well for exponential discs with scale
radius 7;. Clearly, it is less accurate for discs with non-parametric
disc structure as in DARK SAGE. Nevertheless, after testing, we
found this to be the best compromise between accuracy and
practicality.

(25)
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Because there is no requirement for DARK SAGE discs to be pre-
cisely exponential, we need to calculate an analogue for 7, to use in
equation (25). For exponential discs, there is a one-to-one relation
between the scale radius and any radius that encloses x per cent
of the disc’s mass, r,. For each of x = 10, 20, ..., 80, 90, we calcu-
late the effective exponential scale radius that corresponds to the
disC’s 7. We then set r; to be the average of these nine scale radii.
This is a small shift from Stevens et al. (2018), who only used rs
and rgg to inform r,, which relied on an otherwise unnecessary and
now non-existent free parameter. The calculation of r; and subse-
quent application of equation (25) are separately done for each of
the stellar and gas discs, fulfilling the right-hand side of equation
(24).

The contribution to the potential from all other baryons and
dark matter is then straightforwardly calculated as:

G mgpn(<r)

V?ph(r) = r >

(26a)

mapn (<r) = 470 f <pDM(R) + peam®) + ) p®(R)>R2 dR,
0 ®

(26b)

where ® = i-bulge, m-bulge, IHS. Each of the profiles that con-
tributes to Mgn(<r) is analytic. Per Stevens et al. (2016,
appendix B), dark matter is assumed to follow an NFW profile
(Navarro, Frenk & White 1996) with a baryon-influenced mass-
concentration relation (Di Cintio et al. 2014; Dutton & Maccio
2014):

, 2
pom(R) = Mpy Céz\]FW(Z) enrw(2) R
47 R50. R Rao0c
arw@ 17
In(1 _ W (o7
x [ n(1+ enpw(2)) E— (272)

s m,
oxew(2) = |1 +3 x 107 expj3.4|log,, Mo
200¢

+ 4-5:| }) como(2), (27b)
MZOOC h bxrw (2)
— loﬂNFw(Z) , 27
como(2) + <1012 Mo (27¢)
axpw(2) = 0.520 4 0.385 exp (—0.617z'%'), (27d)
bnew(z) = —1.01 + 0.026 z. (27e)

In principle, the dark-matter mass of the halo should be readily

calculated as Mpy = ( 1— ﬁfgf) M. (equation 5). But, again for

the sake of computation efficiency, we approximate the matter
bound in subhaloes to also be distributed according to the same
NFW profile as the dark matter (despite knowing that this is not
the most accurate description of how satellites are distributed in
DARK SAGE — see Qin et al. 2022). We therefore effect

M,y = Moo — (s + Meoia + meam + Mins + My + Mippn)-
(28)

Stellar spheroids (the instability-driven bulge, merger-driven
bulge, and intrahalo stars) all follow Hernquist (1990) profiles that
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are truncated at the virial radius:
Mg ag (Ragoc + dg)*
2T R(R+ag)® Ry

While we have not changed the functional form of the stellar-
spheroid profiles, we now calculate each of their scale radii, ag,
rather than assuming a scaling relation as done previously. These
are discussed in the appropriate sections for each component later
in the paper (see equations 71 & 121).

For the final piece of equation (23), we assume a function of the
form

Pe(R) = (29)

fcirc(r) =1- €xp (—T/T)L*) . (30)

In Stevens et al. (2018), the scale radius ry, took the form ry, =
Tsx/ {3 [1 — My bulge/ (M + mcold)] },g based loosely on the obser-
vational results of Bellstedt et al. (2017). Instead, we now calculate
1w in a more self-consistent way, but maintain the assumption
from Stevens et al. (2018) that f;,. should scale with the local stellar
spin parameter, which is defined for an annulus as

(Vi)

Vil

First, we initialise 7, as r;./3. Then, for every subsequent sub-
time-step, we update 7, , to

29 = (31)

—r{A, = 0.5}

T T sy (2
where r{A, = 0.5} is smallest radius where A, rises to 0.5 (inter-
polated from the annular A{ values). The factor of —1/1In (0.5) =~
1.44 translates the factor-of-two scale radius into an exponential
scale radius appropriate for equation (30).

With all of the above, we can analytically calculate v (1) —
and therefore j — for any r. To go in the opposite direction, that
is, from j to r for annuli, we calculate j(r) for an array of r values.
Using this array, we interpolate the j boundaries of the disc annuli
to find their corresponding r.

We approximate the surface density of a given disc component
to be constant within an annulus, that is,

()
i) _ Misc
Yie= "7 07 o\ (33)
bl (router - rinner)

With this, it follows that the mass in an annulus has an average
radius of

()2 (i) 2
(0 = | Tinner T Fouter

5 (34)

To be consistent with equation (4), we define the average circular
velocity of an annulus as

(@)
(v(i) >: (7 l >
circ/ — <r(,‘)) :
Finally, for simplicity and convenience, we define an approximate
average potential of each annulus as

(i) (i)
<q>(")) — q>(rinner> —;— (D<r0uter> .

(35)

(36)

8Note the correction from equation (A5) of Stevens et al. (2018), where myq was
accidentally missed from this expression.
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Figure 2. Circular velocity profiles (top) and stellar velocity dispersion profiles (bot-
tom) of DARK SAGE discs at z= 0. We sample one random central galaxy with sSFR =
1071 yr=* and m, pyige < 0.3 m, for each stellar mass in intervals of 0.1 dex between
10%° and 10 M, with a 0.04-dex search window. The colour of the curves transitions
from dark blue to bright yellow as we move up in mass.

To demonstrate the resolved kinematics of galaxy discs in
DARK SAGE, we plot circular velocity profiles and stellar velocity
dispersion profiles for random example galaxies across a range of
stellar masses in Figure 2. A description of how o, 4 builds up
over time can be found in Section 7.4.

One relatively fundamental scaling relation of galaxies is the
baryonic Tully-Fisher relation (McGaugh et al. 2000), a tighter
relation than in its original stellar form of Tully & Fisher (1977).
This relates the peak rotational velocity of a galaxy (a proxy for
its potential) with its baryonic mass (in principle, another proxy
for potential, if baryonic mass and dark-matter mass scale) for
rotation-supported (disc-dominated) systems. Given that we have
built the velocity curves of DARK SAGE galaxies from their poten-
tial and the stellar and H I masses of galaxies are constrained by
their observed mass functions at z=0 (Section 13), the baryonic
Tully-Fisher relation should fall out of DARK SAGE as a natural
prediction. As we show in Figure 3 by comparing to data from the
SPARC" sample of galaxies (Lelli et al. 2019), it does! Though, we
caution that our sample selection to match the SPARC is crude,
intended only as a proof of concept here. The galaxies masses
of the SPARC sample also have increasingly larger systematic
uncertainties due to the adoption of a morphology-independent
mass-to-light ratio (see Lelli et al. 2016, 2019). For these reasons,
we should not expect a perfect match. For example, the scatter at
low masses for DARK SAGE of ~0.02 dex appears low compared to
the intrinsic scatter of 0.040 & 0.006 dex in SPARC (cf. Lelli et al.
2019), but we found in testing other cuts that the scatter in DARK
SAGE varied up to 0.03 dex.

hSpitzer Photometry and Accurate Rotation Curves
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Figure 3. The Baryonic Tully-Fisher relation for DARK SAGE galaxies: that is, the maxi-
mum rotational velocity of each galaxy as a function of its stellar + neutral-gas mass.
Hex bins show the number density of DARK SAGE galaxies with m, pyge < 0.1 m,, my, >
108 Mg, and Mpeutrat /M, > 1072, The running solid lines are the median (thick) and 16th
and 84th percentiles (thin) of the DARK SAGE selection, calculated in bins along the y-
axis. The DARK SAGE cuts are a crude attempt at a comparable selection to the SPARC
sample of galaxies (Lelli et al. 2019), compared here.

6. Gas chemistry and vertical structure of discs

6.1. Velocity dispersion and disc height

Previously in DARK SAGE, it was assumed that the velocity dis-
persion of gas in galaxy discs, 014, Was a universal constant for all
cosmic time. We now introduce a redshift dependence to o014, but
maintain the (false but simple) assumption that for a given snap-
shot this is constant across all annuli of all galaxies. The function
we employ for this is empirical, based on the average redshift evo-
lution for observations of neutral gas shown in figure 6 of Ubler
etal. (2019):

Ucold(z)
=110+ 113z,

(37)

Our redshift-zero value of 11km s~ is what had been previously
assumed at all redshifts. The redshift coefficient is taken from
equation 1 of Ubler et al. (2019). Results from Pillepich et al. (2019)
suggest it might be sensible to add a stellar-mass dependence to
equation (37), but we leave such modifications for future model
developments.

We assume that the vertical structure of discs follows a square-
hypersecant profile, typical for those that are self-gravitating and
isothermal (see Benitez-Llambay et al. 2018). For a given annulus,
we invoke

; =4 ¢
PO (@) = —co sech2<v> , (38a)
2¢ &s
) Oaia(®
S() — Ld(i)_ (38b)
G 2cold
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Here, ¢ represents height from the mid-plane of the disc, where
¢ is the local scale height. By definition, the surface density of

an annulus must be Zégld = f pgld({) d¢. The average three-
dimensional density of an annulus is therefore

; 2
(i) 1 / (i)2 _J %
<pcold> Eg))ld 3 cold(g‘) dé‘ 3 (Ucold(z)

We do not differentiate between the dispersions (or scale
heights) of ionised and neutral gas in DARK SAGE gas discs, despite
the theoretical expectation and empirical evidence that suggest
these should differ (Ubler et al. 2019). Relatively speaking, this
is not a great source of uncertainty in the model; the observed
systematic difference between the neutral and ionised gas veloc-
ity dispersions of galaxies is much less than, for example, the
observed scatter in either dispersion at fixed redshift, which we
do not model.

When stars are formed (see below), they inherit the velocity
dispersion of the gas that formed them. We record a stellar veloc-
ity dispersion for each stellar-age bin within each annulus. By
construction, this means that old stars carry a higher velocity dis-
persion than young stars in galaxy discs. As the stellar-age bins are
typically wider than the average snapshot interval in the merger
trees, each episode of star formation requires updating the velocity
dispersion of that age bin. This is done by taking a mass-weighted
average of the squares of the velocity dispersions of the new and
pre-existing stars.

(39)

6.2. Hydrogen fraction

In another update to the model, we adjust the mass fraction of
hydrogen, X, in a given gas disc annulus. Naturally, where metal-
licities are high, one expects to find a lower hydrogen fraction. We
adopt the fitting function of Stevens et al. (2021, their equation
B2), which accurately recovers the hydrogen fraction of gas cells
in IlustrisTNG from metallicity alone (i.e. without needing prior
knowledge of the helium mass fraction):

0.753 — 126 Z, Z>0.025
X= . (40)
min [0.76, 0.762 — 2.3 Z+242 7|, Z <0.025

The helium mass fraction is then straightforwardly recovered as
Y=1-X-2Z (41)

We impose a metallicity floor of Z = 107'? on all baryon reser-
voirs, which accounts for the trace amounts of lithium formed
shortly after the Big Bang. Due to the ‘primordial lithium prob-
lem’ — see Fields (2011) — this is lower than what one would
expect the initial metallicity of the Universe to be based on Big
Bang nucleosynthesis alone. Metallicity is then built up from stel-
lar enrichment (see below). In practice, the precise value of the
metallicity floor is irrelevant, provided it is negligible relative to
the yield of metals produced by a stellar population, which is of
order 1072,

6.3. Neutral fraction

We introduce a new method to DARK SAGE for calculating the
fraction of the ISM that is neutral/ionised. Previously, this had
been assumed to be a constant for all annuli and all galaxies. We
now instead invoke a model of photoionisation equilibrium within
each annulus, providing a predictive framework for the neutral
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fraction radial profiles of galaxies. This is done in two stages, con-
sidering the situations when (i) local sources of ionising radiation
are dominant and (ii) the universal ionising background is instead
dominant.

In what follows, we seek a solution for

(i) (i) (i)

(i) — mneutral My, + mHz )
fneutral (i) - X(’) ( )
M old mcold
In practice, we calculate this as
(i) : *(i) bg(i)
fneutral = min [fneutral’ fneutral] . (43)

6.3.1. Local photoionisation

Let us start with the approximation demonstrated by Rahmati
et al. (2013) that the local photoionisation rate of hydrogen in a
galaxy scales linearly with its star formation rate. Writing this in
terms of ionisation and star formation rate densities, we have

Tlion 2 Gy OSFRs (44)

where g, =2 x 102 s7(Mg yr!)~! = 6.31 x 10 M;' (Rahmati
et al. 2013). The question then becomes: how do we implement
this on an annulus-by-annulus basis?

Similar to equation (39), we can calculate the average three-
dimensional SFR density in terms of an annulus’s SFR surface

density, given péiF)R(é' ) X ,Ogld(é’ ):

: 1
(oSh)= f P9 (2) pe() dz.

cold

(45)

Approximating psgr in equation (44) as (pé’F)R) above and solving

the integral, we take
() (i)
() _ 9y G Zeola Zsir

jon T (46)
3024(2)

To solve for £ atra> We Need to balance ionisation with the
recombination of atoms. The recombination rate density of hydro-
gen can be written as

(47)

where 7. and n, are the respective number densities of free elec-
trons and free protons, and o« =4 x 10713 cm?® s! is the recombi-
nation coefficient for hydrogen that we adopt. For an annulus, we
consider average three-dimensional number densities, consistent
with our earlier assumptions that there is no vertical variation in

the neutral fraction (or ionisation-recombination balance):

Nrecom = He Np &,

eom = (1) (1) ¢ (482)
4 .
() n®
<n€ > 3X(1) + 1( > (48b)
()
i i i <)0 ld>
()= (1~ fitu) X =2 (48¢)
P
2
G (=9
(1 _f(;)utral> —cad- (48d)
3 mp Ucold(z)

The difference between <ng)> and (ngi)) is driven by extra free
electrons sourced from ionised helium. For simplicity, we approx-
imate that for every hydrogen atom that is split into a free electron
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and proton, there is a helium atom split into a free electron and
He 11 ion. In reality, it takes more energy to ionise a helium atom
than a hydrogen atom, and the cross section of the two elements
are not identical either, but these minutiae are unimportant for the
detail modelled here. We also reasonably neglect any contributed
free elections from He I1I or ions of other elements, given their low
cosmic abundances.
Under photoionisation equilibrium,

> (i)
nion

=n® (49)

recom”

Equation (48) serves as the right-hand side of equation (49). If we
take equation (46) as the left-hand side, we are implicitly treating
frf?mral asf efl?tral' After combining these equations, we can rearrange
and solve for the neutral fraction (when local photoionisation

dominates) in terms of knowns:

i 2 (i)
«() 1|3 (3 X0+ 1) 4y My 054(2) Zgrr
fneutral =1- W E(i)3 : (50)
4aG cold
For convenience, we note that the constants in this equation can
be reduced to
3q, m?

——F2 =0.2495cm™¢ g’s’.

40 G D

One final decision remains: how do we quantify EéiF)R for
equation (50)? While we could tie this to the sub-time-step’s
instantaneous SFR in the annulus, this would require a simulta-
neous solution for EéiF)R and frf?mral, because, as we will show in
Section 7.3, local star formation explicitly depends on local molec-
ular fraction, which requires knowing the neutral fraction first. But
a better option exists. What equation (44) really symbolises is that
young stars produce the majority of local photoionising radiation
in galaxies. The age bins we have in each DARK SAGE disc annulus
effectively tell us how many young stars are present. That is, to be
self-consistent with our treatment of stellar evolution (where any
stars formed in the same age bin are treated as if they have an iden-
tical formation time — see the next section), we use the annulus’s
average SFR for the age bin that the present sub-time-step falls in to

calculate ZégR for equation (50). This is both physically motivated

and circumvents a circular solution for f;e(ftral.

We note that AGN should, in principle, add an additional
source of local photoionisation. This is not something we have
considered for this version of DARK SAGE. We leave it for future

developments of the model.

6.3.2. Photoionisation background

We adopt a redshift-dependent, universal photoionising radiation
background for neutral hydrogen to place a ceiling on the neutral
fraction of the ISM of DARK SAGE galaxies. When this source of
photoionisation dominates over local sources, we impose

hion = Fle-lffl (Z) NH,neutral - (52)

Here, the effective rate of hydrogen photoionisation, I'fff (z), is

taken from Table D1 of Faucher-Giguére (2020). In practice, for
DARK SAGE disc annuli, we effect

’;l(f) — F;[ff (Z)fbg(i)

ion 1 neutral X(i) m}:l <'Oc(21d)' (53)

Combining this with equations (48 & 49), after some omitted alge-

bg(i)

bra, we end up with a quadratic equation for f >, in terms of
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knowns. The requirement that ffegu(ga] <1 by definition eliminates

one of the quadratic solutions, leaving

bg(i
fneglféal =1+y—vV*+2v, (54a)
i 2
3 (3 x® +1)m reft(z -
y= ( ) ? HI( ) (o 14(2) . (54b)
TR

6.4. Molecular fraction

We return to using a formula based on the mid-plane pressure of

each disc annulus, Pfr?id, as the default for calculating the molecu-

lar fraction of gas. Similar to the implementation in Stevens et al.
(2016), we use the equations from Blitz & Rosolowsky (2004) and

Elmegreen (1989):
0 —0.92 -1

O _ | md

Ju = (5.93 x 10-13 Pa) s (55a)
7GxY , Ocold(z) TV
72 cold (Egg)ld COld( (i)) . > > edisc = 10°

Pfrll)id = .
nG_;
T Eg))lfl 4 Ogisc > 10°
(55b)

The only practical change' from Stevens et al. (2016) is how 014
and ? are calculated, which is now consistent with that described
above in this paper. 04 is the angular misalignment between the
stellar and gas discs.

Other prescriptions for fé’z) are available in the code, such as
those based on the works of McKee & Krumholz (2010) and
Gnedin & Draine (2014). We do not adopt them in this paper,
though, as we found in testing that extra free parameters were
likely required to calibrate the model to observations with these
prescriptions.

In the top two panels of Figure 4, we show the H1 and H, frac-
tions of DARK SAGE galaxies as a function of stellar mass. These
relations are predictions of the model, and are compared against
the representative xGASS and xCOLD GASS samples of galaxies
(Saintonge et al. 2017; Catinella et al. 2018). We note that this raw
comparison is simply for a rough reference; to make a fair, accurate
comparison between and any simulations and this dataset requires
deeper considerations, as has been explored in detail in Stevens
etal. (2019a, 2021).

7. Discinstabilities and star formation

The one physical process that arguably is the linch-pin of the entire
DARK SAGE model is gravitational disc instabilities. The handling
of said instabilities drives the majority of star formation, radial
redistribution of disc mass, disc heating, bulge growth, and BH
growth. While the triggering of an instability in the new DARK

'In truth, there is one other, minor change. Namely, we have removed the rogue factor of
h? that appeared in the normalising pressure in Stevens et al. (2016), that is, the equivalent
of the denominator in the innermost brackets in equation (55a) here. This was an old
error in the code, which was discovered during the proofing stage of that paper. The text
for that paper was modified at the last second before publishing to be consistent with the
code. This was largely inconsequential. The code has since be fixed.
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Figure 4. The planes of stellar mass versus H I fraction (top panel), H, fraction (middle
panel), and specific star formation rate (bottom panel) in DARK SAGE galaxies at z=0.
Representative observational samples with m, > 10° M, are compared from xGASS for
H 1 (Catinella et al. 2018), xCOLD GASS for H, (Saintonge et al. 2017), and SDSS for sSFR
(the volume-limited sample used in Brown et al. 2017). Thick lines represent medians.
Thin lines are 16th and 84th percentiles. For xGASS and xCOLD GASS, the lines assume
non-detections carry their upper-limit value, while the shaded region covers the 16th-
84th interpercentile range assuming non-detections have zero mass of that type. SDSS
contours approximately encapsulate 38, 68, and 95 per cent of the sample (thicker to
thinner). DARK SAGE hexbins and solid lines in the bottom panel use the time-step-
averaged SFR (almost instantaneous), while the dashed lines represent the average
SFRin the last age bin (~1 Gyr).
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SAGE is very similar to that of Stevens et al. (2016), some important
changes have been made to how instabilities are resolved.

Previously in DARK SAGE, stars could form through one of
three possible channels. The ‘passive’ channel prescribed each
annulus to form stars at a rate proportional to its local H, con-
tent. The ‘instability’ channel represented stars formed in bursts
driven by local gravitational instabilities. The ‘merger’ channel
accounted for extra star formation triggered by gas compression
during a galaxy merger. While the former two were physically
well defined to operate in a single annulus, the prescription for
merger-driven starbursts was an ad hoc, purely phenomenologi-
cal formula, designed originally to work on global galaxy scales
instead (Somerville, Primack & Faber 2001): see section 3.9.3 of
Stevens et al. (2016). Because this goes against the ethos of the new
model, we have removed the merger channel for star formation.
We maintain the passive and instability channels. Elimination of
the merger-burst channel does not prevent elevated star formation
from taking place. With how mergers are resolved (Section 12), the
sudden addition of gas to the descendant’s ISM lowers its stabil-
ity, making it likely that additional star formation occurs through
instabilities directly after the merger.

For more than the above reason, instabilities play a more cen-
tral role in DARK SAGE star formation than they used to (despite
their already having been the most important channel for many
galaxies, as shown in figure 1 of Stevens & Brown 2017). While
passive star formation still occurs, we make an important change
in calculating this after resolving instabilities, rather than before.
This means that passive star formation is now exclusive to the
gas that is stable on the scale of an annulus but still has molec-
ular clouds present. In hindsight, DARK SAGE should have been
originally set up this way.

7.1. Calculating (in)stability

Each annulus of each disc of each galaxy is routinely checked for
its gravitational stability according to Toomre’s Q criterion. We
calculate this local stability parameter first for each of the stellar
and gas components separately, following the respective equations

(i) (@)

(i) — K O‘*,disc‘ i (56a)

* 336Gx!

(i) K(i) 0‘cold(z)
Q= 2D, (s6b)

G 2:cold

(1) (i) (1)
. 2 (Vclirc> (.]oluter _]irlmer)

k= (56¢)

i (i) (1)
<r(l)>2 (rotuter - rirlmer)

(Toomre 1964; Binney & Tremaine 1987; Pringle & King 2007).
Provided fyc < 10°, Q¥ and QU are then combined into a total
stability, Q®, through

-1

) 1 w
Q"= o ol D A0 > (7
min [Qcold’ * ] max [ cold> <* ]
A 209 o4z
W(,) = * cold( ) (57b)

P
ol +02,4(2)
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(Romeo & Wiegert 2011). If Q¥ < 1, the annulus is gravitationally
unstable.

By definition, it is not physically possible for something to
remain in an unstable state for an extended period of time. This
demands that something must happen to bring the annulus back
to Q¥ = 1. We therefore seek to resolve instabilities as soon as they
occur.

Physically, one would expect instabilities to produce star for-
mation from the collapse of unstable gas. Instabilities can also
cause a rearrangement of mass in a galaxy. In principle, that
rearrangement of mass can break the symmetry of a galaxy’s grav-
itational potential, for example, through creating a bar, which can
create a radially variant torque on the disc, thereby redistributing
angular momentum (see, e.g. Athanassoula 2003). This would, in
turn, establish radial migration in the galaxy’s disc and alter the
orbits of stars, which could also affect the stellar velocity dispersion
(and disc scale height) of the disc and create a pseudobulge (see
Kormendy & Kennicutt 2004, and references therein). In DARK
SAGE, we do not explicitly model bars nor asymmetric gravita-
tional potentials, while pseudobulges are inherently considered to
be part of the disc (for relevant discussion, see Stevens et al. 2016).
We nevertheless do model the end result that instabilities have on
discs, namely in the form of star formation, radial migration, and
disc heating. We do this in a way that is agnostic to the details of
why each aspect of instability resolution happens the way it does,
as it ultimately does not matter for how the model is constructed.

There are two ways to return an unstable disc annulus to stabil-
ity: either mass must be removed from the annulus or its velocity
dispersion must be raised. We have already prescribed oo to be
a strict function of z, meaning the former must be how gaseous
instabilities are resolved. Cold gas can be removed from an annu-
lus in one of two ways: by transferring it to adjacent annuli, or by
induced star formation triggering stellar feedback. Stellar mass can
only be removed by transferring it to adjacent annuli. However,
we allow the velocity dispersion of stars to also rise. Each phase
therefore has two modes of instability resolution. The fractional
importance of each mode is controlled by a single free parameter,
dubbed ffli,sve

The first step to resolving an instability is deciding which
baryon phase the onus is on to solve it. A return to stability
(Q® > 1) can be guaranteed once both Qizld >14 W and Q¥ >
1+ W%, If one phase already satisfies this requirement, the onus
is entirely on the other phase to resolve the instability. If neither
criterion is met, both phases have to do some work.

If O4isc > 10°, the stability of the gas and stellar discs are treated
entirely independently. Respective instabilities are then triggered
when Qcold <1land QSP <1

7.2. Resolving gas instabilities

Once a gas instability is identified, it is resolved in two steps.
Both steps involve removing gas from the annulus. The amount
of unstable gas that must be removed from that annulus to return
it to stability is

) Q(f)
m(l) (t) ] — —cold
cold,unstable — Meo1d (i) ’
Qcold,min

is greater than Q g (for a stable disc, Qcold =

(58)

where Qcold min

Q. by our definition) and typically equal to 1 or 1+ W,

cold,min
but can vary based on the circumstance of the instability trigger as
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described in Section 7.1. The first step in resolving this instability is
to redistribute gas in the disc. This is done by moving a controlled
fraction of the unstable mass to the two adjacent annuli, in propor-
tion such that angular momentum is conserved. Mathematically,

we can write this as
D)\ _ [;GF1)
Am(i)%(l’il) _ (I l ) (I l > gas (@)

cold - W move '"“cold,unstable* (59)

Whenever mass is transferred to adjacent annuli in this way, it car-
ries with it metals in proportion to its metallicity. Strictly, equation
(59) only applies for i € [2, Nypn — 1]. For the outermost annu-
lus, mass transfer can only happen inwards, meaning we abandon
conservation of angular momentum, and simply adopt

(Nann)

(Nann )= (Nann—1) _ rgas
Am cold,unstable*

cold — Jmove

(60)

For the innermost annulus, any inward-moving gas is assumed to
be accreted by the BH. We approximate the gas accreted onto the
BH to havelost all its angular momentum. We still adhere to angu-
lar momentum conservation for outward- and inward-moving gas
in this case, meaning

@ gas 1)

1H—Q2) _
A cold - (]’(2)) move Mcold,unstable® (61a)
(2) (1)
o =) 0
A cold—>BH — ngizsve mcold,unstable' (61b)

RER
Note that the growth of the BH through this channel is indepen-
dent of its present mass. This is how DARK SAGE is able to seed
zero-mass BHs. We discuss the consequences of this ‘quasar’ form
of BH accretion in Section 9.

The movement of unstable gas through the disc to the inner-
most annulus and subsequently onto the BH is the primary means
by which BH accretion occurs. The only other way for BHs to
gain a substantial amount of mass is when they merge together.
An important test of this framework is whether DARK SAGE can
recover the well-known relation between a galaxy’s central BH
mass and bulge mass. What makes this particularly exciting is that
this is now a prediction of the model; as we show in Section 13,
this relation has no explicit bearing on the calibration of DARK
SAGE’s free parameters. By design, instabilities and mergers can
simultaneously grow both the BH and bulge in DARK SAGE (if
both gas and stars are involved), though this does not guarantee
quantitative agreement with the empirical relation between these
two properties.

We show in Figure 5 that DARK SAGE predicts a BH-bulge
mass relation that overlaps favourably with observations (cf. Scott,
Graham & Schombert 2013). Interestingly, DARK SAGE’s relation
is not unimodal; this is seen in the intensity of the hexbins and
clarified by the misalignment of equivalent running percentiles
when the DARK SAGE data are binned along each of the two
axes. No cuts have been applied to DARK SAGE here. A deeper
assessment of this relation relative to observations is left for future
work.

After moving gas, part of the remaining unstable gas is then
consumed in star formation, with the last of it reheated out of
the disc by the instantaneous component of the stellar feedback
associated with those new stars:

+ AWl(i) i-SN _ (1 _fgas ) m(i)

cold—outfl — move cold,unstable*

(62)

(i) i-SN
cold— fount

Am(i) i-SF

cold—*

+ Am
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Figure 5. Black hole-bulge mass relation for DARK SAGE galaxies at z= 0. The x-axis is
the sum of the merger- and instability-driven bulge masses. Because thisis not a simple
unimodal relation in DARK SAGE, we show running percentiles (thick for median, thin
for 16th and 84th) when the model’s data are binned along the x-axis (solid) and y-axis
(dotted). Neither median traces the high-number-density ridge of DARK SAGE galaxies.
Compared is a compilation of observational data from Scott et al. (2013). While previ-
ous versions of DARK SAGE calibrated to these data, this outcome is now a prediction of
the model.

The balance between each of the terms on the left-hand side of
this equation is described in Section 8. Note that Ami’glgsj* repre-
sents the net production of stellar mass at the end of the present
sub-time-step, and is therefore less than the annulus’s instability-
driven star formation rate multiplied by At (this is also explained
in Section 8). The superscripts i-SF and i-SN are intended to dif-
ferentiate instability-driven star formation and supernovae from
the passive channel of SF (Section 7.3).

After a gas instability is resolved, we recalculate Q{". This is
necessary, as the stellar mass in the annulus will have changed,
which inevitably (temporarily) raises not only the probability of
a stellar instability triggering but also the mass of unstable stellar
mass.

7.3. Passive star formation

After resolving instabilities (including what follows in Section 7.4),
we allow for a second mode of star formation that depends explic-
itly on the local molecular gas surface density. This ‘passive’ mode
of star formation in DARK SAGE obeys

ZI()i-)SFR = €H, EI({2> (63)
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Figure 6. The resolved molecular Kennicutt-Schmidt relation for DARK SAGE galaxies
at z=0. The dashed DARK SAGE line is the median relation for all annuli. The hexbins
are grey-scaled according to the logarithmic number of annuli within them. For a fairer
comparison to observations, the hexbins only count annuli with £, > 10 Mg, pc~2 from
galaxies with 1089 < m, /Mg < 10 and 0.02 < my, /my, < 1.13 in (sub)haloes with at
least 200 particles at one point in their history. The solid lines represent the median
(thick) and 16th and 84th percentiles (thin) for those binned annuli after weighting
each annulus by its area. This weighting further improves the comparison to obser-
vations, which typically use pixels of fixed length ~1 kpc. The best-fitting relation
from observations (Bigiel et al. 2011) and equivalent scatter is shown by the shaded
region. Contours encapsulate 38, 68, and 95 per cent of pixels across the HERACLES
and VERTICO surveys that are detected in both axes.

where €y, is the star formation efficiency of H,, equivalent to the
inverse of a depletion timescale. In a change from Stevens et al.
(2016), €y, is no longer treated as a free parameter. Instead, this
is fixed to ey, = (2.35 Gyr) ™!, consistent with the empirical best-
fitting relation from Bigiel et al. (2011). Of course, there must be a
limit to the amount of star formation in a given annulus set by
the total mass of gas present, accounting for the gas that must
be removed from the annulus due to feedback from the largest
stars that form in that population and effectively go supernova
immediately. In practice, we therefore effect

cold—x* outer — "inner

Am(i)p-SF :min|:75 (r(i)Z r(i)2 ) (1 _f:etum) E}(){)SFR At

(i) (i) p-SN (i) p-SN
Meold — Acholdafount - Arncoldaoutﬂ]' (64)

Many of the terms here will be defined in Section 8.

Despite equation (63) explicitly tying star formation and
H, surface density together, DARK SAGE predicts a non-trivial
resolved molecular Kennicutt-Schmidt (RMKS) relation, that is,
¥y, versus Xgpr. This is predictive because (i) equation (63)
only applies to stars formed in stable annuli, (ii) the majority
of star formation happens in unstable annuli, and (iii) there is
no explicit tying of the molecular fraction to disc stability. In
Figure 6, we show the RMKS relation for (a relevant subset of)
DARK SAGE galaxies at z = 0. This is compared to the relation fit-
ted to observations by Bigiel et al. (2011) as well as data from the
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HERACLES and VERTICO surveys (Leroy et al. 2009; Brown et al.
2021, respecitvely). Note that, despite HERACLES and VERTICO
respectively probing field and cluster environments, these two
datasets have been demonstrated to have consistent RMKS rela-
tions (Jiménez-Donaire et al. 2023).

7.4. Resolving stellar instabilities

Similar to gas, there are two steps in resolving a stellar instability.
But these steps are different in detail. The mass of stars deemed
necessary to move out of the annulus to restore stability is set by

(i)
0) () @) Q
m*l,unstable - m*l,disc r:lolve (1 - (i)* > > (65)
Q*,min
(i) 1 Ucold(z) 1 gas 66
move — _T( _move)' (66)

*,disc

By construction, it is always true that o¢o4(z) < oizhsc, and there-
fore £ € (0, 1). The unstable mass of stars is moved to adjacent
annuli in the same j-conserving fashion as done for gas:

) _ (4D _
(] > (I > )mil,)unstable

T4 (,'(i+1)> F (,'(i—l)
when i€ [2, Ny, — 1]. For the outermost annulus, we again
neglect angular momentum conservation by invoking

(Nann)
x,unstable”

A ()= (i£1) __

#,disc

(67)

(Nann )= (Nann —1)
Am *,disc

=m (68)

Inward-moving stars from the innermost annulus are transferred
to the instability-driven bulge. This bulge component has no
angular momentum by design. As such, we effect

AmP~2@ (i(l)) (1)

wdic = (i) M, unstable’ (69a)
i(2) (1)
0 _G =67 o
Am*,disc—ﬂfbulge - *,unstable* (69b)

(i)
As stars transfer from one annulus to the next (or to the instability-
driven bulge), they carry with them the same age-metallicity-
velocity dispersion distribution. The metallicity and velocity dis-
persion squared of each age bin in the receiving stellar component
are updated with a mass-weighted sum of the moving stars and
that already in the receiving annulus.

By itself, the motion of stellar mass prescribed above does not
raise Q¥ to its minimum stable value. To complete this, we invoke
‘heating’ of the stellar disc. That is, the stellar velocity dispersion
of the disc annulus is raised by a factor equal to

(i)
f;ove + (1 _frzove) Q*’Z'l)m .
M

This change applies to each age bin individually. The functional
form of equation (66) is something we have put in by hand inten-
tionally so that disc heating does not continue to occur unregu-
lated in a perpetually unstable disc. The increase to the annular
stellar velocity dispersion is applied after moving the unstable
mass of stars.

IThese data show that environment does, however, affect other local gas scaling relations
(Watts et al. 2023).
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It is because stars are collisionless and gas collisional that we
have different fy,ove values — that is, different radial-migration
rates — for gas and stars. The functional form of equation (66)
ensures that stellar velocity dispersions in the disc cannot grow
unchecked. The more stellar discs are heated, the less they will be
heated at the next instability.

The size of an instability-driven bulge is set by the velocity dis-
persion of the stars it acquires. This is calculated from the Jeans
equation, under the assumptions that the instability-driven bulge
is both spherically symmetric and isothermal:

2
do _ Ui-bulge dpi-bulge

—= (70)
dR Pi-bulge dR
Substituting equation (29) — and its derivative, where @ —
i-bulge — into (70) and rearranging gives
-1
R do 1 X o1
a;. = _— == —R
e Ui%bulge dR R

In principle, this expression should be solvable at any R. However,
because of the approximation of isothermality (i.e. treating o; puige
as radially invariant), equation (71) does not return identical
answers at any two radii. For that reason, starting at small radii
and working outwards incrementally, we continuously solve for
Ai-bulge> AVeraging as we go, until reaching a converged answer.

8. New stellar feedback model

We introduce a brand-new model for stellar feedback in DARK
SAGE. Gone are the days of explicitly prescribing a mass loading
factor that may or may not be modulated by local surface density.
Instead, we now use a purely energy-based argument to calculate
the amount of reheated (and ejected) gas from each episode of
star formation, in each annulus. Gone also are the assumptions
of instantaneous recycling, where we have now implemented a
delayed, self-consistent scheme for stellar mass loss, metal enrich-
ment, and associated feedback, which we outline below.

8.1. Energy available from feedback

Let us begin with the assumption that the birth masses of stars,
M.,, for any population are distributed according to a Chabrier
(2003) initial mass function (IME, ¢), where we impose

0, M, <0.1
A, 1/1 M. )\ 2 _

B — exp ——<0g107(0'08)> , 01<M,<l1
d(M,) = M, 2 0.69 ,

k, M723, 1 <M, <100

0, M, > 100
(72a)
M* = M*/MG’ (72b)

where A, and k, are constants. Recognising that (i) ¢(M,) must
be continuous at M, = 1 and (ii)

%) 100
/ M, $(A,) AN, = / Mg dM =1 (73)
0 0.1

leads to the derivation that k, ~ 0.238 and A, ~ 0.843.
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To calculate the mass fraction of a stellar population returned
to the ISM over a specified period of time, one must also know
both the lifetimes (#z) and end-of-life remnant masses (M ep) of
stars as a function of their birth mass. For the former, we impose
the textbook standard

g 5
Gyr *
(Harwit 1988). This is readily derived from the assertions that
the luminosity of a star scales as M?> and that the Sun has an
approximate lifetime of 10 Gyr.
For the remnant masses of stars, we roughly follow Madau &
Dickinson (2014) in effecting

(74)

M,, M, <1
0.444 +0.084 M,, 1<M,<7
Miem(M,) =1 041940109 M,, 7<M,<8  (75a)
1.4, 8 <M, <50
M,, M, >50
Miem = Miem/Mo. (75b)

The term for Mm(7 < M, < 8) is something we have manually
introduced as a means of linearly interpolating between the adja-
cent mass ranges, which more closely follow Madau & Dickinson
(2014). The value of Mem = 1.4 My for 8 < M, <50 assumes
that the remnant neutron star or BH has a mass close to the upper
limit of white dwarfs (4 la Chandrasekhar 1931). The basis for
Mem = M, when M, > 50 is that the collapse of the star is so
rapid, its entire mass is committed to the remnant BH (which we
still class as ‘stellar mass’ in the model). Given how quickly the
IMF diminishes at high stellar masses (equation 72a), variations
on the assumptions for Miem (M, 2 50) are inconsequential for
our treatment of stellar evolution and feedback.

The mass returned to the ISM* for a given star equals M, —
Miem. We approximate that that mass is returned instantaneously
at At = e after the star’s birth. We can therefore calculate the
fraction of a stellar population’s initial mass that is returned to the
ISM over a cosmic-time interval [ty — trorm> 1 — tform] @S

Mo
f:emm:f [M, = Meem(M)] 6(M,) dM,,  (76a)
My
- tx - torm -
= (o) e

where the latter comes directly from equation (74), with x=0, 1,
while #¢,, denotes the time at which the stellar population formed.
Note that because we define t; > t; and higher-mass stars die
sooner, it follows that M; < M, which is why M, is the lower
bound for the integral. The fraction of the remaining mass of a
population (where the returned mass from all stars with M, >
M has already been subtracted from the population’s total mass)
that is returned to the ISM can likewise be calculated as

form

m
return __ greturn _ %POp
rem _f* rem 4 (773.)

*pop

kStrictly speaking, the mass is only returned to the ISM for stars in DARK SAGE discs.
Otherwise it directly ‘returns’ to the CGM, as described in Section 8.5. But we use the
phrase ‘returned to the ISM’ throughout the paper for simplicity.
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mform M,

*,pO - - -
—F = [ M, p(M,) dM,
m*,pop 0.1

100 _ _ s
+ [ Mrem(MM(M*)dM*] :

Mo

(77b)

form rem

where m,’;c, and miZ0 ) represent the formation mass and remain-
ing mass of the stellar population, respectively. This expression is
practically the most useful in the design of DARK SAGE, as we only
explicitly track the remaining mass of a given population.

When mass is returned from a stellar population to the ISM,
metals are returned to the ISM in proportion to the metallicity of
that stellar population. In addition to this, new metals are added to
the ISM, born from fusion in the stars’ cores and during supernova
explosions. We maintain that the mass of new metals produced by
a stellar population over its lifetime is a fixed fraction of the pop-
ulation’s birth mass (ignoring the metals already present). This
fraction is known as the ‘yield’, which is expected to be ~0.03,
based on a Chabrier (2003) IMF combined with a Conroy, Gunn &
White (2009) simple stellar population model (Lagos et al. 2018).
These new metals are deposited into the ISM at a rate propor-
tional to the mass-loss rate of stars in that population. This occurs
before any reheating from feedback (Section 8.2). Note that we do
not track the individual abundances of metal elements, only their
summed content.

Let us hypothesise for a moment that we know the average
energy released by a supernova that is used in heating gas out
of the ISM and/or ejecting it out of the CGM, which we label
Esn (note that we make no assumptions about the fotal energy
released per supernova). Then we must ask: how many super-
novae will there be for a given stellar population and when will
they explode? Equation (74) already provides us the answer to
the latter — any star that produces a supernova does so at the
end of its life. For the former, we assume all stars with 8 < M, <
50 produce a (core-collapse/Type-II) supernova. Additionally,
we assume some fraction of stars with 1 < M, <8 produce a
(accretion-driven/Type-Ia) supernova. This means we effectively
assume that each star with 1 < M, <8 has a fixed probability,
Psn-1a> of producing a supernova at the end of its life. The total
number of supernovae of each type per unit mass of stars formed
in a population, ngy;, is thus

50
NgN-11

= (M.) dM,, (78a)
Mg s ¢
N$N-Ta 8 - -
M,] :PSN-Ia ¢(M*) dM* (78b)
o) 1

To determine pgy.1,, we look to observations. Broadly speaking,
the rate of Type-II supernovae are observed to exceed that of
Type Ia. For example, Tsujimoto et al. (1995) note that in the
Milky Way, the ratio of Type-Ia to Type-II supernovae — equiv-
alent to ngn.1./nsn1 — is ~0.15, but that it is more like 0.2-0.3
in the Magellanic Clouds. By contrast, Maggi et al. (2016) find
1N-1a/Msn-11 =~ 0.74 in the Large Magellanic Cloud (LMC), but they
expect this to be above the true average ratio due to the short
timescale that their data probe (order 10* yr) and the shape of
the LMC’s star formation history. In the absence of tighter obser-
vational constraints, we choose to adopt the Milky Way value of
1gN-1a/Msn-1 = 0.15. Through equation (78), we can therefore solve
for psn-1a 2 0.01. In line with equation (76), we can calculate the
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Figure 7. Cumulative mass fraction of a stellar population returned to the ISM (top,
equation 76) and cumulative number of supernovae per unit initial mass of that pop-
ulation (bottom) as a function of star birth mass (left) and time since the population’s
formation (right) implemented in our new stellar evolution/feedback model in DARK
SAGE. For reference, the vertical lines in the right-hand panels represent the age bins
used in DARK SAGE for this work (treating tm as 0; see Section 3.2). For stellar pop-
ulations born at tim > 0, the vertical lines would effectively be shifted to the left to
describe how the evolution of that population is discretised in DARK SAGE.

total energy imparted on the local ISM by a stellar population over
a given time interval, which we frame as a birth-mass interval, as

Mo
AEsy = Esy momm, f Ce(M,)dM,, (79a)
_ LM, M, <8
p(M,) = Povas $#(M.) =2 (79b)

p(M.), M, =8

We show how our mass-return and supernova models look as a
function of star birth mass and time since population birth in
Figure 7.

All stars are assumed to form at the middle of an age bin.
Returned mass, the production of new metals, and feedback from
stars born within the same age bin occur instantaneously, always
assuming half the age bin has elapsed, regardless of where in that
bin the current sub-time-step actually is. This is necessary, as once
the model has moved into the time window of the next age bin, all
stars formed in the previous age bin are assumed to be part of the
same population with a single f¢o,,. This is the nature of discretised
time; regardless of how many bins one has, one always has to treat
the ‘current’ bin in a special way. This also means that if we were
to set the number of age bins to 1, we would return to the clas-
sical instantaneous recycling approximation (with the caveat that
the recycling fraction is solved for, rather than given as an explicit
input). Whenever star formation occurs, we check if it is necessary
to rescale the local SFR to ensure that the mass consumed in star
formation plus that associated with the instantaneous portion of
stellar feedback does not exceed the mass of the gas annulus (in
line with equation 64).
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Several numbers in our model for stellar feedback could have
been treated as free parameters. For example, the ratio of Type-
Ia to Type-II supernovae for a population of stars, the parameters
controlling the shape of the IMF, and the normalisation and power
index of stellar life-times as a function of birth mass. Instead, we
have opted to fix those numbers, and allow one stellar feedback
parameter to vary freely in our calibration: Ey. Our rationale is
that variation in most of the other parameters would be degen-
erate with changes to &gy to first order for calibration purposes.
The exact value of &gy should, therefore, not be interpreted too
literally, as it compensates for uncertainty in numerous assump-
tions we have made. Nevertheless, we should not expect &y to
depart too far from the canonical value of 10* J (for a discussion
on the energy output of supernovae, see e.g. Smartt 2009). Sure
enough, as we show in Section 13, we find the best value of &y to
be ~0.8 x 10*J.

There are further details one may wish to consider in a stellar
feedback model, such as how the metallicity of a stellar popula-
tion affects the rate of supernovae (e.g. Kistler et al. 2013), how the
energetics of Type-Ia and Type-II supernovae differ, and how the
IMF may change with metallicity and formation time (e.g. Li et al.
2023). Implicitly, our ignorance of these details is also folded in to
the best-fitting value of Egy.

8.2. Impartation of energy on the ISM

With the energy from stellar feedback determined, the next step is
to decide how that energy is used. The standard practice for doing
this is to reheat an appropriate mass of gas out of the ISM and/or
eject it. There are three major differences between how we do this
now versus previous versions of DARK SAGE:

1. We do not impose a mass loading factor. Instead, we solve
for the amount of gas reheated out of the ISM using energy-
conservation arguments, as we outline below.

2. We split this reheated mass into two categories: the fraction
with enough energy to escape the halo’s virial radius, and that
which will remain bound to the CGM.

3. We do not instantaneously transfer mass to the hot and/or
ejected reservoirs, but instead initially transfer them to the
new fountain and outflowing reservoirs, thereby enforcing a
delay before that gas is available for cooling.

Let us imagine that a supernova outflow begins carrying the
mass prescribed by its return fraction of the source stellar popu-
lation according to its age and the IMF assumptions laid out in
Section 8.1. This initial blast then collides with the ISM, picking
up mass and driving a wind that removes that mass from the ISM.
Once mixed, the gas must also be heated to the temperature of the
CGM, which is assumed to be uniform (equation 8). Assuming this
wind conserves energy, we have

AESI)\I = % AmiglsdI\LCGM <V2200c + ngr?d) ‘ (80)
Here, we have defined ngnd in the annulus’s rotating frame as
the equivalent initial wind velocity were the outflow were to hypo-
thetically reach thermal equilibrium with the CGM immediately.
In reality, we would expect the wind to start colder and faster,
gradually heating and slowing (i.e. exchanging kinetic energy
for thermal energy in addition to gravitational potential energy)
before fully mixing with the CGM. Defining v,q as we have
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simply provides a mathematical shortcut to reach our desired out-
come (below). While we do model how long it takes an outflow to
incorporate into the CGM (or travel beyond; see Section 10), this
timescale is not informed by Vying.

DARK SAGE is designed such that any feedback-affected gas
must have its energy raised to at least that of the hot-gas reservoir.

As such, we can solve for w0

wing Under the condition that

(1) (1) ())SN
AESN g (ehOt - ecold) Achold—>CGM’

where each e represents the specific energy of the subscripted
reservoir. Combining with equation (80) and rearranging gives

i _ (i) 2
Vyind = \/ 2 (efoum - ecold) — Viooe:

The specific energy of the hot-gas reservoir can be broken into
three components: its specific potential energy, specific thermal
energy, and specific kinetic energy (i.e. that which is non-thermal,
as noted to be non-negligible by e.g. Lochhaas et al. 2021), that is,

(81)

ehot = (P )hot + €2 4 eflerm, (82)

To calculate the average potential of gas in the CGM, we numeri-

cally solve

47

<q))hot = (83)

Raooc
| o o e ar
hot J0O
The potential profile, ®(R), is found by numerically integrat-
ing equation (23).! Note that ®(r) is defined in the plane of the
disc in equation (23). As a necessary approximation for com-
putational efficiency, we assume this functional form works for
three-dimensional radii, R, as well. In the limit where the ratio
of the disc mass to halo mass goes to zero, this approximation is
accurate. However, in general, it is imperfect.

The specific kinetic energy of hot gas is informed entirely by
bulk rotational motion. We approximate its bulk rotational veloc-
ity based on its specific angular momentum (assumed here to be
equal to that of the halo) and the average radius of a gas element
within it:

win_ _Jn Jhal
en = 0L — _-hao (84a)
P2 (R 2 (R

4]1 RZOOC

Rioi = [ pra® R R (84b)
Mhot Jo
1—1In(2)

= 5 Raooc cé(z) Cp(2). (84¢)

As we assume Tpo = Ty; throughout the CGM, the thermal
specific energy of the hot-gas reservoir is readily found as
2

\%
leetrm — 200c . (85)
2
For satellites, we use Vg at infall here, in line with our assump-
tion that Ty, remains fixed after infall from Section 4.

'Because we are only interested in differences in specific energy between reservoirs, the
integration constant returned when calculating potential energy is irrelevant. But for prac-
tical reasons in the codebase, we take ® (1) = 0, where generally 7, 3> Rygoc, meaning
D(r < Rype) <O.
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Similar to equation (82), the specific energy of an annulus in
the ISM can be broken down as
() i (i)kin
Ceold = (q;(ﬁ) + €eold - (86)
No thermal term is added for the ISM; we have assumed that the
temperature of the ISM is negligible compared to that of the CGM,
such that

TCGM - Tcold = Tvir~

The potential specific energy of an annulus follows equation (36),
while its specific kinetic energy is readily found through contribu-
tions from its circular velocity and average vertical motion:

(i) \?
_ <Vclirc) + G(:Zold(z)

= 87
cold 2 ( )

While the above provides the necessary equations to calculate
Amgls?_) cam» We are yet to specify how this feedback-affected gas
is handled in detail. As noted above, we distribute this gas into two
transitory reservoirs: the fountain reservoir and the outflowing
reservoir, meaning
+ AmOY (88)

cold—outfl*

Am(i)SN

cold— fount

()HSN _
AM g com =

The fountain reservoir is defined to have the same specific energy
as the hot-gas reservoir:

(89)

€fount = €hot-

We track a timescale for which this gas is reincorporated in the
hot-gas reservoir, which we describe in Section 10.1. The outflow-
ing reservoir represents gas with energy to escape the (sub)halo’s
virial radius, and is gradually transferred to the ejected reser-
voir (see Section 10.2). How, then, do we decide the fraction of
Amﬁgfj\LCGM that goes to each of the fountain and outflowing
reservoirs?

Consider the ideal that any gas kicked from the ISM with a
velocity greater than the halo escape velocity,

(V(i) )2 =2 [@(Rzom) - <q>(i))] ’ (00)

esc

should be placed in the outflowing reservoir, and that the remain-
der goes to the fountain reservoir. For an observer external to the
galaxy — that is, in the inertial frame of the halo — the appro-

priate velocity to compare against a given (vg?c) is not simply vszn &
but rather the vector sum of it and the local rotation velocity (recall
that vying is defined to have already taken care of the fact that the
wind slows from heating, which is what allows us to compare it to
the escape velocity in the first place). We assume that the energy
from a supernova is emitted with spherical symmetry in the rotat-
ing frame of the annulus. Any gas on the leading side will therefore
be kicked with a heightened speed, and conversely that on the trail-
ing side to a lower speed. One can solve for the angle between these
two vectors, where the magnitude of the sum is equal to the escape
velocity, through the cosine rule. The fraction of gas expelled from
the ISM with a velocity above the escape velocity of the halo is
then equivalent to the fraction of possible angles less than this crit-
ical angle. Recognising that the range of possible angles follows a
sin (0) distribution — where 6 € [0, t] — then provides the ratio
of ejected gas to reheated gas (after some omitted mathematics):

(SN DR (0 P o2\
M=<l e -1L 0D

()SN 7 M\ 0
A clold—>0utﬂ 2 4 (V : ) v 1

circ/ Ywind
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Built into equation (91) is the implicit assumption that

(v(i)

circ

) g < 42 < b2+

esc circ wind*

However, there is freedom in the solution for vsznd to not obey
this restricted range. If (v ) + v%) < (v%), then none of the gas

kicked out of the ISM is capable of escaping the halo, meaning

gﬁi outs = 0. For the inverse reason, if <vi?rc) — izn d
=0.

(WD), we set Am@N
In our framework, energy conservation dictates that

we set Am >

esc cold— fount

(i) _ ())SN () ())SN (i)SN (i)
AESN - Acholdafoum (efoum - ecold) + Acholdaoutﬂ (eoutﬂ - ecold) .

(92)

The final quantity left to define is egiffll\] , which is the specific energy

of the material presently being added to the outflow reservoir from
a given annulus. In truth, this mass has a distribution of specific
energies, for which we know the minimum and maximum, based
on the picture presented above:

e(i)SN - ®(R200C) + e;ll;etrm’

outfl —

DN _ [y 4 gtherm o L [y 0 VP 2

€outfl —< >+ €hot + 5 <Vcirc) + Vwind —i—O'gaS '
(i))SN

We approximate e o as the average of these two limits:

outfl

S (Rand) +{7) | 1 [(W 1+ ) + 2 ]
circ wing gas | °

(93)

())SN — etherm -
outfl hot 2 4

Unlike the other reservoirs, the specific energy of the outflow
reservoir is updated as mass is added to it:

eont(t + At) = max|:d>(R200c) + ¢fin 4 gfherm,
Nam HSN SN
Mou (£) €ourn () + D % Amgldeoutﬂ e(()?ltﬂ (94)
Nom SN :
Mou(t) + Yo Am')

cold—outfl

The first term inside the ‘max’ function ensures the outflowing
energy exceeds the fountaining energy, which it must by defini-
tion. It must at least carry enough energy to reach Ryg. and have
the equivalent of the thermal and kinetic specific energy of the hot
gas. e,y s needed in other parts of the model, which we come to
later in the paper.

We come back to what happens to the feedback-affected gas
next in Section 10.

8.3. Mass loading factor

Our new stellar feedback model means we now have an entirely
predictive framework for determining the mass loading factors of
galaxies experiencing feedback. The mass loading factor of a galaxy
is defined as the ratio of its gas reheating rate from stellar feedback
to its star formation rate:

5, SN 5, SN
n= M old—> fount + M eold—outfl
= >
SER

where this excludes any consideration of gas heating from quasar
feedback, but includes all channels of star formation. Here, m
and SFR refer to the mass transfer rates and star formation rates
averaged over the previous full time step. This is physically more

(95)
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informative than the most recent sub-time-step, as it is less suscep-
tible to the order in which we resolve galaxy evolution processes
(this is why the sub-time-steps are there in the first place).

DARK SAGE is one of few SAMs in the literature to make a true
prediction for the mass loading factor from stellar feedback (for
another example, see Lagos, Lacey & Baugh 2013). Comparing
DARK SAGE’s mass loading predictions with observations and
other models is not trivial; definitions of mass loading factors in
the literature are far from uniform. This is in part because both real
and hydrodynamic-simulation galaxies are not so easily broken
into discrete reservoirs as SAMs define galaxies and haloes to have.
For the former, it is typically necessary to measure the outflow rate
(the numerator in equation 95) at some radius. Our definition of
is effectively measured at a radius of zero. This means our defini-
tion of n should be systematically larger than that calculated from
observational studies (and hydrodynamic simulations).

While we make a face value comparison with some observa-
tional data from the literature in the left panel of Figure 8, for the
above reason and others (see discussion in Nelson et al. 2019a on
this topic), we caution against over-interpreting the apparent off-
set DARK SAGE has with the data. Points for individual galaxies
at z~~ 0 are shown from Chisholm et al. (2017), as they are for
z < 0.2 galaxies from Heckman et al. (2015), while the points from
Sugahara et al. (2017) are bins of galaxies from their z >~ 0 sample.

In the right-hand panel of Figure 8, we compare DARK SAGE’s
predicted mass loading factors as a function of maximum halo
circular velocity against the input functional mass loading fac-
tors of other SAMs.™ The assumed functions used in Bower et al.
(2012) and Lagos et al. (2018) are similar in slope to what DARK
SAGE predicts, but systematically higher and lower, respectively.
Meanwhile, the asymptotic function of Guo et al. (2011) and the
constant used by Croton et al. (2016) appear both qualitatively
and quantitatively inconsistent with our energy-conserving frame-
work. The comparison with Lagos et al. (2018) is particularly
interesting, as their fitting function was based on the predictive
model of Lagos et al. (2013). There are many differences between
DARK SAGE and the Lagos et al. (2013) version of GALFORM, plac-
ing an elaborative discussion and comparison between the models
outside the scope of this paper.

The slope and scatter of 1 as a function of either m,, or Vi, are
the outcome of our complex network of equations in DARK SAGE,
although they ultimately boil down to the diversity of gravitational
potentials at fixed mass and the increase in average potential depth
at higher masses. The normalisation of 1 in DARK SAGE is effec-
tively set by the value of Egy. As we show in Section 13, this is
calibrated to other observations in a way that is blind to Figure 8.

8.4. Metal loading

In a departure from previous versions of DARK SAGE, we do not
assume that gas reheated from the ISM carries the same metal-
licity as the ISM. We imagine a scenario where the energy from
a stellar feedback event expands with spherical symmetry (in the
ISM’s frame) into an ISM where all atoms (metals and non-metals)
are distributed randomly and are isothermal. If the cross section
of each atom were the same, we would expect the same amount
of energy to be imparted on each atom on average. While heavier

™Sometimes, SAMs will invoke a mass loading factor as a function of virial velocity
rather than maximum circular velocity. This might change the preciseness of a comparison
with DARK SAGE, but it does not change our overall interpretation.
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Figure 8. Mass loading factor predicted by DARK SAGE as a function of stellar mass (left) and maximal circular velocity (right-hand panel) for central galaxies with sSSFR > 107! yr—!
at z=0. Greyscale hexbins represent a two-dimensional histogram of DARK SAGE galaxies, where the solid, purple lines follow the running median (thick) and 16th and 84 per-
centiles (thin). Compared are observations in the left-hand panel (Heckman et al. 2015; Chisholm et al. 2017; Sugahara et al. 2017). Based on the captions of tables 1 and 2 of
Heckman et al. (2015), we assume an error of 0.3 dex in stellar mass and /0.2% + 0.25? dex in 7. Various other models are compared in the right-hand panel (including Guo et al.
2011; Bower, Benson & Crain 2012; Croton et al. 2016; Lagos et al. 2018). Note that V., is from suBfrIND, which is different to what we derive from the rotation curves we build; this

is the fairest quantity to compare to other semi-analytic models.

elements may have a greater cross section for interacting with an
outflow when stationary, this is offset by the lighter elements hav-
ing higher thermal motion at fixed temperature. In the absence
of a detailed model for these competing effects, we approxi-
mate the energy imparted on each atom to be equal. Because we
have implicitly assumed elsewhere that anything reheated carries
a common specific energy, this approximation must mean some
metals are left behind. As oxygen is the most abundant metal in
the Universe, and carbon the second-most abundant, the average
atomic mass of a metal should be a little less than 16 my. Non-
metals (hydrogen and helium) should have an average atomic mass
of around 7 my /4. This implies that for every unit mass of non-
metals reheated from an annulus, we should see ~Z§21d/9 times
that mass of metals reheated. Or, in other words, the metallicity
of the locally produced outflow is one tenth that of the local ISM.
This is what we enforce.

One potential issue with our treatment of metals in stellar feed-
back outflows is that some observations find evidence that the
metallicity of outflows is typically elevated relative to the ISM
(e.g. Chisholm, Tremonti & Leitherer 2018), which is the oppo-
site of what we have imposed. However, there is once again more
nuance than this in comparing our model to observations. As
we explain more in Section 10, the outflow that we follow from
a galaxy in DARK SAGE represents that gas that will eventually
either redistribute itself within the CGM, with the same energy
as the CGM, and/or be ejected from the halo. We essentially con-
sider all the material in an outflow to carry one of two possible
energy states. This means we lose the information of an energy or
velocity distribution in the outflow. In practice, we should expect
the low-energy portion of that distribution to never fully rein-
corporate into the quasi-hydrostatic CGM, but instead to return
to the ISM whence it came on a relatively short timescale. One
might also hypothesise that an outflow has a metallicity distri-
bution, which is anti-correlated with the velocity distribution, by
virtue of metals being heavier. It is therefore conceivable that the
metallicity of an outflow observed close to the disc of a galaxy
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Figure 9. The relation between stellar mass and ISM metallicity for galaxies at z=0.
We only include DARK SAGE galaxies with Myeua > 108 Mg, to ensure there is appre-
ciable gas present for a meaningful gas metallicity. DARK SAGE data are plotted in the
same way as Figure 8. Compared is the observed relation from Tremonti et al. (2004)
at z~~ 0.1, covering their 16-84th interpercentile range, and the running median from
Bellstedt et al. (2021) at z=0.07.

might differ significantly from the metallicity of the portion of that
outflow that ends up mixing with the CGM. Moreover, the statis-
tics on the metallicity of outflows are weak, and the measurement
uncertainties are often dominated by systematics.

One observed relation that is much more enshrined in canon
is that between the stellar mass and gas metallicity of galaxies. In
previous versions of the model, this relation informed the calibra-
tion of the model’s free parameters. As we discuss in Section 13,
our calibration method has changed significantly, and the mass-
metallicity relation of galaxies is no longer used. This means it is
now a prediction of the model. We show this relation for DARK
SAGE in Figure 9. This is compared to the observation-based
relations of Tremonti et al. (2004) and Bellstedt et al. (2021).
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We note that there are hidden systematic uncertainties in the
compared mass—metallicity relations in Figure 9, which should
not make the apparent systematic offset between them and DARK
SAGE a point of concern. For Bellstedt et al. (2021), assumptions
in their method of modelling galaxies’ spectral energy distribu-
tions are a natural source of systematic uncertainty, such as their
enforced proportionality in the evolution of Zg, with stellar-mass
growth. There is also ~1 Gyr more of cosmic evolution from their
z=0.07 result to our DARK SAGE result at z = 0. For the compar-
ison with Tremonti et al. (2004), whose data represent z >~ 0.1, the
largest sources of systematic uncertainty are from the emission line
diagnostics used to measure the oxygen abundance (see Kewley
& Ellison 2008) and the conversion from oxygen abundance to
metallicity. In our comparison, we assume

12+ log,, (O/H) = 8.69 +10g,; (Zgs/0.0142), (96)

where 0.0142 is the estimated metallicity of the Sun (Asplund
et al. 2009) (we have corrected the Tremonti et al. 2004 relation
for a Chabrier 2003 IMF and our cosmology). For similar rea-
sons, in their comparison of the mass—metallicity relation of the
MustrisTNG simulation with observations, Torrey et al. (2019)
ignore the normalisation of the Tremonti et al. (2004) relation,
moving it down in their figure 6. While we could have taken the
same approach in our Figure 9, we opted not to for the sake of
fidelity.

The change to how we model metal loading in DARK SAGE
turned out to be crucial to the outcome shown in Figure 9.
That is, had the outflows from the ISM carried higher metallic-
ity, Z.oia would have been systematically lower in DARK SAGE
galaxies. While we outlined above why some systematic offset
between DARK SAGE and observations as presented in Figure 9 is
expected — in this case, an apparent factor of <1.4 — larger offsets
naturally become increasingly harder to waive away.

With the resolved detail of DARK SAGE discs, we can also pre-
dict the gas metallicity gradients of galaxies. This is a rare quality
for a SAMs, which few others have (as another example, see Yates
et al. 2021). As a first prediction from the new DARK SAGE, we
show the radius-weighted average metallicity gradient of DARK
SAGE galaxies as a function of stellar mass in Figure 10, where

dl Zeo N 1 ;
< Oglzl: ld)> Z log,, (Ziﬁld)

i (i)
i=1, mgyq #0

-1
Nann —1

<X

i=1, m #0

col

() = ) 97)

We choose to explicitly weight by the radial range of each annu-
lus, as observational gradients are typically implicitly weighted in
the same way, that is, data will be binned by radius and a gra-
dient fitted to those bins. Such observations from integral field
spectroscopy (IFS) surveys are compared in Figure 10 (to appear
in Acharyya et al. in prep.),” though we caution that this is still a
cursory comparison, and should therefore not be interpreted as a
means of falsifying DARK SAGE. While the vast majority of DARK
SAGE galaxies have negative metallicity gradients (which is the

"The same data were meant to be presented in figure 2 of Sharda et al. (2021), but the
points shown in the panel with gradients in units dex kpc™!' were actually from a file in
units of dex per effective radius (Acharyya, private communication).
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Figure 10. Radius-weighted average of the metallicity gradient in gas discs in DARK
SAGE galaxies at z=0. Data for DARK SAGE are presented in the same way as in pre-
vious figures. Dotted lines with error bars represent the average relations from three
IFS surveys: the ‘Calar Alto Legacy Integral Field spectroscopy Area’ survey (CALIFA;
Sanchez et al. 2014), the ‘Mapping nearby Galaxies at Apache Point Observatory’
survey (MaNGA; Belfiore et al. 2017), and the ‘Sydney-AAO Multi-object Integral-field
spectrograph’ survey (SAMI; Poetrodjojo et al. 2021), which have been homogenized
(Sharda et al. 2021; Acharyya et al. in prep.).

expected norm), DARK SAGE is also able to produce galaxies with
positive metallicity gradients. The relation between gas metallic-
ity gradient and stellar mass is relatively flat in DARK SAGE, as
it is in observations. But this is dependent on how the metallic-
ity gradient is calculated. Though not shown here, reproducing
Figure 10 with a mass-weighted average gradient across the annuli
in a DARK SAGE disc results in an increasingly steep relation
towards low stellar masses. Metallicity gradients normalised by the
stellar disc half-mass radius look very similar (but for a re-scaled
y-axis).

8.5. Directimpartation of energy on the CGM

The instability-driven bulge, merger-driven bulge, and intrahalo
stars (collectively ‘spheroid stars’) can produce feedback. While
no stars form in spheroids in DARK SAGE, the delayed feedback
scheme means that spheroid stars still produce Type-Ia super-
novae. We assume that spheroid supernovae cannot reheat gas
from the disc. Instead, the metals and energy they produce are
imparted directly onto the CGM. Summing over all stellar-age

bins, the energy from spheroid supernovae, AE;‘I’\? , is balanced
by generating an outflow from the CGM. In practice, this means
transferring mass from the hot and fountain reservoirs to the out-
flowing reservoir. Because we have defined efoynt = enot, we transfer
mass proportionally out of the hot and fountain reservoirs, assum-
ing this gas carries the same specific energy as that pre-computed
for the outflowing reservoir:

sph
SN : AES Mhot
Am =min | Myo, >
hot— outfl
€outfl — €hot Mhot + Mfount

(98a)

sph
AESN Mfount

. (98b)
€outfl — €hot Mhot + Mfount

SN I
Arnfount—>outﬂ =min |:mf01mt’
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8.6. Comparative remarks

Although vastly different in how the feedback is applied, a clear
parallel can be drawn between our model for delayed stellar feed-
back and that in the MERAXES SAM (Mutch et al. 2016). This is
not entirely by coincidence; part of the inspiration for our model
design came from Mutch et al. (2016). Similar designs of delayed
feedback and chemical enrichment are also incorporated into the
GALACTICUS model (Benson 2012) and in De Lucia et al. (2014),
although again different in implementation to DARK SAGE. We
refer the reader to the other papers for more context.

In previous incarnations of SAGE and DARK SAGE, the return-
ing of mass from stars to the ISM and the production of new metals
was done after reheating gas from feedback. Implicitly, this meant
it was guaranteed that some (local, metal-rich) cold gas would
forcibly remain after an episode of star formation. We have delib-
erately changed this. Now, mass is returned and metals added to
the ISM before we apply feedback to the ISM. Provided there is suf-
ficient energy, this means that returned gas can immediately find
its way to the CGM.

We explored the possibility of a distributive feedback model
in DARK SAGE, where the energy from supernovae in one annulus
could affect the gas in adjacent annuli. Our default assumption was
that energy would be distributed from an annulus centre isotropi-
cally. For infinitesimally wide annuli, one could imagine that most
of the energy from feedback should be directed towards neigh-
bouring annuli instead of out of the disc. However, with our set-up
in DARK SAGE, it is almost always true that the width of a disc
annulus is much greater than the disc scale height, implying a
negligible fraction of feedback energy should transfer through the
disc. As such, in the end, we reasonably approximated the feedback
taking place in an annulus to be independent from other annuli in
a galaxy.

9. Active galactic nuclei

We maintain a two-mode model for feedback from active galac-
tic nuclei (AGNs) in DARK SAGE, but have changed the way both
modes operate.

9.1. Radio mode

In earlier versions of DARK SAGE, the model for radio feedback
followed Croton et al. (2016). In this mode, hot gas is passively
accreted directly onto the BH, based on the BH’s Bondi (1952)
accretion rate. Combined with the ‘maximal cooling flow” model
of Nulsen & Fabian (2000), the accretion rate can be derived as
m{;ﬁ“’ _ 157 G jumy, kg Ty - (99)
16 A(Tvir> Zhot)
(cf. Croton et al. 2006), where mpy is the BH’s mass. In Croton
et al. (2016), an additional free parameter was added to equation
(99). However, with the changes we have made to the model, we
no longer need this. We note that we explicitly do not allow rnfadic
to exceed the BH’s Eddington (1926) accretion rate in the code,
but it is typically orders of magnitude below this anyway.

A half-century-old standard, we assume that mass accreting
onto a BH quasi-statically moves through equatorial, circular
orbits — all the while losing energy and angular momentum —
until reaching the orbit of lowest energy, where it is captured
(see Lynden-Bell 1969; Bardeen 1970; Bardeen, Press & Teukolsky
1972; Novikov & Thorne 1973; Shakura & Sunyaev 1973; Stevens
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2015). The power emanating from the accretion disc — which
drives an AGN — is then given directly by the accretion rate:

Eacn = €aon ipn ¢, (100)

where c is the speed of light in a vacuum and €,y is the ratio of
inertial (gravitational) mass lost by that accreted to its rest mass
(at infinity), often referred to as the ‘radiative efficiency’. Note that
gy represents the rest-mass accretion rate of the BH, but mpy
represents the inertial mass of the BH. Over a sub-time-step, the
growth of a BH is therefore

Ampy = (1 — €xgn) gy AL (101)

The difference between rest mass and inertial mass was not prop-
erly accounted for in previous versions of the model. This means
BH feedback is now even more self-regulatory. That is, for a fixed
rest mass of accreted material, a BH can either grow by a lot and
produce a weak AGN (low €,gn), or grow less and produce a
stronger AGN (high €agn). But the less the BH grows, the weaker
any future radio-mode feedback will be. In principle, to conserve
inertial mass (energy), that lost by the material accreted onto the
BH should be added somewhere. Without doing so, the baryonic
mass of the halo within which that BH resides will drop. In practice
though, this is inconsequential not only because this comprises a
negligible fraction of a halo’s baryonic mass, but also because it
is automatically accounted for by DARK SAGE’s infall prescrip-
tion anyway. At the next time step, baryonic mass will be added
to the CGM of that halo to top it back up to the cosmic baryon
fraction (modulo any suppression from photoionisation feedback,
and including ejected gas in the accounting — see Section 4). We
implicitly approximate rest mass and inertial mass as equivalent
for all other components of galaxies and haloes (as literally all cos-
mological simulations and SAMs do), which we do not expect to
have any adverse effects whatsoever.

Under the above picture, the value of €56y depends exclusively
on the spin of the BH (neglecting charge) and the relative orienta-
tion of the accretion disc to the spin vector (Bardeen et al. 1972).
While €56y = 0.0572 for a non-rotating Schwarzschild (1916) BH,
€acn can theoretically range from 0.0378 to 0.3210, given the anti-
parallel and parallel cases for a Kerr (1963) BH rotating at the
Thorne (1974) limit, and can reach 0.4226 if the Thorne limit is
breached. However, we do not explicitly consider BH spin in DARK
SAGE (for an example of a SAM that does, see Fanidakis et al.
2011). The addition of such a feature would be an entire project
in and of itself. In the meantime, we opt to treat e gy as a free
parameter that is applied uniformly for all BHs.

Equation (100) applies to both modes of accretion, but the way
that that energy is handled depends on the mode. For the radio
mode, the energy is used as a preventative form of feedback. This
has been standard for SAMs since Croton et al. (2006) and Bower
et al. (2006). After the gross cooling rate of a galaxy is calcu-
lated (Section 4), we calculate how much of that cooling would
be prevented by the energy released from the BH accretion disc:

) Eradio At A Eradio
Amia;lllto AGN — AGN , (1023)
€hot — (ecold> €hot — (ecold>
Nann foer
(ecold) = Z eilo)ld /:1) PDFcool(j) d_]) (102b)

i=1 iner

providing the final pieces to equations (13-15).
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The term ‘radio mode’ is derived from the presence of radio jets
that are generated from significantly sub-Eddington rates of BH
accretion. These pervade the CGM and are what keeps the gas hot,
or, rather, prevents it from cooling. While we have no explicit con-
sideration of AGN jets in DARK SAGE (but see Raouf et al. 2017,
where there is an explicit consideration of this in the RADIO-SAGE
model), the radio mode still implicitly relies on there being jets.
The influence of these jets persists over extended timescales. For
this reason, AGN memory in a SAM is important; without it, a
model can be vulnerable to spurious, non-physical increases and
decreases in radio-mode heating.

In Croton et al. (2016), radio-mode memory was achieved by
introducing a ‘heating radius’, which never decreased with time
and effectively prevented gas in the CGM internal to it from
cooling. This radius would increase when periods of radio AGN
activity exceeded what the galaxy had had previously. This model
was adopted in previous versions of DARK SAGE, and has been
adopted in other SAMs too (e.g. Lagos et al. 2018).

For the new DARK SAGE, we achieve radio-mode memory dif-
ferently. We abandon any consideration of a heating radius and
instead move mass from the hot reservoir to the fountain reservoir
equal to that offset from cooling:

Amiao‘iiifount = Amiaeiito' (103)
This does not affect energy conservation, as the fountain and hot
reservoirs are defined to have the same specific energy. But this
does create a lasting impact by effectively disabling the AGN-
affected gas from cooling for a dynamical time. This is not only less
contrived than the Croton et al. (2016) heating radius model, but it
also allows the suppression of cooling from radio-mode feedback
in a galaxy to wax and wane moderately over time, rather than
effectively forcing it to stay the same or increase.

Provided mpy > 0 and my,, > 0, radio-mode accretion and
feedback will occur in a DARK SAGE galaxy at every sub-time-step.

9.2. Quasar mode

Whereas the radio mode is coupled to the CGM and is pri-
marily responsible for the quenching of high-mass galaxies,
the quasar mode is coupled to the ISM and is the primary
growth channel for BHs. In earlier versions of SAGE and DARK
SAGE, quasar-mode accretion and feedback were triggered in
two instances: from disc instabilities and when galaxy mergers
occurred. Instability-driven accretion in DARK SAGE requires gas
to first flow into the innermost annulus; any unstable gas there
that is not consumed/removed by a starburst and its associated
feedback (Section 7.2) is accreted onto the central BH. The previ-
ous treatment of merger-driven BH accretion in DARK SAGE was
ad hoc and not well motivated theoretically; its phenomenologi-
cal design (see Kauffmann & Haehnelt 2000; Croton et al. 2016)
was better suited for SAMs that only treat global galaxy properties.
We have now abandoned this channel of quasar-mode accretion
entirely, leaving only the instability channel. Though, this is not to
say that mergers no longer affect when BHs grow. The additional
gas placed in the relevant annuli after a merger inevitably drives
an instability that typically cascades all the way into the galaxy
centre. These merger-induced instabilities play a major role in BH
growth. Effectively, all we have done is retire a redundant prescrip-
tion; this has no adverse consequences on the model’s predictions
and it means the model has fewer free parameters.
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g is set by the amount of unstable gas in the innermost

annulus of a galaxy and one free parameter that controls what frac-
tion of this gas is consumed in a starburst (f,%li,sve, see Section 7.2).
Unlike the radio mode, there is nothing to explicitly prevent
quasar-mode accretion from exceeding the Eddington (1926) rate.
Equation (100) then gives the power that drives quasar-mode
feedback.

Quasar-mode feedback is ejective, not preventative. The energy
is first dumped into the innermost annulus of the ISM, working
outward until all the energy output over a given sub-time-step
is used. Quasar feedback on the ISM differs from stellar feed-
back in that all feedback-affected gas is sent to the outflowing
reservoir, with none going to the fountain reservoir. The phys-
ical justification for these choices is that the gas nearest the BH
should be maximally affected before energy from it starts coupling
to the outer ISM. Using the pre-computed specific energy of the
outflowing reservoir (Section 8.2), we effect

G
(i)quasar . (i) AElé)ft
Acholdﬂoutﬂ =min | mg, (i) ’ (104a)
Coutfl — €cold
quasar
(i) ABran's =1
AEleﬁ = quasar i—1 (k) ’ (104b)
S 1— .
AEyon = 2 ko1 DBy 122
(k) (k)quasar (k)
AEused = A’/ncoldﬁoutﬂ (e"“tﬂ - ecold) . (104C)

This equation is solved for each annulus i until either reaching
i= Nypp OF AEI(;)ft = 0. Whenever the former is the trigger to stop,
there must still be some non-zero excess energy

Nann

AEsw — AR N AED (105)
i=1

used®

Identical to our treatment of excess energy from stellar feedback,
we use as much of this energy as possible to eject gas from the hot
reservoir:

quasar
quasar . AFEexcess Mhot
AWlhot—mutﬂ = minN | Mot > (106a)
€outfl — €hot Mhot T Mfount
uasar
quasar . Angcess Mfount
Amg o onn = DN | Mgoune . (106b)
€outfl — €hot Mhot + Mfount

The main differences from the Stevens et al. (2016) implemen-
tation of quasar-mode AGN feedback is our far more compre-
hensive consideration of the specific energy differences between
reservoirs, the allowance for an annulus to have its gas partially
ejected (as opposed to it being ‘all or nothing’), and the timescale
on which this gas reincorporates back into the hot reservoir
(described in the next section).

10. The galactic fountain and gas reincorporation

We introduce a new treatment for the galactic fountain, which
affects how gas is reincorporated into the hot-gas reservoir to
become available for cooling again after being heated by feedback.
Our method is new not only for DARK SAGE but for SAMs in
general.

Early in their development, SAMs assumed the reincorpo-
ration timescale to scale linearly with the halo dynamical time
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(equation 9) (Springel et al. 2001), with the proportionality con-
stant often treated as a free parameter (per De Lucia et al. 2004).
Motivated by the difficulty that this simple model posed in recov-
ering observations at multiple epochs (Henriques et al. 2013;
Mutch, Poole & Croton 2013), it later became commonplace for
reincorporation timescales to have a direct dependence on virial
mass or velocity (with various functional forms — e.g. Henriques
et al. 2013; White, Somerville & Ferguson 2015; Croton et al.
2016). However, none of these approaches are in line with our
philosophy of having a self-consistent feedback framework that
minimises the number of free parameters. Instead, we intro-
duce a framework where we update timescales for mass transfer
between the CGM and ejected reservoir self-consistently with the
energetics of feedback.

10.1. Fountaining in the CGM

Gas in the fountain reservoir is intended to reincorporate into the
hot-gas reservoir to become available for cooling again. We must
decide the timescale that that gas remains in the transitory foun-
tain reservoir. In the absence of a detailed consideration of how
efficiently gas mixes (beyond the scope of this version of DARK
SAGE), we make a simple assumption that gas takes a halo dynam-
ical time to transit the fountain reservoir. We track an average
‘fountain time’ whenever mass is added to the reservoir:

mfount(t) tfount(t) + Ams_ fount tdyn . At:|
Meount(t) + Az s fount ’

tfount(t + At) = max|:0,
(107)

where Ams_ oun: 1S the sum of contributions to the fountain
reservoir for the sub-time-step.

For each sub-time-step, we move a fraction of the fountaining
mass to the hot reservoir in proportion to the fraction of ¢, that
has elapsed:

(108)

AMifount—hot = Min |:1> ] Mfount-
fount

10.2. Ejection of outflowing gas

Gas is in the outflowing reservoir is, by definition, eventually going
to escape the halo. Again, we need a timescale to decide how long
gas added to the outflowing reservoir will remain in it before being
transferred to the ejected reservoir. We estimate the instantaneous
outflow timescale based on the specific energy of the gas added to
the reservoir at that time. If we assume the thermal energy of the
outflowing gas remains constant, we can approximate the average
velocity of outflowing gas travelling as that which balances energy
at the halo centre and at the virial radius:

4 2 Rygoc
i _ , (109a)
oull = st (0) 4yt (Rygc)

VIGR) = /2 (e — D(R) — eflem).

When mass is added to the outflow reservoir from supernova
feedback,

(109b)

inst __ SN
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In the same manner as the fountain reservoir, we track an aver-
age outflow time as mass is continually added to the outflowing
reservoir, ensuring to reduce this as cosmic time elapses:

moutﬂ(t) toutﬂ(t) + Amsz s oun gtlsttﬂ
moutﬂ(t) + AmZ%outﬂ

town (t + At) = maX|:0) — At] ,

(110)

where Amy_, o represents the additions to the outflowing reser-
voir from all sources for the sub-time-step. For central galaxies and
satellites outside their host’s virial radius, mass is added to their
ejected reservoir according to:

(111)

At
A””outﬂaejec = min |:1> Moutfl-
Loutfl

Satellites inside the virial radius of their host do not have an
ejected reservoir by construction. For these galaxies, the mass on
the left-hand side of equation (111) is instead placed in the foun-
tain reservoir of the central (and its fountain timescale is updated
accordingly).

10.3. Effectof halo growth

As a halo grows in mass, the depth of its potential well and thermal
energy both increase. This can cause outflowing gas that previ-
ously had enough energy to escape the halo to no longer have
enough. Whenever a (sub)halo increases in mass, we first check
whether any of the outflowing gas can still reach the virial radius.
This requires

D (Ry000, 1) + e;ll;)etrm(t) > eouni(t — At).

If this inequality is not satisfied, all gas in the outflowing reservoir
is transferred to the fountain reservoir. Otherwise, we compute the
average specific energy required for the outflowing gas to maintain
its outflow timescale.

While we only explicitly track the average outflow timescale
and energy of gas in the CGM, one would physically expect the
outflowing gas to have a distribution of energy. The lower-energy
gas in this distribution must be that which is moved into the
fountain reservoir as the result of halo growth. This should, there-
fore, raise the specific energy of the material that remains in the
outflowing reservoir. In principle, this should reduce the outflow
time. However, as the halo grows, the assumed temperature of the
remaining outflowing gas rises — which means it gets slower, if we
assume its total energy is conserved — and the distance it must
travel to reach Rygo. also increases. Both of these effects should
raise the outflow time. Because there are competing effects that
should both raise and lower fo,q, we take the agnostic stance of
keeping the outflow time constant, and then use energy conserva-
tion to calculate the fraction of the outflowing gas that should be
moved to the fountain reservoir:

A Moutfl—fount Efount (t) + Mourl ( t) €outfl ( t)

= moutﬂ(t - At) eoutﬂ(t - At): (1123)

1
eoutnl () = @(Ragoe, 1) + 2™ (t) + 5V§utﬂ(R200c, 1), (112b)
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(112¢)
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10.4. Reincorporation of ejected gas

When gas is added to the ejected reservoir from the outflowing
reservoir, we calculate an expected time for that gas to reincorpo-
rate back into the halo. From the specific energy of the outflowing
reservoir, we can calculate both the speed of the ejected gas at the
virial radius, and the radius at which the gas will cease to have
kinetic energy and must turn around. We approximate the aver-
age speed the gas moves during this period as half its ejected speed
at the virial radius. With the understanding that the gas must travel
the distance from Ry to R twice, we effect

inst __ 4 (Ruurn — Raooc)

st , (113a)
reme Voutfl (RZOOC)

(D(Rtum) + e;l:)etrm = €outfl (1 13b)

To solve these simultaneous equations efficiently in the code, we
approximate the shape of the potential outside the virial radius
with an analytic NFW profile.

As with the other timescales, we average the reincorporation
timescale as more mass is added:

mejec(t) treinc(t) + A7’”0utﬂ%eje<: ti?frt.c _ At]
mejec(t) + A7’”0utﬂ%eje<:

treinc(t + At) = maX[O,
(114)

Ejected mass is then reincorporated directly into the hot-gas
reservoir at a rate set by

At

V mejec~

treinc

AW’ejec’r»ho'r = min |:1: (115)

10.5. Baryon breakdown

With all the baryon reservoirs and the equations for how mass
moves between them in DARK SAGE now described, it is informa-
tive to see how the baryonic mass inside haloes is broken between
them at z=0. We show precisely this in Figure 11.

The stellar mass fraction as a function of halo mass is as one
would expect, peaking at Mygo. = 10'> M. The CGM fraction
increases monotonically, dominating the baryon budget at high
halo masses. Of the mass in the CGM, the outflowing reservoir
contains little mass at all halo mass scales, showing that the time
spent in this transitory reservoir is less than the time spent in
the ejected reservoir before reincorporation. A significant por-
tion of the CGM is in the fountain reservoir for Mg, < 101 M.
This highlights that most of the gas reheated from stellar feed-
back does not have sufficient energy to escape the halo, and that
notably less star formation and stellar feedback operates in the
group—cluster regime. At these mass scales, after fountaining gas
reincorporates into the hot-gas reservoir, it is offset from cooling
from radio-mode AGN feedback.

The age bins in the stellar reservoirs allow us also reconstruct
the star formation histories of galaxies on a per-component basis.
As an example of DARK SAGE’s abilities in this area, we use the
summed birth mass of stars in common stellar components across
galaxies within wide stellar-mass bins to build cosmic star for-
mation density histories (CSFHs) in the top panels of Figure 12.
Because each stellar component has its own metallicity, we can
also reconstruct the average metallicity of the star-forming gas as
a function of cosmic time for each component. The averages of
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Figure 11. The breakdown of baryons in DARK SAGE haloes at z= 0. We calculate the
average mass of each reservoir for all haloes in each halo mass bin of width 0.05
dex. Bars are stacked on top of each other, such that the height of all bars in a col-
umn, less the ejected gas, gives the total baryon fraction inside the halo. All matter
for satellite galaxies inside the virial radius is included. Black holes are reasonably
neglected from this plot. The dotted horizontal line represents the cosmic baryon frac-
tion. Photoionization heating suppresses the total baryon fraction below the cosmic
value for Mg < 10'2 M. The ejected gas contributes towards the halo baryon fraction
for the purposes of cosmic accretion, even though it is outside the halo (as discussed
in Section 4). The outflowing-gas reservoir is nigh negligible at all halo masses.

these for the binned galaxies are shown in the bottom panels of
Figure 12. This plot shows that high-mass galaxies are dominated
in stellar mass by merger-driven bulges, while the stellar mass in
low-mass galaxies is predominantly in discs. It also shows that
spheroidal stars (be they in either bulge or the intrahalo stars; and
even the LIGS) have a notably higher average age than disc stars.
Except for the highest-mass galaxies, merger-driven bulges tend to
be metal-poor relative to discs. There is also a smooth transition in
both the age and metallicity of disc stars, getting younger and more
metal-rich from the outskirts to the centre and into the instability-
driven bulge. These predictions from DARK SAGE can be tested
with component-based SED-fitting models applied to large-scale
galaxy surveys (e.g. Robotham et al. 2022; also see Bellstedt et al.
2020).

11. Environmental stripping of gas and stars

When a subhalo becomes the satellite of a host halo, several rules
for its evolution change. Most notably, baryon reservoirs become
prone to environmental effects that can deplete their contents.
In DARK SAGE, we now account for the effects of starvation,
strangulation, tidal stripping, and ram pressure stripping.

In principle, central haloes can also be affected by the envi-
ronment of nearby large-scale structure. For example, a halo
falling into a cosmic filament from a void should experience tidal
and ram pressure effects from that filament. In this section, we
describe how environmental effects are handled for both central
and satellites galaxies in DARK SAGE.
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Figure 12. Top panels: Contributions to the cosmic star formation density history based on the stellar components of galaxies in three wide stellar-mass bins. This is reconstructed
from the z =0 output of DARK SAGE using the stellar-age bins in each stellar component after multiplying the mass in those components by m;‘jg;‘p/mfg(‘)p‘ Bottom panels: the
average metallicity of those stars, equal to the average metallicity of the star-forming gas at the time of formation. The dashed, thin lines are the per-annulus contribution to the

disc stars, smoothly changing colour from teal for outer annuli (i — N,n,) to blue for intermediate annuli, to magenta for inner annuli (i — 1, i.e. towards the instability-driven

bulge, which functions like a ‘zeroth’ annulus).

11.1. Central galaxies

While we have no explicit treatment of large-scale environmental
effects on central haloes, this is considered implicitly from how the
galaxies are evolved within the merger trees of the N-body simu-
lation. Where an increase in virial mass leads to the addition of
new baryons in the halo in order to maintain a target baryon frac-
tion (Section 4), so too are baryons removed when the virial mass
decreases to ideally maintain this same fraction. Only the CGM
and THS of a central are stripped in this circumstance. This means
that the baryon fraction can become higher than the target value
in rare circumstances where removing the CGM and IHS outright
is not enough to bring it back down.

When the CGM and IHS are stripped this way, they are done
so proportionally to their mass. Those stripped gas and stars are
transferred to the central’s LIGM and LIGS, respectively. This
means that those baryons will return to the halo preferentially
over fresh primordial gas, should the halo later grow (Section 4).
Helpfully, this mitigates against potential halo-finding and/or tree-
building issues that can lead to artificial, momentary losses in
halo mass (Behroozi et al. 2013; Srisawat et al. 2013; Elahi et al.
2019a,b); should this happen in DARK SAGE, baryons will initially
be taken out of the halo, but then the same baryons (i.e. gas with
the same metallicity and stars with the same metallicity and age
distribution) will return a snapshot later.

Note that in a change from previous versions of the model,
we do not remove the ejected gas of central haloes when they are
tidally stripped, as this mass is already considered to be beyond the
virial radius.
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11.2. Satellite galaxies

Much more detail is given to (and needed for) the environmen-
tal effects on satellites. To start with, immediately when a galaxy
becomes a satellite, all gas in its LIGM is transferred to the host’s
equivalent reservoir. This is simply in line with how we have
defined that reservoir; it does not make sense to track a LIGM for
a satellite. The same applies for LIGS and LIGBHs.

Satellites are shut off from cosmological gas accretion entirely.
This starves the CGM from any replenishment. However, gas can
continue to cool from the CGM of the satellite onto its ISM.
Likewise, while the satellite remains outside its host virial radius,
its CGM will continue to reincorporate gas from the satellite’s
ejected reservoir. This is physically justifiable from the results from
hydrodynamic simulations that have shown that satellites can still
continue to accrete new gas, even while they are being affected by
environmental effects that remove gas (Wright et al. 2022).

The CGM of a satellite is gradually stripped, an effect often
referred to as ‘strangulation’ in the literature. In a change from ear-
lier versions of DARK SAGE, we now also strip the intrahalo stars of
a satellite gradually, alongside the CGM (previously, the THS was
instantly transferred to the central upon infall). While this change
is inconsequential for galaxy evolution, it allows us to track the
stellar haloes of groups after they fall into a cluster. The rate of
stripping of the CGM and IHS is based on (as follows) the sub-
halo mass-loss rate from the N-body simulation, which is caused
by gravitational tides. We routinely check the total baryonic mass
of the satellite subhalo relative to its expected baryon fraction and
total subhalo mass. Should the former be above expectation, we
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proportionally remove mass (and metals) from the CGM and IHS
to bring the baryonic mass as close to expectation as possible,”
transferring that mass to the respective reservoirs of the central.
The decision to strip the CGM and IHS of satellites this way is to
be consistent with how those same reservoirs are stripped for cen-
trals when their halo mass drops (Section 11.1). This philosophy
extends from Croton et al. (2016).

In truth, the above paragraph is only an accurate description
of a satellite that has crossed the virial radius of its host. Until
that point, we preference removal of the ejected reservoir of the
satellite over the CGM. Any stripped gas and stars of satellites out-
side Rbost actually go to the respective local intergalactic reservoir.
Only if the ejected gas mass of the satellite is zero does DARK SAGE
start to strip the CGM. This is expedited by the choice that once
the satellite crosses RiSS!, its ejected reservoir is transferred to the
central’s CGM immediately and in its entirety. The assumption is
that the gravitational influence of the host halo is sufficiently larger
than the satellite, such that any ejected gas can no longer be rein-
corporated into the satellite’s CGM. Because this gas is lost inside
the virial radius of the host, there should arguably be no delay in
its incorporation to the host’s CGM, hence why we do not put it
into the central’s ejected reservoir.

Material from satellite galaxies themselves (cold gas and stars
in the disc) is also stripped, but follows a different procedure.
For this, we calculate the strength of both tides and ram pres-
sure on the satellite galaxy. Previous versions of DARK SAGE only
accounted for ram pressure, which only affects the gas. However,
we only turn these processes on once m, + Mcld > Mot The rea-
son for this is that the hot-gas halo should initially shield the
cold-gas disc from ram pressure, as should the CGM and IHS
experience tidal stripping before the baryons in the galaxy disc
that are more tightly gravitationally bound. Our exact criterion for
switching this shielding off is not theoretically derived; it is simply
maintained from Stevens & Brown (2017). Other criteria for the
same phenomenon have been used in other SAMs (e.g. Cora et al.
2018).

We approximate the tidal radius of a satellite galaxy based
on the formula of Tormen, Diaferio & Syer (1998, cf. their
equation 6):

1/3

Ttidal = Reat Msat T_l/s; (1 16a)
2 Mhalo(<Rsat)
dMpa0(<R
Y= —Ra 7}‘3‘2 N Ra<Rg. 16)

R=Rqy
2 M3sie, R > RIS

Strictly, this is only accurate for satellites with circular orbits
where 7ga < Rear and Mg, << Mya10(<Rgy) (and therefore Mg, <
MBSst) P However, we only enforce the lattermost criterion for tidal
stripping to take place, requiring that Mg, < 0.1 Mp,0(<Rgy) (and
by extension that M, < 0.1 MASt). With that criterion passed, we

remove all gas and stars in each disc annulus where rf)'l)ner > Ttidal -

The stripped gas and stars are respectively transported to the CGM

°We say ‘as close to expectation as possible’ rather than definitively saying it will be
equal to expectation because it is possible to remove all the CGM and IHS of a satellite
and for that to not be enough to restore the expected baryon fraction.

PSpringel et al. (2008, see their figure 15) show that, on average, equation (116) repro-
duces the edge of subhaloes in simulations as identified by SUBFIND. This supports the use
of this equation as an approximate tidal radius, even when orbits are not circular.
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and IHS of the central if Ry, < Rl;(‘)’gtc. If the satellite is instead out-
side the virial radius, the stripped gas and stars go to the respective
local intergalactic reservoirs. In the instance that ryg, < ré{,)ter, we
trigger a tidal disruption event where all the satellite’s baryons are
transferred to the CGM and IHS, and the satellite’s existence is
no longer considered thereafter. As we explain in Section 12, this
is not the only means by which a disruption event is triggered.
With the exception of tidal disruption events, the stellar bulge of a
satellite galaxy is left unaffected by environmental effects in DARK
SAGE.

With tidal effects resolved, any remaining gas in the ISM of a
satellite is then subject to ram pressure stripping. Consistent with
previous versions of DARK SAGE, for each annulus, we calculate
the ram pressure exerted on a satellite galaxy as

P = p]ieo?(Rsat) Vszat

and compare this against the gravitational restoring force per unit
area for each annulus, approximated as

(117)

21 G I, (Eg))ld + 29) s Odgisc <10°
, (118)
2692, Oaise > 10°

(cf. Gunn & Gott 1972). For each annulus where Py > P2, ., its

gas is transferred to the central’s CGM (or LIGM if it is beyond

host
R200c .

12. Galaxy mergers

Similar to Croton et al. (2016), a galaxy merger or disruption
event occurs in DARK SAGE when the baryon fraction of a sub-
halo rises above a threshold value, E?;;Sh. In previous versions of
SAGE and DARK SAGE, the subhalo baryon fraction only consid-
ered the cold-gas and stellar mass of the satellite galaxy it housed.
We now further include the CGM, IHS, and BH masses of the
satellite in this calculation. Where previously a threshold fraction
of 1.0 was used, we now impose a threshold fraction of 0.5. Recall
that the subhalo mass is the total sum of all particles associated
with that object from the underlying N-body simulation. Further
recall that that mass represents the sum of both dark matter and
baryons, but that all matter in the N-body simulation behaves like
dark matter. As a subhalo is tidally stripped, both its dark-matter
and hot-gas mass decline. But the stellar and cold-gas content of
a satellite typically take longer to be reduced by environmental
effects (Section 11). This means the baryon fraction of a subhalo
tends to get larger the longer it is a satellite. In principle, it could
continue to rise to arbitrarily large numbers greater than 1 — for
example, when a subhalo composed of thousands of particles at
infall is continually stripped down to the minimum of 20 parti-
cles — unless we impose an extra limit. Our physical argument for
triggering a merger or satellite disruption event once a subhalo’s
baryon fraction rises to 0.5 is that the implicit assumption in the
N-body simulation — that the satellite galaxy behaves like a dark-
matter-dominated object — no longer holds. It presumably must
have reached the point where either the un-modelled influence of
baryons on the satellite’s orbit should have caused it to merge with
the central galaxy or the stellar and cold-gas content of the galaxy
should have been tidally stripped.

The above means that satellite galaxies are generally merged or
disrupted before their subhalo is ‘lost’ in the merger trees of the
N-body simulation (their being lost in the merger trees triggers


https://doi.org/10.1017/pasa.2024.14

28

a merger or disruption in the same fashion, but these occasions
are rare). This also means there are no ‘orphan’ galaxies in DARK
SAGE.

Arguably, it would be better to include orphan galaxies (i.e.
detach satellite galaxies from their host subhalo and let them con-
tinue to evolve until different criteria are met for merging or
disruption), but this requires changes to DARK SAGE’s framework
beyond the scope of this version of the model. In practice, this
means that the intrahalo and local intergalactic stellar and gas
components of DARK SAGE centrals include the content that other
models might have otherwise associated with orphan galaxies.

12.1. Merger or disruption event?

In the above situation, how do we then choose between merging
the satellite or disrupting it? The answer lies in how long the sub-
halo has been a satellite. The moment a subhalo becomes a satellite,
a predicted merger timescale is calculated. If less than this time
has elapsed when the above is triggered, the satellite presumably
must have been disrupted. Otherwise, it should have reasonably
merged already or be in the process of doing so imminently. In
Croton et al. (2016), this predicted timescale was based on the
dynamical friction model of Binney & Tremaine (1987). However,
Poulton et al. (2020) has since shown that this timescale — in addi-
tion to several other merger timescale formulae commonly used in
the literature — only works for a limited range of infall scenarios,
and even then carries a factor of ~2 uncertainty. Building on this,
Poulton et al. (2021) built a more sophisticated model by fitting
a function to timescales derived from the meticulous tracking of
subhalo orbits in cosmological simulations with the ORBWEAVER
code. We now adopt this timescale in DARK SAGE.

The Poulton et al. (2021) timescale, hereafter fnyerg, can be
calculated as follows (cf. their equations 4-7, 11-12).

h K
R288tc Ria? R, < Rhost
] sat 200¢
¢ G Mhalo(<Rsat)
mer(g)e2 _ i (1 19a)
5.5 Rp'eri Rl;g(s)t RO3 N
A, R, > Rhost
GMhOSt s 200¢
200c
: b
Ryeri = o , (119b)
per (1 + 8) G Mhost Msat Mredu
2 Eon, J
g=\/1+ L/ (119c)
(G Mhost Msat) Mredu
Jorb = Mredu |}_ésat X X_}sat|> (119d)
Mequ V2
Eon, = —rede Tsat + M q>(Rsa\t)) (1196)
Mg, M,
Miequ = sat ot > (119f)
Msat + Mhost
Mpaio(<Rs), Ry < RIS

Mhost = halo( sat) sat 200c (1 19g)

host host
M200C’ Rsat Z Rz()()c
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Every term in the above equations is known/calculable for each
subhalo in DARK SAGE, making this straightforward to imple-
ment. Ry, represents the distance between the central galaxy’s
centre of mass and the satellite galaxy’s centre of mass. Rp.er; rep-
resents the expected separation of the galaxies at the pericentre
of their orbit with total angular momentum J,, energy Ey,, and
ellipticity e. Vg is the relative speed between the two galaxies.
M;eqy is the ‘reduced’ mass of the two-galaxy system. The mass
terms for the central and satellite — My,o5 and My, respectively —
account for all matter, including dark matter.

When a disruption event occurs, if the satellite galaxy is inside
the host’s virial radius, the remaining entirety of the satellite’s
CGM, ISM, and ejected gas are transferred to the central’s hot-
gas reservoir. Similarly, the entirety of the satellite’s stellar mass
(including its THS) is transferred to the central’s IHS. The size of
the central’s IHS is then updated based on where the satellite was
disrupted:

miis () (R () + (m3 + mifi) Rea
mif (t + At)

R)ms(t+ At = , (120)

where the average size of the IHS relates to its scale radius, ays, of
a truncated Hernquist (1990) sphere via

R > (R
( )IHS=2<¢11HS +1> ln( 200c+1>_2;IHS _3.

arys 200c arys 200c

(121)

This equation can be solved for ajyg iteratively. If the disrupted
satellite was outside the virial radius, the gas and stars of that satel-
lite are instead transferred to the LIGM and LIGS components of
the halo, respectively.

The resolution of a merger is more complicated. How the
remaining baryons are handled depends on whether the merger
is ‘major’ or ‘minor’.

A minor merger represents when one galaxy vastly outweighs
the other. Conversely, a merger is deemed major when the merg-
ing systems have comparable mass. In practice, a major merger is
defined in DARK SAGE when

: cen cen sat sat
min [m* + mcold’ m* + mcold]

> frnjor X max [ + mGy, mi + mg] - (122)

(while the central always has a greater fotal mass than its satellites,
it is not strictly guaranteed that it has greater galactic baryonic
mass). The treatment of minor mergers remains similar to Stevens
et al. (2016), but the handling of the ISM in major mergers has
notably changed. To more accurately reflect the implicit assump-
tion in the handling of minor mergers that My 3> Mgy, we set
Smajor = 0.1. Previous versions of the model had this set to 0.3.

12.2. Resolving minor mergers

The ISM of a satellite is assumed to be dispersed uniformly across a
subset of the annuli of the central’s disc. The orbital specific angu-
lar momentum of the satellite is projected onto the central disc’s
rotation axis to find the annulus with equivalent j. Rather than
dumping the entire ISM of the satellite into this one annulus of
the central, we deposit it across several annuli. This is intended
to account for the fact there is actually a distribution of orbital j
of the satellite’s ISM relative to the central, given that the satellite’s
ISM has its own rotation prior to merging. We approximate this by
selecting the maximum number of annuli (/ — k+ 1 > 1) where
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> (oo - F530) = et (1230)

et < (oo ha) + prat (123b)

Jorb = Rt X Vs (123¢)

jipraa = (R J5ha) (e Fohe) Vibougar  (1230)

For each annulus i of the central’s gas disc where k <i <1, we
deposit m®,,/(I — k+ 1) into that annulus. Metals are deposited
in proportion to the satellite’s average ISM metallicity. This is
identical to the procedure from Stevens et al. (2016).

In reality, the manner in which we calculate jpread 0 how we
distribute the satellite’s ISM across annuli k through [ in the cen-
tral are of little consequence. The sudden addition of mass to those
annuli typically drives a local instability, which promptly redis-
tributes some of that mass over a larger number of annuli (and
also removes some of that gas from those annuli due to feedback
from instability-driven star formation — see Section 7.2).

The above takes place regardless of whether the orbit of the
satellite was prograde or retrograde relative to the central’s gas
disc. However, if the orbit was retrograde, this would artificially
add angular momentum to the descendent galaxy’s disc, when
instead there should be a net loss. To rectify this violation of angu-
lar momentum conservation, after a retrograde minor merger,
we effectively shrink the descendant’s gas disc by proportionally
transferring matter inward, such that the resulting j&ol, is as it
ought to be, that is,

et + 80 = [me() + my | [

ity (oo Joha) |-+ (120

This equation is imposed before determining whether any local
instabilities are triggered.

We maintain the choice that all stars in the satellite galaxy are
transferred to the merger-driven bulge of the central from previ-
ous versions of the model. While we would expect collisional gas
to settle into the disc structure of the ISM, it would be contrived
to force the orbits of collisionless stars acquired from a minor
merger to match the stellar disc. The merger-driven bulge exists
in the model precisely to account for stars whose orbits are less
ordered (there is no analogue for gas). While this principle has
not changed, we have added several details in how the merger-
driven bulge is updated after a minor merger. For example, we
now also transfer any remaining IHS of the satellite to the central’s
merger-driven bulge too. That is,

fx?nbulge(t + At) = ;ilioulge(t) + msat + m;la-lts (125)

In all likelihood, most of the THS of the satellite would have already
been stripped (per Section 11) and any remaining IHS should be
relatively nuclear (and therefore small compared to the size of the
central’s bulge).

As another new feature in DARK SAGE, we now approxi-
mately track the angular momentum and velocity dispersion of
the merger-driven bulge, which in turn is used to calculate its size.
After a minor merger, we update the angular momentum of the
central by summing the rotational angular momentum of what
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the bulge originally had with the total rotational angular momen-
tum of the satellite. That is, we conserve bulge rotation, but neglect
any transfer of orbital angular momentum. The assumption is any
orbital angular momentum is lost to dynamic friction before stars
are added to the bulge. The specific angular momentum of the
merger-driven bulge after a minor merger is then:

Tcen (t + At)

—1 X
Jm- -bulge = m;:flbulge (t +A t) I:mﬁiflbulge ( t) ]Eiflbulge (t)

t t
+ miadlsc ]iadlsc + mm -bulge ]m bulge] . (126)
For the merger-driven bulge’s velocity dispersion, we add the
mass-weighted squares of the dispersion of each relevant compo-
nent and a further term that accounts for the radial motion of the
satellite relative to the central. That is,

cenZ (t-‘r— Al’)—

-1 2
Omn- bulge :r?nbulge(t + At) |:m§§{1bulge(t) Ur;e-‘;ulge(t)

sat sat2 sat sat
+ mm -bulge Um bulge + mi. bulge Oj. -bulge + (m + mIHS)

(T + o] a2

The CGM and ejected reservoirs of the satellite are added to
the hot-gas reservoir of the central. In essence, we assume there
is no significant delay for that gas to become available for cool-
ing. There is no impact on whether the satellite was inside or
outside the central’s virial radius at the time the merger was
triggered.

12.3. Resolving major mergers

During a major merger, the structure of the remnant galaxy is
changed significantly from either of its progenitors. First, we
define the plane for the new gas disc to exist, chosen to be that
of the last orbital plane between the two galaxies. We then calcu-
late the projected specific angular momentum component of each
gas disc annulus in each galaxy relative to the centre of mass of the
two-galaxy system in the direction of this plane. The annulus with
the corresponding j in the new disc is where the gas from the old
annulus is placed. Note the difference from earlier versions of the
model in our choosing the centre-of-mass frame to determine how
the new gas disc is built. Not only will the two progenitor discs
be mixed, but the surface density profile of the new disc is likely
to look entirely different to both progenitors. Similar to the case
for minor mergers, if any retrograde gas is added to the new disc,
we shrink it to ensure angular momentum conservation is satis-
fied in the plane. In earlier versions of the model, we triggered
a specific starburst when a retrograde merger occurred. We no
longer do this, as this is effectively taken care of by the instability
prescription.

All stars in the discs and bulges of both progenitors are moved
to the merger-driven bulge of the descendant after a major merger,
while the two IHS components of the progenitors are summed to
form the IHS of the descendant. We set the merger-driven bulge
to have a specific angular momentum equal to the orbital specific
angular momentum of the two-progenitor system in the centre-of-
mass frame. The velocity dispersion of the merger-driven bulge is
updated consistently with how it is during minor mergers (where
terms for the central that are only present for the satellite in
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equation 127 are added). The size of the merger-driven bulge is
calculated by solving the Jeans equation, in the same manner as
for the instability-driven bulge, except this time accounting for the
non-zero angular momentum:

—R

. —1
| d@_ﬁrl.»;ulge)_l (128)

Am-bulge = 3 O’é,bulge dr R R

The CGM and the ejected reservoir of the satellite are instead
transferred to the fountain reservoir of the central, and the foun-
tain time is updated when a major merger occurs. The idea here is
that the collision of the two comparable mass CGMs should drive
turbulence in the gas, causing a delay for it become available for
cooling onto the remnant galaxy.

13. Calibration of the model

Our new version of DARK SAGE stands out from most — possibly
all — other SAMs of galaxy formation in its small number of free
parameters. We only allow three parameters to be calibrated in the
model:

. frﬁzsve, the fraction of Toomre-unstable gas that moves to adja-
cent annuli, as opposed to being consumed in a starburst with
feedback (Section 7). This strongly influences star formation
rates, the structure and morphology of galaxies, and the rate
at which BHs grow. To our knowledge, no other SAM has a
parameter that is directly analogous to fngﬁ,sve

e &sn, the average energy per supernova that is coupled to the
ISM/CGM (Section 8). This sets the normalisation for the
strength of stellar feedback, which other models usually rely
on additional free parameters for.

e €x6N, the radiative efficiency of BHs, which controls the
strength of AGN feedback (Section 9). Again, most other
models have more than one parameter to control the overall
strength of AGN feedback.

Our three free parameters are calibrated against three observ-
ables:

e the z=0 stellar mass function (SMF) from Driver et al.
(2022);4

e the z =0 H I mass function (HIMF) from Jones et al. (2018);
e and the CSFH from D’Silva et al. (2023).

The best-fitting values for our parameters, following the
method we describe below, are provided in Table 1.

We invoke a particle-swarm optimisation (PSO) method to cal-
ibrate DARK SAGE. PSO was introduced by Kennedy & Eberhart
(1995) and first adopted to calibrate a SAM by Ruiz et al. (2015).
Using PSO, we find the parameter set that provides the mini-
mum multiplicative reduced x? across the three observables. We
deliberately multiply these together instead of adding, as this cir-
cumvents issues of the quoted errors carrying different meaning
across the constraints, and it ensures that an improvement in one
reduced x? of a given factor is treated the same as any other

9The bins widths used here are half that published in Driver et al. (2022). This better
captures the shape of the knee of the SMF. These data were provided privately by S. P.
Driver. Note as well that these data are at an average redshift of z2 0.072, but we have
calibrated to our z = 0 output.
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Table 1. Search range of DARK SAGE’s free parameters for the PSO calibration and
the output best-fitting values to two significant figures. The latter are used in all
results throughout this paper. There is no prior expectation on the value of £ e
as it is defined to have a value in (0,1), its search range conservatively covers
almost all possible values. Esy is expected to have a value close to 10* J, based
on literature canon, and the search range around this value is deliberately con-
servatively wide. The search range of epagny matches the maximum possible range
for a black-hole accretion model where mass moves quasi-statically through a
centripetal disc until reaching the innermost stable circular orbit, given the range
of possible black-hole spin values.

Parameter Search range Best fit
8 0.010-0.999 0.82
Esn/(10% 1) 0.050-3.000 0.81
€AGN 0.0378-0.4226 0.31
constraint. That is, we minimise
Npvar bs od 72
1 P; yO _
2 p.var p.var
onint - l_[ N —3 Z O—obs > (129)
var prvar p=1 pvar

where var = SMF, HIMFE, CSFH. Each y (evaluation) and o (uncer-
tainty in y) term for point p is calculated in log-space. We match
bin sizes in DARK SAGE to the observational data where possible
(SMF, HIMF), and interpolate DARK SAGE’s inherent bins oth-
erwise (CSFH), to ensure the fairest comparison of every point.
Note that we do not include an uncertainty for DARK SAGE points
in equation (129). In principle, we could have applied a Poisson
statistic here (as done by Ruiz et al. 2015), but this would lead to
down-weighting points near and after the knee of the SMF and
HIME which are arguably the most important — and, in practice,
the hardest — parts of the mass functions to get right. Counting
uncertainties are also already incorporated into the observational
uncertainties.”

The PSO code makes use of the PYSWARM package for PYTHON
and acts as a wrapper around DARK SAGE. PYSWARM implements
a PSO technique similar to that discussed by Ruiz et al. (2015). A
core difference, however, is that the initial particle positions are
randomly drawn from a uniform distribution corresponding to
the search space boundary conditions (central column of Table 1),
rather than a Latin Hypercube configuration. The PSO code we use
was originally developed for the SHARK SAM, with a full descrip-
tion due to be published elsewhere. Minimal edits were made from
the PSO codebase in the SHARK repository® to allow the code to
interface with DARK SAGE.

Once the initial conditions are set, the particle positions at the
subsequent iteration are computed according to

Plerl — Bl | PlH, (130a)

m m

- 1- - - - -
Vil = a (P - P) + & (P;” - P[k]) . (130b)

73,55‘] represents the mth particle’s position in the (fngﬁ,sve, €AGN> EsN)
parameter space at iteration k. V¥ is the particle’s correspond-
ing ‘velocity’. P! represents particle m’s position at the iteration
of best fit (lowest Xj?oint) across all previous iterations (b < k). Pq[”

"The errors from Jones et al. (2018) are exclusively Poisson uncertainties. These are
lower limits on the true errors of those points.

*The code was adapted from here: https://github.com/ICRAR/shark/tree/1dc89e8ad8d
76490£783c68291798430605b6f70/optim. Note that the SHARK PSO codebase has since
been updated.


https://github.com/ICRAR/shark/tree/1dc89e8ad8d76490f783c68a91798430605b6f70/optim
https://github.com/ICRAR/shark/tree/1dc89e8ad8d76490f783c68a91798430605b6f70/optim
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represents the position for the global best fit for all particles across
all previous iterations (that of particle g at iteration I). £, and &,
are random numbers, each drawn from a uniform distribution in
[0,0.5]. The initial velocity of each particle, VI is set to a ran-
dom fraction (< 1) of the length of the parameter space in each
dimension, and also in a random direction. Should the velocity of
a particle move it to outside the search range, it is manually shifted
to the edge of the search range.

We must also specify the range in the observational data to
which the model is fitted. We use the simulation’s resolution to
inform this decision. Our loose criterion is that if galaxies of a
given stellar or H mass exclusively occupy (sub)haloes that have
had at least 200 particles for one or more snapshots through-
out their primary progenitor branch in the merger trees, then
we are ‘complete’ at that mass, and can fit observations from
there upwards. 200 particles is a semi-arbitrary number to require
completeness to, but in the context of MTNG haloes having a min-
imum of 20 particles, our criterion strikes a balance between using
as much information (as many haloes) as possible without giv-
ing too much trust towards MTNG’s resolution limit. The stellar
or H1 mass to which we are complete to 200 particles depends
on the parameters of the model. After exploring the parameter
space, we found we could comfortably rely on being complete for
m, > 10° Mg and my; > 10° Mg, (erring on the side of caution,
especially in the case of the stellar mass). These are the limits we
adopt for the SMF and HIMF when calculating Xj%)int' In Figure 13,
we show stellar and H I mass distributions of DARK SAGE galaxies
as a function of their historical-maximum (sub)halo mass at z = 0,"
and the 200-particle completeness as a function of each mass.

In total, the PSO code went through two rounds of 16 aver-
age" iterations with 16 particles, meaning 512 parameter sets of
DARK SAGE were fully simulated with mini-MTNG. Each instance
of DARK SAGE on mini-MTNG required ~2.2 CPUh of walltime.
It was important to do more than one run of the PSO code from
start to finish to mitigate the possibility of finding a local mini-
mum instead of the global minimum within the defined parameter
space. Figure 14 shows the output of each run in the PSO chains
against the calibration data, the relative goodness of fit of each
run, and the particle positions in the model’s parameter space. We
rounded the best-fitting parameters to two significant figures for
the final run of the model on MTNG.

We note that DARK SAGE can reproduce any of these three
observables to higher accuracy if constrained exclusively by that
dataset. In principle, we could also have weighted the constraints
in the joint x? calculation had we felt one was more important
to reproduce. But in the absence of an obvious reason why one
constraint should have greater inherent value over another, we
defaulted to having equal weights. Evidently, there is some ten-
sion in the model with respect to simultaneously reproducing
the SMF and HIMF. This could reflect (i) the simplicity of the
molecular-fraction calculation in the model (Section 6.4); (ii) a
deeper limitation of the model’s design; (iii) uncertainties in the
observational data, bearing in mind that no forward-modelling of
any observational uncertainties has been done here; or a combi-
nation thereof. We leave a deeper assessment of this for future
studies.

'Although similar, Figure 13 is not the same as a nominal stellar-halo or H1-halo mass
relation. Those, instead, tend to have M, on the x-axis and do not consider subhaloes as
separate objects.

“One round went through 15 iterations, the other 17. Both had converged.
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Figure 13. Historical maximum of the FoF or subhalo mass for DARK SAGE galaxies
versus their stellar mass (top panel) or Hi mass (bottom panel) at z= 0. We define a
galaxy as having 200 times the particle mass of MTNG on the x-axis as being resolved.
Calibration to the SMF and HIMF only occurs (approximately) above the respective
masses where DARK SAGE is complete to this mass resolution. The long-dashed, red
curves show the completeness as a function of stellar and H 1 mass. The shaded region
on the left is where galaxies are not reliably resolved by this definition. The thin,
dashed, horizontal lines are the masses above which we calibrate the SMF and HIMF. As
in other figures, hexbins and purple lines show the density of DARK SAGE galaxies and
the running 16th, 50th, and 84th percentiles.

To highlight the significance of having so few free parameters,
especially in the context of DARK SAGE galaxies having multidi-
mensional structure, we compare the number of free parameters
and details of galaxy structure with other popular SAM:s in the lit-
erature in Table 2. We count 15 free parameters for L-GALAXIES
based on the parameters listed that are not fixed in table 1 of
Henriques et al. (2020), that is, used in their Monte Carlo Markov
Chain calibration procedure; 10 for MERAXES based on table 1 of
Mutch et al. (2016), discounting the one parameter listed with a
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Table 2. Stand-out features of DARK SAGE compared to its previous version and other semi-analytic models in the literature. Each row represents a
different semi-analytic model. Columns represent: (i) the number of free parameters that model has; (ii) the model’s treatment of radial disc structure;
(iii) treatment of radial metallicity variation in galaxy discs, if any; (iv) treatment of stellar-age distributions as function of disc radius; (v) treatment of
mass loading from stellar feedback. Only if an entry is ‘non-parametric’ can that model make predictions for that property. Note that the total number
of nominal parameters a model may have is not what we equate as free parameters. For a parameter to count as ‘free’ by our definition, it has to have
been described as being varied in a calibration procedure in the model paper. The most relevant reference for each model is: DARK SAGE 2018 (Stevens
et al. 2018), L-GALAXIES (Henriques et al. 2020), MERAXES (Mutch et al. 2016), SAG (Cora et al. 2018), SAGE (Croton et al. 2016), SHARK (Lagos et al. 2018).

(i) (ii)

(iii) (iv) (v)

Model (year) NI{aefam Zdisc(r) Z(r) dX,(r)/dtform Mass loading
DARK SAGE (this work) 3 Non-parametric Non-parametric Non-parametric Local, non-parametric
DARK SAGE (2018) 8 Non-parametric Non-parametric None Local, parametric
L-GALAXIES (2020) 15 Non-parametric Non-parametric None Local, parametric
MERAXES (2016) 10 Parametric Flat Flat Global, parametric
SAG (2018) 9 Parametric Flat None Global, parametric
SAGE (2016) 8 Parametric Flat None Global, constant
SHARK (2018) 18 Parametric Flat Flat Global, parametric
— L5 — —0.5rr T
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Figure 14. Three observed relations used to constrain the three free parameters in DARK SAGE. Top left: stellar mass function at z= 0 with observational data at z>~ 0.072 from
Driver et al. (2022). Top middle: H 1 mass function at z = 0 with observational data from Jones et al. (2018). Top right: cosmic star formation history with observational data from
D’Silva et al. (2023). Each line in each of the panels corresponds to a run of DARK SAGE with a different (f&ove, €acn, Esn) Parameter set. The colour indicates the combined reduced
x? of the three constraints (equation 129). The bottom panels show where each run lies in DARK SAGE’s parameter space. The best fit was found by applying a particle-swarm

optimisation code. See Section 13 for further details.

value of zero; 9 for SAG listed in table 1 of Cora et al. (2018) in
their PSO calibration; 8 for SAGE based on inside knowledge and
what is described as explicitly being calibrated/free in Croton et al.
(2016); and 18 for SHARK after cross-referencing the parameters
listed in table 3 of Lagos et al. (2018) as explicitly described as
free in the text and/or departing from their default value. There
are many more SAMs in the literature that we could have added to
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Table 2, in principle. However, we found some papers to be opaque
in their description of how their model is parametrised, and we
therefore felt that we could not make a fair comparison with them.
We expect those models fall in the same range as the others in
Table 2.

For a deeper dive into the complexity of calibrating (other)
SAMs, we refer the reader to Knebe et al. (2018).
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14. Closing remarks

We have presented an overview of the salient features of the
brand-new version of the DARK SAGE SAM of galaxy forma-
tion. DARK SAGE bucks the trend of most SAMs by numerically
evolving the multidimensional structure of galaxy discs and by
only having three free parameters that require calibration against
observations.

The predictions from DARK SAGE presented in this paper are
but the tip of the iceberg as far as what the model can produce.
The code codebase is open to the community, which we hope will
serve as a useful resource for research into galaxy formation and
cosmology.
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