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ABSTRACT

Fuelling star formation in large, discy galaxies requires a continuous supply of gas accreting into star-forming regions. Previously,
we characterized this accretion in four Milky Way mass galaxies (Mp, ~ 10'*My) in the FIRE-2 cosmological zoom-in
simulations. At z ~ 0, we found that gas within the inner circumgalactic medium (iCGM) approaches the disc with comparable
angular momentum (AM) to the disc edge, joining in the outer half of the gaseous disc. Within the disc, gas moves inwards
at velocities of ~1-5 km s~! while fully rotationally supported. In this study, we analyse the torques that drive these flows.
In all cases studied, we find that the torques in discs enable gas accreted near the disc edge to transport inwards and fuel star
formation in the central few kpc. The primary sources of torque come from gravity, hydrodynamical forces, and the sub-grid
PdV work done by supernova (SN) remnants interacting with gas on <10 pc scales. These SNe remnant interactions induce
negative torques within the inner disc and positive torques in the outer disc. The gas—gas gravitational, hydro, and ‘feedback’
torques transfer AM outwards to where accreting gas joins the disc, playing an important role in driving inflows and regulating
disc structure. Gravitational torques from stars and dark matter provide an AM sink within the innermost regions of the disc
and iCGM, respectively. Feedback torques are dominant within the disc, while gravitational and hydrodynamical torques have
similar significance depending on the system/region. Torques from viscous shearing, magnetic forces, stellar winds, and radiative

transfer are less significant.
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1 INTRODUCTION

The mechanism by which gas is able to fuel active star-forming
regions in massive disc galaxies has been a long-standing problem in
our understanding of galaxy formation. These galaxies, including our
own Milky Way (MW), show relatively stable star formation rates
(SFRs) over the past few Gyr (Binney, Dehnen & Bertelli 2000).
In order to sustain these SFRs, an active supply of gas is needed,
as existing H, reservoirs within the present-day interstellar medium
(ISM) would be depleted within ~1-2 Gyr (Saintonge et al. 2017;
Tacconi et al. 2018). Even extended H1 reservoirs of large discy
galaxies, which can condense to H,, would still deplete within ~2
Gyr (Kennicutt 1998) without new inflow. Gas recycling via stellar
mass-loss (Leitner & Kravtsov 2011) can help refill these reservoirs,
but a continuous supply of gas is still necessary. Local observations,
such as the G-Dwarf problem (i.e. the relative scarcity of low-
metallicity stars in the solar vicinity does not match predictions
from simple galactic chemical evolution models due to continuing
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accretion of gas enabling star formation at later times, where average
metallicity will be higher) (van den Bergh 1962; Schmidt 1963;
Sommer-Larsen 1991; Worthey, Dorman & Jones 1996; Haywood
et al. 2019), additionally motivate the need for continuous accretion
of gas from the circumgalactic medium (CGM).

Historically, one of the most direct ways to search for this accretion
is through observation of intermediate- and high-velocity clouds
(IVCs and HVCs). IVCs and HVCs are gaseous clouds with strong
kinematic deviations from galactic rotation, so this classification
selects gas that is not yet part of the rotationally supported disc.
These deviations are typically within 40-70 kms~! for IVCs and
above 70-90 km s~! for HVCs (Réhser et al. 2016). Observations of
HVCs around the MW have shown total gas accretion rates of around
0.4 Mg yr~', which is not enough to fully support observed SFRs of
~2-3 Mg yr~! (Putman, Peek & Joung 2012).

In a previous study, we characterized gas accretion and radial
transfer through galactic discs (Trapp et al. 2022) in the FIRE-2
simulations. We found that accretion from gas that corresponds to
HVCs is indeed only a small fraction of the total needed to fully
sustain SFRs of star-forming disc galaxies, implying that the majority
of gas inflow is largely co-rotating with the disc.

© 2024 The Author(s).

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

20z Jequieoaq £ U0 1s8nB Aq 0970/ 2/800€/€/EES/RI0IE/SEIU/WO0"dNO"dIUSPEOE/:SAJIY WO} PEPEOJUMOQ



In the CGM, there is also indirect observational support for
this disc accretion scenario from larger scale gas flows, where
cold/warm absorbers in haloes of low-redshift galaxies show co-
rotation with the disc, potentially mapping such infalling gas (Martin
et al. 2012; Diamond-Stanic et al. 2016; Muzahid et al. 2016;
Bielby et al. 2017; Péroux et al. 2017). Studies at higher redshifts
utilizing background quasars to probe disc outskirts have also
shown kinematic evidence for co-rotating structures out to 30—
60 kpc (Barcons, Lanzettat & Webb 1995; Bouché et al. 2013;
Zabl et al. 2019). See Tumlinson, Peeples & Werk (2017) and
Faucher-Giguere & Oh (2023) for thorough reviews on relevant CGM
processes.

How gas accretes over cosmic time from the inter-galactic medium
to galactic regions has been studied extensively in hydrodynamic
galaxy formation simulations. Generally, these simulations show that
star formation is largely supply-driven, with typical accretion rates of
the order of galactic SFRs (e.g. Keres et al. 2005). Simulations have
found that gas can accrete in ‘cold-mode’, which dominates at early
times (Keres$ et al. 2005, 2009; Dekel & Birnboim 2006; Ocvirk,
Pichon & Teyssier 2008; Brooks et al. 2009; Faucher-Giguére &
Keres 2011; Faucher-Giguere, Kere§ & Ma 2011; van de Voort et al.
2011a; Stern et al. 2021), and ‘hot-mode’, which dominates at later
times and/or in more massive haloes. In cold-mode accretion, gas
accretes along filamentary streams and does not shock to the virial
temperature in the outer halo. The MW is currently expected to be
in the ‘hot mode’ regime, but close to the mass where the transition
between these two cases occurs (Keres et al. 2005; Dekel & Birnboim
2006; Ocvirk et al. 2008; van de Voort etal. 2011b; Nelson et al. 2013;
Stern et al. 2019; Hafen et al. 2020, 2022; Stern et al. 2020). Details
of this transition depend on feedback and non-thermal pressure (Ji
et al. 2021).

Simulations suggest that high-redshift gas accretion can co-rotate
with the disc near the edge of the stellar disc (Keres et al. 2005;
Danovich et al. 2015; Stewart et al. 2017); however, the relative
burstiness of the stellar feedback at these times leads to chaotic
discs with large velocity dispersions and strong time variations in
infalling gas (e.g. Muratov et al. 2015; Gurvich et al. 2023). At
later times, infall tends to be steadier, while outflows are weaker,
enabling the formation of a coherent disc (e.g. Kassin et al. 2012;
Muratov et al. 2015; Stern et al. 2021, 2024). It has been shown
that accreting cold gas at these times is largely corotating (Kere§ &
Hernquist 2009; Stewart et al. 2011; Ho, Martin & Turner 2019).
Given the large angular momentum of overall halo gas, which is
comparable to but higher than that of the dark matter halo (El-Badry
et al. 2018; Romeo, Agertz & Renaud 2023), accreting gas can
settle into rotational support in the disc outskirts regardless of its
temperature history, consistent with the standard picture of inside-
out disc growth (Fall & Efstathiou 1980).'

Previous work based on the FIRE-2 simulations has shown that
a continuous supply of gas radially transporting from the inner
circumgalactic medium (iCGM) allows for observed SFRs to be
maintained (Hafen et al. 2022; Trapp et al. 2022). In brief, we found
that these galaxies show a sharp gaseous disc edge, with H1 column
densities dropping four to five orders of magnitude within <10 kpc.
Gas joins the disc from the CGM at time/azimuthally averaged radial
speeds of ~10-20 kms~! along trajectories at small, but non-zero
angles (~ 15°) above the disc plane. This gas joins in the outer half

!'The build-up of a deep central potential, details of the rotating cooling flows,
and lack of bursty star formation all likely contribute to the formation of the
late-time discs (Hopkins et al. 2023).
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of the gaseous disc, predominantly a few kpc inside of the gaseous
disc edge. Once within the disc, gas slows down to average radial
speeds of a few kms™! (~1-5 kms™!). Averaged over time, these
flows roughly correspond to the SFRs of these galaxies (~2-3 Mg
yr~1). This overall trend has intrinsically large variations in time and
space. The instantaneous velocity of the gas is higher, with a typical
dispersion of the cold gas around 10 kms~' (Chan et al. 2022)
and deviations up to ~40-60 kms~!, showing strong oscillatory
behaviour both spatially and temporally.

Gas outside the disc is largely co-rotating with the disc edge, but
it is not fully rotationally supported. This gas will therefore radially
transport inwards, without the need for additional torque. However, it
still loses a small amount of angular momentum as it moves inwards
and gains angular momentum just before settling into full rotational
support. Once inside the disc, radially transporting gas is strongly
co-rotating and is on average fully rotationally supported at all radii.
Given the average radial transport speeds, it must therefore be losing
angular momentum. Identifying the sources of torque responsible for
these changes in angular momentum will give insight into how these
galaxies evolve and what ultimately governs their growth. Note that
caution is needed when interpreting changes in angular momentum as
inflow/outflow. This is expected to hold well for homogeneous, well-
mixed gas in slowly decaying circular orbits and should therefore
hold for gas in the late-time discs considered in this study. It will
not generally apply, particularly for gas that is already strongly
inflowing/outflowing.

One source of torque is the gravitational forces on gas from stars,
dark matter, and gas self-gravitation, which can provide an important
source of non-local angular momentum transport in the galactic disc.
Gravitational forces can transfer angular momentum from more
interior regions outwards to the outer disc or halo. Resonances in
spiral-like structure and dynamical friction (Lynden-Bell & Kalnajs
1972; Tremaine & Weinberg 1984) have been shown to transfer
angular momentum outwards. Bar-like structures, in particular, have
been shown to act as a sink for angular momentum in the inner
disc, ultimately transporting it to the dark matter halo (Hernquist
& Weinberg 1992; Weinberg & Katz 2002, 2007a, b; Ceverino &
Klypin 2007; Petersen, Weinberg & Katz 2019). The direct effect
of these gravitational torques has generally been found to be very
inefficient, unless close to co-rotation.

Instead, gravitational torques can torque gas into supersonic
local relative motion, which induces strong shocks. This generates
dissipation, which can lead to more significant net changes in angular
momentum, as well as generating strong density enhancements and
star formation (Hopkins & Quataert 2011). While the direct effects
from gravitational torques may not be significant enough to drive
observed motions, the effects from the hydrodynamical shocks and
star formation they induce may be more significant on these scales.

Hydrodynamical forces in general can provide a mechanism for
local transport of angular momentum between neighbouring gas
mass elements. Pressure gradients within the gaseous disc, viscous
shearing of gas due to differential rotation, and other turbulent
hydrodynamical effects have been shown to transfer angular mo-
mentum on various scales in Keplerian discs (Shakura & Sunyaev
1973; Lodato & Rice 2004). Likewise, magnetic forces can also
play a significant role in shaping and aligning accretion flows on
to Keplerian discs (Balbus & Hawley 1991; Terquem & Papaloizou
1996; Varniere & Tagger 2002; Wang et al. 2022). It is expected that
hydrodynamical shocks induced by gravitational torques will play
an important role (Hopkins & Quataert 2010, 2011), but it remains
unclear how efficient these sources of torque will be in the context
of a galactic disc.

MNRAS 533, 3008-3026 (2024)
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In previous studies of the FIRE simulations, it was found that the
inclusion of effects such as magnetic fields and viscosity, among
others, have limited effects on the growth and evolution of galaxies
and their SFRs (Su et al. 2017; Hopkins et al. 2020). Instead,
the strength of stellar feedback had the most salient effect on
the evolution and growth of galactic discs. Analysing the torques
that arise from stellar winds and supernovae (SNe), as well as
radiative forces from stellar populations, is therefore necessary for
a complete understanding of how the angular momentum of gas
evolves. Additionally, Prieto & Escala (2016) and Prieto et al. (2017)
found that torques from pressure, likely driven by feedback effects
from SNe, were quite significant in driving mass transfer on disc
scales in the context of feeding central supermassive black holes up
to redshift z~6. It is not clear if similar effects will be significant in
driving gas flows in low-redshift, MW-mass discs.

In this study, we investigate the relative contributions of various
sources of torque on gas within four MW-mass discs in the FIRE-
2 (Feedback In Realistic Environments)? cosmological zoom-in
simulations, which, in addition to explicit stellar feedback models,
incorporate magnetohydrodynamics (MHD) and cosmic ray (CR)
physics (CR+; Chan et al. 2019; Hopkins et al. 2020). Specifically,
we analyse the following sources: gravitational torques from gas,
stars, and dark matter; MHD torques from pressure gradients, vis-
cous shearing, non-continuum hydrodynamical terms, and magnetic
fields; direct momentum injection from stellar feedback, including
SNe and stellar winds; and finally torques from the forces arising
from radiative transfer. We additionally break down the pressure
torques, investigating the relative contributions of thermal pressure,
CR pressure, and magnetic pressure separately.

The paper is outlined as follows. In Section 2 we give an overview
of the simulations and how the sources of torques were measured.
In Section 3 we go over the quantitative and qualitative behaviour
of the torques. In Section 4 we discuss which torques are dominant
in different regions and how angular momentum is being transferred
within the disc. We additionally discuss the numerical implemen-
tations of SNe in the FIRE-2 simulations, how these torques relate
to the measured radial velocities in these simulations, and briefly
discuss observational implications for these results.

2 METHODOLOGY

2.1 Galaxy sample

This study is based on four simulated MW-mass discy galaxies
(m12m, m12i, m12f, and m12b) evolved in cosmological context
(see Fig. 1 for face-on and view of their gaseous discs) where gas
infall, large- and small-scale outflows, and galaxy interactions are
modelled self-consistently. Relevant properties for each galaxy can
be found in Table 1. Note, the extent of the gaseous disc is larger than
the stellar disc in all cases. Simulations utilize a ‘zoom-in’ technique
to reach high resolution in fully cosmological settings and were run
with the gravity+(magneto)hydrodynamics code GizMO (Hopkins
2015) using Lagrangian Godunov meshless finite mass method.
Cooling, star formation, and stellar feedback are implemented as
in FIRE-2 (Hopkins et al. 2018b), an updated version of the original
FIRE project (Hopkins et al. 2014). The simulations include pho-
toionization and photoheating from the cosmic UV background based
on the Faucher-Giguere et al. (2009) model. Star formation is enabled
in self-shielding/molecular, Jean-unstable, dense (nyg > 1000cm™?)

Zhttp://fire.northwestern.edu
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Figure 1. Total hydrogen column density along the line of sight for the four
galaxies in our sample at redshift z=0. Pixels in this and subsequent projection
maps are 500 x 500 pc?. The white dashed lines show the radius where the
neutral hydrogen column density drops below 10293cm™2, denoting the edge
of the gaseous disc. This radius (Rpy.a) will be used to normalize forthcoming
plots. The disc in m12f underwent a recent merger event with an LMC-like
object at redshift 0.08, resulting in the streaming accretion feature on the
right side of the plot and affecting numerous metrics in our analysis. Galactic
rotation is counterclockwise in all projection plots.

gas. Once created, star particles are treated as single-age stellar
populations with IMF-averaged feedback properties calculated from
STARBURST99 (Leitherer et al. 1999) assuming a Kroupa (2001) IMF.
Feedback from SNe (Type la and II), stellar mass-loss (O/B and
AGB), and radiation (photoionization, photoelectric heating, and
UV/optical/IR radiation pressure) are treated as in Hopkins et al.
(2018b). In this analysis, we use simulations that in addition to
standard FIRE-2 feedback incorporate MHD and CR physics from
Hopkins et al. (2020) using CR transport methodology described
in Chan et al. (2019). To summarize, runs include CR injection in
SNe shocks, fully-anisotropic CR transport with streaming, advec-
tion, and diffusion, CR losses (hadronic and Coulomb, adiabatic,
streaming), and CR-gas coupling. These runs adopt a constant CR
diffusion coefficient. Physically motivated transport models that
allow variations of the effective diffusion coefficient can give a
variety of behaviours in between these constant diffusion coefficient
runs and runs without CRs (Hopkins et al. 2021b).

We provide a brief overview of the histories, morphology, and
dynamics of these four galaxies. For more details, please see the
provided references. The system m12m is an earlier forming halo
with a large, more broadly distributed stellar disc; m12i is a later
forming halo that forms a massive disc, with a minor merger near
z~0.7 and two fly-bys at z~0.3-0.2; m12f is in the late stages of a
merger event (z~0.1) with an LMC-mass object, which has changed
the dynamics of the outer regions of this galaxy both in terms of
radial velocities and torques; m12b is an earlier forming halo with a
compact bulge and thin disc (Hopkins et al. 2020).

Broadly speaking, while some FIRE-2 simulations form bar
structures within the inner regions of MW mass galaxies, they tend
to be weaker and shorter lived than what is seen in other simulations
(Ansar et al. 2023). The only galaxy considered in this study that
experiences any bar formation in its history is m12b.
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Table 1. Parameters characterizing the size of the disc for the four galaxies in our sample at z=0. R,;; is the virial radius (calculated following Bryan & Norman
1998). Ry,1,2 is the radius at which half the stellar mass is contained. Rppa is the radius at which the total hydrogen column density drops below 10203¢m—2
when viewed face-on, signifying the transition to a column density below a damped Lyman alpha system. Likewise, Ry, 19 is the radius at which the HI column
density drops below 10Ycm™2. hyory is the scale height of the total gas, and /cold,inner 1S the scale height of the cold hydrogen (T <100 K) in the inner 5 kpc.
Scale height was calculated as the height at which the average gas density drops by a factor of e from the average value within £20 pc of the mid-plane. The
parameter Zobit is the dynamical time of the galaxy, defined #nit =27 Rppa /vc. The rotational velocity (v.) is the value predicted from the enclosed mass at 0.5
RpLa. Full rotation curves for most galaxies in our sample can be found in Hopkins et al. (2020). M, is the stellar mass contained within 3 Ry 1.

Simulation Ryir Ri1)2 Rpra Rur, 19 htotal heold inner Torbit Ve M,

Name (kpe) (kpe) (kpe) (kpe) (kpe) (kpe) (Gyr) (kms™h Mo)
ml2m 232.0 7.84 26.8 30.5 0.87 0.21 0.867 190 3.4el10
m12i 2154 3.61 17.1 20.6 0.76 0.18 0.591 178 2.4el0
ml2f 237.1 3.72 18.3 28.8 1.01 0.33 0.583 193 3.4e10
m12b 221.2 1.81 11.7 15.1 0.47 0.14 0.349 206 3.0el10

As shown in Trapp et al. (2022), the most significantly consistent
source of fuelling to star-forming regions at late times for these discs
are radial flows largely parallel to the disc plane. In the iCGM, these
radial speeds can be up to =100 kms~! with a time-averaged inflow
rate of 10-20 kms~!. Within the disc, the radial speeds can still
show deviations up to £40—-60 kms~! but averaged inflow rates are
around 1-5 kms~!. In both regions, the averaged radial mass flux
rate tends to be around 2-3 M, yr~!. This is not to say, however, that
the vertical flows are not present or insignificant in these systems.
The CR+ galaxies show strongly collimated central outflows with
velocities up to 100-150 kms~! (Hopkins et al. 2021a). Significant
vertical velocities (40-60 kms™') can be seen throughout the discs
of these systems; however, the net mass flux rate of these vertical
flows is not as consistently significant as the parallel flow rates (Trapp
et al. 2022). In some systems at some times (e.g. particularly m12i
at redshift z~0.1) the vertical mass flux rate can be of a similar order
to the parallel mass flux rate. During the redshifts considered in this
study, net vertical mass fluxes tend to be an order of magnitude less
than radial inflows, with m12f and m12b showing net vertical inflow
and m12m and m12i going through episodes of net vertical inflow
and outflow. Also note that while gas trajectories in the iCGM are
largely parallel to the disc on average, gas tends to drop vertically
downwards just prior to joining in the outer half of the disc. For a
more detailed analysis of vertical outflows in the FIRE simulations,
see Hopkins et al. (2021a) and Chan et al. (2022) for the runs with
the additional CR physics considered here, and Pandya et al. (2021)
and Porter et al. (2024) for runs without additional CR physics.

The FIRE simulations have been successful in matching a range of
galactic properties to observations, including M,/ My,i0; SFRs and
histories (Hopkins et al. 2014; Feldmann et al. 2016; Sparre et al.
2017; Santistevan et al. 2020); dense H1covering fraction in the CGM
at both low and high redshift (Faucher-Giguere et al. 2015, 2016;
Hafen et al. 2017); outflow properties (Muratov et al. 2015, 2017;
Anglés-Alcazar et al. 2017; Pandya et al. 2021); metallicities (Ma
et al. 2016; Bellardini et al. 2021; Bassini et al. 2024; Marszewski
et al. 2024); morphological/kinematic structure of thin/thick discs
(Ma et al. 2017; Sanderson et al. 2020; Yu et al. 2021); baryonic
and dark matter mass profiles and content within the halo (Chan
et al. 2015; Wetzel et al. 2016); giant molecular cloud properties
(Oklopci¢ et al. 2017; Benincasa et al. 2020; Guszejnov et al. 2020);
and circular velocity profiles (Hopkins et al. 2018b).

In general, our MW-mass galaxies with CRs show good agreement
with the observationally inferred M*—My,, relation and are disc-
dominated (Hopkins et al. 2020). Stellar masses in runs without CRs
are somewhat higher than this relation predicts. On the other hand,
CR+ runs may be slightly underestimating stellar mass, although
statistics are poor and both are within observational uncertainties.

Our choice of simulations with additional CR physics is mainly
guided by their lower late-time SFRs of 2-3 Mg yr~! versus 3—
10 Mg yr~! in FIRE-2 simulations without CRs, which is closer
to what is seen in the MW. This lower star formation is associated
with lower velocity dispersion of galactic discs (Chan et al. 2022) and
potentially additional planar alignment of the accreting gas (Hopkins
et al. 2021a). In addition, the CGM in MW-mass simulations with
CRs agrees with observations of low and intermediate ions seen in
absorption systems around galaxies (Ji et al. 2020). We previously
found that both default FIRE-2 simulations and CR+ runs show
similar qualitative behaviour and trends in gas accretion on to low-
redshift discs. The inclusion of additional CR physics in these
simulations provides significant non-thermal pressure support that
confines infall geometry closer to the galactic plane and slows infall
rates, but the overall picture of gas co-rotation as it approaches the
disc remains the same (Hopkins et al. 2021a; Trapp et al. 2022).

The starting baryonic element mass in our simulations is my min =
7100Mg and a typical gravitational force softening for star-forming
gas is ~ 2 pc. Note that spatial resolution (softening and smoothing
lengths) for our gas elements is adaptive; typical force softening for
ISM gas is ~ 20 pc. All simulations employ a standard flat Lambda
cold dark matter cosmology with h~ 0.7, Qy =1 — Q) =~ 0.27,
and 2, ~ 0.046 (consistent with Planck Collaboration XVI 2014).

We focus on the gas at late times, when our simulated galaxies have
discs that are thin, stable, and have a clear orientation. The specific
angular momentum of the gas in each galaxy can be seen in Fig. 2. To
isolate the various sources of torque, we restart each simulation from
a snapshot at redshift z~0.02. We modified the output for the FIRE-
2 CR+ code to track and output the gravitational accelerations, the
total hydro accelerations, a breakdown of hydro contributions from
the Riemann solver (pressure’, magnetic tension, and non-continuum
terms), viscous forces, and accelerations from radiative transfer. We
additionally track and output the net angular momentum change
between snapshots arising from these forces, as well as from the
direct injection of momentum and angular momentum from SNe and
stellar winds. We save 10 snapshots with a time-stepping of ~20 Myr
as was done in the original simulation run.

For each galaxy, we define a Cartesian coordinate system centred
on the galactic centre with the z direction oriented along the angular
momentum vector of the galaxy. We determine the orientation of the
angular momentum vector from the vector sum of angular momenta
of cold dense gas (T< 8000 K, n > 1cm™?) in the inner 10 kpc, with
respect to the galactic centre. We calculate the galactic centre from

3The pressure gradients analysed include the CR pressure (Chan et al. 2019)
and magnetic pressure terms; however we consider them separately as well.

MNRAS 533, 3008-3026 (2024)

202 Joquiaoaq £Z uo 1senb Aq 09+0% 2 ./800€/E/EES/BI0NIE/SEIUW/WO0d"dNO"DIWapED.//:SA]Y WOl PAPEOJUMOQ



3012  C. Trapp et al.

— 6000
|m m— M 12mM

c —- m12i

~ — ml2f A
g 40004 "** mi2b R
A 7~

= - _
5 FEm—mmm T
220001 /47 e
g 0/‘"“

< *

o

wn

0 . . .
0.0 0.5 1.0 1.5 2.0
Radius [Disk Radii]

Figure 2. Mass-weighted average specific angular momentum of all gas
within £10 kpc of the disc plane as a function of cylindrical radius, normalized
by the gaseous disc radius (Rpya, Table 1). Values were averaged over the 10
snapshots (~200 Myr) considered in this study. Angular momentum increases
with radius within the disc and decreases slightly at the disc edge. The slope
of the angular momentum curve is shallower in the nearby CGM, but still
positive. As shown in Trapp et al. (2022), the angular momentum of the gas
within the disc is strongly aligned in the +z direction.

the mass distribution of the star particles using a shrinking sphere
algorithm.* We determine the galactic velocity by calculating the
mass-weighted velocity average of all-star and dark matter particles
within 15 kpc of the galactic centre.

2.2 Calculation of torques

We characterize the torques acting on gas using two methods:
outputting the acceleration values from each force at every snapshot
and outputting the corresponding net change in angular momentum
from the previous snapshot due to said force. In the first method,
used primarily for visualizations at a single time point, torques are
calculated as follows:

1
Tj

i= m [miri X aj(ri)]y M

1

wherein My, = >, m; is the sum of the masses in the spatial bin
(see Section 2.3.1 for bin definition), and a;(r;) is the acceleration
due to the force j acting on particle i. Calculations were done in the
galactic frame as described in the previous section. This acceleration
is taken directly from the acceleration values at a given snapshot
time as used in the simulation code. Note, in this formulation of
torque there would also exist a Lagrangian torque ni;£ that refers
to the change in the numerical element mass due to enrichment
from stellar feedback. Given that these simulations are run in MFM
(meshless finite mass) mode, there is no additional mass transfer
between hydrodynamical cells. We have confirmed that this term has
little to no effect on the specific torques considered throughout this
study and is not displayed.

4A 1 Mpc radius sphere was defined around the region of maximal gas
density and the stellar centre of mass was calculated. This sphere was shrunk
by a factor of 0.7 and the centre of mass was recalculated until it reached a
radius of 10 kpc. The centring was repeated without shrinking until the centre
converged to a stable value.

MNRAS 533, 3008-3026 (2024)

The second method involves directly calculating the torque during
the simulation run and summing the resulting changes to gas velocity
to determine the change in specific angular momentum between
snapshots. At each time-step in the simulation where an element is
updated, the change in specific angular momentum for a given force
is calculated as follows:

Aj; = (rig—rcs) x Avy, )
t

wherein (r; , — r¢ ) is the position vector of the element relative to
the galactic centre at time ¢ and v; , is the velocity kick the given force
is imparting on the element at that time-step. Given that calculating
a galactic centre on the fly is computationally expensive for the
number of updates being done, during the reruns we determine the
centre value at a given simulation time-step by linearly interpolating
the previously calculated centres from the initial run at each snapshot
output (see last paragraph of Section 2.1). After writing out a
snapshot, this Aj; is reset to 0 for each gas mass element. The
average torques are then calculated by dividing by the time-step
between snapshots.

This technique has two primary advantages. First, it allows us
to fully recreate how the angular momentum is changing between
snapshots, instead of relying on acceleration vectors at a single time
point, which may be fluctuating. Secondly, this allows for a more
direct comparison between all sources. Torques from stellar feedback
can only be calculated in this way, as they do not have a corresponding
acceleration variable. A direct comparison between the total change
in specific angular momentum from the sum of these torques and
the change as measured by the difference between two snapshots is
shown in Fig. B1 and follows a tight linear relationship.

The subsequent results and analysis focus on the component of
the torque along the direction of the angular momentum vector
of the galaxy (see Section 2.1 for definition). In the following
subsections, we will discuss in more detail each different source
of torque considered.

2.2.1 Gravitational torques

We consider the torque from the net gravitational acceleration on
each gas mass element, as well as the contributions from gas, stars,
and dark matter separately. We calculate the net gravitational torques
both from the acceleration vectors at a given snapshot (equation 1)
and from the net change in specific angular momentum (equation 2)
divided by time between consecutive snapshots. Individual contribu-
tions from gas, stars, and dark matter were calculated separately in
post-processing as follows:

aj:V(Dj, (3)

where @ is the gravitational potential from solely the particle type
of interest and was estimated using M. Grudic’s PYTREEGRAV> with
a tree opening of 6 = 0.7.

2.2.2 MHD torques

We directly extract the MHD torque from the HLLD Riemann
solver, separating the usual continuum/adiabatic contributions from
thermal pressure, CR ‘pressure’, magnetic pressure, and magnetic
tension, as well as the ‘non-continuum’ terms. These non-continuum
terms include the Reynolds stress, anisotropic corrections to the CR

Shttps://github.com/mikegrudic/pytreegrav
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pressure, and numerical/upwinding (analogous to a bulk viscosity
when two gas cells try to cross) terms that arise from the Riemann
problem (see Hopkins & Raives 2016, sections 2.1 and 2.2 for more
details). We extract the MHD torques from the Riemann problem
directly as opposed to a post-processing estimate of the pressure
gradient, as this cannot include the exact numerical definition of the
gradient, shocks, or numerical dissipation terms.

Viscous fluxes were calculated via an implementation of
anisotropic Spitzer—Braginskii viscosity, which adds an anisotropic
viscous stress-energy tensor to the momentum and energy flux (see
Hopkins et al. (2018b), equation F3). These contributions to the
MHD fluxes are then divided by the element mass to get the corre-
sponding accelerations. As with the gravitational torques, all MHD
torques are then calculated as described in both equation (1) and
equation (2).

2.2.3 Torques from radiative transfer

The FIRE-2 simulations include an implementation of radiative
feedback for radiation pressure, photoionization, and photoelec-
tric effects through the radiative transport algorithm ‘LEBRON’
(Locally Extincted Background Radiation in Optically-thin Net-
works). Each star particle is treated as a source of radiation
with appropriate age and metallicity-dependent, IMF-averaged
spectrum (Hopkins et al. (2018b), appendix E). We calculate
torques from this radiative transfer as in both equation (1) and
equation (2).°

2.2.4 Torques from stellar feedback

The FIRE-2 simulations additionally incorporate mechanical feed-
back from SNe (Types la & II) and stellar winds. Important in
our consideration of changes in angular momentum is the injection
of momentum into surrounding gas mass elements. Unlike the
other sources of torque considered, this term is not treated as
an acceleration but is rather directly added to the velocity term
of the gas. It will therefore not be accounted for in the MHD
accelerations.

To briefly summarize, at every time-step for each star particle,
it is determined whether an event occurs (SN Ia, SN II, or non-
zero stellar mass-loss). If an event does occur, the surrounding gas
elements are identified and their ‘effective faces’ that would be seen
by the star particle are determined. The ejecta is then integrated
over a solid angle through to each face and the momentum flux
is assigned in the rest-frame of the star. This injected momentum
is then boosted back to the simulation frame. Before being added
to the gas mass element, the code accounts for the PdV work.
Importantly, this implementation of momentum injection maintains
the conservation of linear momentum (as well as mass and energy),
with the ejecta in the rest frame of the star particle unbiased in one
direction or another even in regions with anisotropic gas distributions.
This direct momentum injection can be converted to a change in
angular momentum as described in equation (2). Because mass
elements receiving momentum are at different galactic radii, certain
elements may experience larger torques for a given amount of linear
momentum injected.

%The accelerations from these radiative transport terms reduce to arg =
kyFy /c in the optically thin limit, where «, is the flux weighted opacity in
each band and F,, is the incident flux. See Hopkins et al. (2018b), appendix
E.

Torques on FIRE ~ 3013

Note that the torques from SNe or other forms of stellar feedback
that we define and discuss throughout are an explicitly resolution-
dependent concept. If we had infinite resolution, this ‘feedback
torque’ would be identically zero, as it would come strictly from
the initial ejecta (which we assume emerges isotropically from a
point source, and such has zero net angular momentum). However,
the vast majority of the radial acceleration/momentum (and all of
the torque/angular momentum) imparted over the course of the
expansion of an SNe blastwave, superbubble, or stellar wind bubble
comes from the PdV work imparted on the ambient gas during the
Sedov-Taylor and early snowplow phases of expansion. Since this
region has a finite extent (~1-10 pc) and an inhomogeneous density
distribution, some angular momentum change will necessarily be
imparted to those gas elements. This would therefore, at infinite
resolution, appear entirely in the hydrodynamic torques we define
(specifically in the ‘pressure’ torque term). We are restricted to finite
resolution, and for MW mass galaxies in fully cosmological settings,
it is still generally impossible to well resolve the cooling/Sedov—
Taylor radii of individual SN remnants let alone the initial pure
ejecta (which requires sub-solar mass resolution). As such, the
prescription in FIRE-2 couples ejecta momentum from SNe and
stellar mass-loss to the resolved gas elements/cells in the simulation
at their centre-of-mass locations, integrating over a standard analytic
Sedov-Taylor solution (calibrated explicitly to orders-of-magnitude
higher resolution simulations of individual SNe remnant expansion)
to estimate the un-resolved PdV work (see Hopkins et al. 2018a,
for details). Thus we account for this explicitly in its own torque
‘budget’. This finite-resolution effect gives an unexpected advantage,
however. Because the cooling radii of individual remnants are largely
unresolved, this allows us to approximately separate the contribution
to MHD torques driven more ‘directly’ by stellar feedback, from that
arising entirely from non-feedback sources (e.g. gravito-turbulent
stresses).

2.3 Analysis techniques

2.3.1 Spatial averages

To visualize the torques acting within a galaxy, we spatially average
the z-component of the torques on each gas mass element. For
creating projection maps, we first calculate the mass-weighted
averages of the specific torques as determined from the acceleration
vectors at a given snapshot (see equation 1) in 0.5 x 0.5 kpc?
Cartesian bins within 10 kpc of the disc plane. The choice of
this height cut-off is motivated by the fact that the mass-weighted
average torques in the disc are not very sensitive to this cut-off,
but it allows us to capture the accreting gas in the iCGM, which
can have a more flared structure. Note, for visualizations of the
torques arising from SNe and stellar winds, equation (2) is the only
option, as there is no corresponding acceleration vector. The in-
plane component of the torque vector (e.g. x- and y-), which on a
disc-averaged sense will correspond to the alignment/misalignment
of gas with the plane, is beyond the scope of this study and is not
considered here.

We additionally calculate the mass-weighted averages as a func-
tion of cylindrical radius. For these calculations, the individual
time-step changes in specific angular momentum summed over
the interval between snapshots and divided by the snapshot time
interval (equation 2) were used in all cases to make sure no
quantitative information was lost due to temporal resolution and to
allow for more direct quantitative comparisons between all sources of
torque.

MNRAS 533, 3008-3026 (2024)
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Figure 3. Specific torque acting on gas as measured from summed changes
in angular momentum during the run (black, solid line) as a function of
cylindrical radius as well as the three main sources: gravitational torques
(green, dashed line), hydrodynamical torques (blue, dash—dotted line), and
feedback torques from SNe (red, dotted line). Each panel shows a different
galaxy. Plots are averaged over 10 snapshots (~200 Myr) near redshift z=0.
The radius has been normalized to the size of the gaseous disc (Rpra)-
Values are averaged between 10 kpc from the disc plane. The horizontal
black dashed line marks O torque. The negative values correspond to torques
that drive inflow. Both the gravitational torques and hydrodynamical torques
tend to be negative within the inner disc and more positive in the outer disc,
with the gravitational torques being slightly more significant on average.
Gravitational torques are negative in the iCGM, due to dark matter structure.
The residual torques from SNe show strong negative values in the most
interior regions, where the majority of star formation is happening, positive
values further out in the disc, and weaker negative values in the iCGM. For
gas within these discs moving radially inwards at velocities of ~1-5 km s~!,
the corresponding angular momentum transfer for these systems would be
~150-750 kpc km s~! Gyr~!.

2.3.2 Particle tracking

For a more detailed analysis of how torques evolve for individual gas
mass elements, we look at the torque evolution of individual mass
elements across the 10 snapshots considered. We define the edge of
each disc as in Trapp et al. (2022), wherein Rpy 4 is the radius where
the average hydrogen column density drops below 10%%3cm=2. We
focus our analysis on three distinct populations of mass elements:
elements with an average distance within r< % RpLa from the galactic
centre (inner disc), elements with an average distance between % Rpra
< r<Rppa (outer disc), and elements with an average distance
between Rppa < r<4 Rppa (inner CGM, iCGM). For each gas mass
element, the various torque sources as determined in equation (2) are
summed across the 10 snapshots to determine its net contribution.

3 RESULTS

3.1 Torques as a function of cylindrical radius

We start by analysing the torques on the gas mass elements as a
function of cylindrical radius arising from the three dominant sources
considered: gravity, hydro forces, and momentum injection from
SNe. All radial plots show mass-weighted averages within £10 kpc
of the disc plane.

In Fig. 3 we display the mass-weighted average specific torque
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Figure 4. Gravitational specific torques acting on gas averaged over 10
snapshots (~200 Myr) as a function of cylindrical radius from the three
particle types in the simulation: gas (green dashed), stars (yellow dash—
dotted), and dark matter (blue dotted). Subcomponent contributions were
estimated in post-processing. Therefore, values do not match up perfectly
but can be viewed as an estimate of which source is dominant at that radius.
Torques from the stars tend to be dominant in the inner disc (<5 kpe) and
drive a net angular momentum loss in most cases. Gas—gas gravitational
torques tend to be more dominant in the outer regions of the disc. There tends
to be a larger positive torque feature just interior to the disc edge, roughly
corresponding to the point where gas mass elements are predominately joining
the disc. The torques from the dark matter are not insignificant within the
disc but tend to become more relevant at larger radii, providing a negative
torque in the iCGM in most cases. Note the different scale for m12f in order
to capture stronger torques owing to the recent merger event.

as calculated by the change in specific angular momentum during
the simulation run (equation 2). We also show the mass-weighted
average specific torques from total gravitational forces, total hydro
forces, and SNe. The gravitational torques tend to be negative in the
inner disc and tend to be more positive in the outer disc. In the iCGM,
the gravitational torques turn over to a smoother inward torque. In
ml2f, the larger gravitational torques in the iCGM are related to
the merger event. Even though torques are as significant, overall
angular momentum is much higher in the iCGM (Fig. 2), so this is
not causing dramatic changes. The hydro torques switch between
positive and negative torques within the disc. Although difficult to
see in this plot, they contribute a net negative torque within the disc
in most cases, and a net positive torque just outside of the disc edge
and within the inner few kpc of the disc. The torques arising from
the sub-grid PdV work done by SNe remnants in their expansion
are significant throughout the disc and iCGM. They provide strong
negative torques in the innermost regions of the disc, positive torques
in the outer regions of the disc, and negative torques throughout the
iCGM. Note, m12m has the most extended star formation, and thus
these SNe torques are more significant in the iCGM compared to
other galaxies in our sample.

We further break the gravitational forces down in Fig. 4, showing
the contributions of the gravitational effects from the gas, stars, and
dark matter acting on the gas mass elements.” Torques from the
stars tend to be the most significant gravitational torques within the

"Note that the relative contributions were calculated at a single time point in
post-processing, while the total gravitational torques were calculated from the
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innermost regions of the disc, while torques from the gas tend to
be more significant within the outer disc. Torques from the dark
matter, while not insignificant within the disc, become relatively
more significant near the disc edge and into the iCGM, where
gaseous and stellar torques drop off. In all cases except m12b, there
is a turnover in the iCGM where the gravitational torques become
a source of negative torques due to the triaxial dark matter halo
structure (Shen et al. 2021). The dark matter torques arise primarily
from the quadrupole component of the potential (Bowden, Evans
& Belokurov 2013), which we discuss in Section 3.2. The relative
contributions from gas, stars, and dark matter largely stem from
their distribution in these galaxies. In all cases, the distribution of
gas drops off sharply at the disc edge (Trapp et al. 2022), and the
scales of the stellar discs are even smaller (Table 1). A few notable
differences between these galaxies are the extended stellar disc of
m12m, which leads to more significant torques from stellar gravity at
larger radii, the merger event in m12f which leads to much stronger
dark matter torques in the iCGM, and the more compact nature (and
history of weak bars) in m12b, which influences the strength of the
stellar torques in the innermost regions.

In Fig. 5, we further separate the hydrodynamical torques into
the usual continuum/adiabatic terms in the ‘pressure’ torque, which
includes CR ‘pressure’ forces and thermal pressure with their
continuum gradients, and the remaining terms in the non-continuum
torque (see Section 2.2.2). Torques from magnetic pressure, magnetic
tension, and viscous shearing are largely subdominant and, for
simplicity, considered separately (see Appendix A). The individual
terms tend to vary as a function of radius more strongly than the
gravitational torques, averaging out slightly when summed together.
The pressure and non-continuum torques are of a similar order of
magnitude within the disc, although the pressure term tends to be
more significant. Additionally, the pressure torques tend to be the
dominant hydrodynamical term in the CGM. Of particular note is
the tendency for the pressure torques to show a peak in positive
torques just outside the disc edge, most saliently in m12i and m12b.
We further break down the contributions of the pressure torques into
thermal, CR, and magnetic pressure in Fig. Al.

3.2 Visualizing torques structure

InFigs 6 and 7 we present a series of face-on projections showing how
the previously discussed torques are spatially structured. Positive
(red) torques are causing an increase in angular momentum, roughly
corresponding to outward motion. The negative (blue) torques are
causing a loss in angular momentum, roughly corresponding to
inward motion. Note, while previous quantitative plots show the
torques as calculated in equation (2) and averaged over multiple
snapshots, these plots show only the instantaneous torques as
calculated from the acceleration vectors of the simulations as in
equation (1) for one snapshot. The exceptions for this are the feedback
torques from SNe and stellar winds, which can only be calculated
using equation (2).

3.2.1 Gravitational torques

In Fig. 6 we show the structure of the gravitational torques as well
as the separate contributions from dark matter, gas, and stars within
410 kpc of the disc plane.

summed net angular momentum change between snapshots (At=20 Myr), so
they do not match precisely.
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Figure 5. Hydrodynamical specific torques acting on gas averaged over
10 snapshots at z=0 (~ 200 Myr) as a function of cylindrical radius.
The red dashed line shows the specific torque from the pressure gradients
(thermal+CR) on the gas, read out directly from the Riemann Solver within
the simulation code. The blue dash—dotted line shows the contribution from
the non-continuum terms in the Riemann solver (see Section 2.2.2). The
pressure and non-continuum terms tend to be of a similar order of magnitude
within the disc, with the pressure torques slightly dominant. The pressure
torques show negative values in the innermost regions of the disc, and positive
values in the outer half of the disc, similar to the SNe torques. The pressure
torques additionally peak just outside the disc edge in most cases. The non-
continuum terms typically work opposite the pressure terms, limiting the
overall effect of the hydrodynamical torques.

Total Grav. DM Stars
€ f
g 1 | N°
€
""" 4
~ P | o] e || o T
o /
— { i | 2 5
€ A S o
~~~~~ ol —
‘l/)
0 ¢
2
v, B e BTSN et [e)
5 / | g
— 1 LA ) -2
€ X / =
~~~~~~ )
-4
Q 5 /.08 -~ L S
N s 6 | | e { e 6
s e € L) _
E "y 3 ) ?;0 kpc

Figure 6. Face-on projections showing the mass-weighted average specific
torques from gravity acting on gas mass elements at redshift z=0 for the four
galaxies of interest. Positive torques (red) roughly correspond to outflow,
while negative torques (blue) roughly correspond to inflow. The dashed
circles show the edge of the gaseous disc. The leftmost column shows
the total gravitational torques, calculated from the simulation’s gravitational
acceleration vector. The right three columns show the gravitational torques
caused by the dark matter, gas, and stars on the gas elements estimated in post-
processing. The dark matter torques resemble an £=2 spherical harmonic in
all cases and are the dominant contribution in the outskirts. The mode of the
stellar torque fields reflects the dark matter structure, although they are much
more concentrated in the centre and not as clean. The torques from the gas
are of a higher mode.
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Figure 7. Face-on projection maps showing the mass-weighted average
specific torques from pressure gradients (left), the non-continuum terms in
the Riemann problem (middle), and SNe (right) acting on gas at redshift
z=0. Positive values (red) correspond to outward torques, while negative
values (blue) correspond to inward torques. The dashed circles show the
edge of the gaseous disc. All terms are similarly significant within the disc,
while the pressure term tends to be the most dominant within the CGM. Gas
rotationally downstream of an SNe (counterclockwise in this orientation) is
torqued outwards, and gas rotationally upstream is torqued inwards. This is
expected, but the source of residual non-zero cancellation will be discussed
later.

The torque from the dark matter shows a strong ¢=2 spherical
harmonic structure, with two distinct quadrants of negative torque
and two distinct quadrants of positive torque, as would be expected
from a triaxial dark matter halo (Bowden et al. 2013; Shen et al.
2021). These patterns evolve with time; however, they do not co-
rotate with the galaxy. This implies accreting gas may pass through
multiple quadrants as it joins and moves through the disc, although
the azimuthally averaged torque is still negative as seen in Fig. 4.
These torques dominate the gravitational torque in the iCGM and
can be significant within the disc as well. Note that the structure and
dynamics of the disc at these late times have likely influenced the
anisotropies in the dark matter. This can be seen more clearly in the
plot of m12m, which shows similar structure in the centre for the
DM and stellar torque field.

The torques from the gas—gas gravitational interactions show
higher order structure, with regions of positive and negative torques
of a similar spatial scale to the radial inflow and outflow structures
seen in velocity in our previous study (Trapp et al. 2022). The
significance of these torques is largely limited to the disc, dropping
off sharply both outside the disc and at the very centre. Note, the
sharp negative torque feature on the left side of m12f is due to the
recent merger event.

The torque from the stars is not as significant as the other
gravitational torques, implying strong symmetry of the stellar disc,
but is important in the innermost regions. The structure of the torques

MNRAS 533, 3008-3026 (2024)

shows a similar £=2 harmonic structure as the dark matter, with the
positive/negative torquing quadrants roughly lining up in all cases.

3.2.2 SNe and hydrodynamical torques

Fig. 7 shows the torque structures arising from azimuthal pressure
gradients, non-continuum terms in the Riemann problem, and feed-
back torque from SNe.

Within the disc, the structure of the pressure and non-continuum
torques largely follow where SNe occur. Note, =2 modes can
still be seen in the iCGM in ml12m, ml12i, and m12f. These
modes are offset from what is seen in the gravitational torques,
as expected from gravitational torque theory of a collisionless
component acting on a collisional component (Noguchi 1988;
Hopkins & Quataert 2011). SNe torques tend to be dominant within
the disc, while pressure torques become dominant in the iCGM.
The torques arising from the non-continuum terms between gas
cells lack the lower order structure of the pressure torques, with
smaller scale variations. It is reasonable that they are largely limited
to where SNe occur, as this is where unresolved hydrodynamic
interactions will be present. Note, the pressure torques within the
disc largely arise from thermal pressure gradients, while the pressure
torques in the iCGM largely arise from CR pressure gradients
(See Appendix A).

SNe torque manifests itself primarily as strong positive/negative
torques around the sites of the SNe, with much more limited effects
outside the disc. When looking at the torques from an individual star
particle’s SNe, the gas rotationally downstream (counterclockwise)
from the star particle has a positive torque, as the gas is being
accelerated in the direction of rotation and is therefore being torqued
up. Likewise, the gas rotationally upstream of the SNe is being pushed
counter to the rotation and is therefore losing angular momentum.
The asymmetry that arises from these torques will be discussed in
more detail in Section 4.3.

3.3 Torques on individual mass elements

Throughout the accretion and radial transport process, individual
gas mass elements may not experience the same net torque as
azimuthal averages may imply. As they move, they pass through
regions with different torques, allowing for individual mass ele-
ments to experience more or less inward torque than would seem
apparent from the spatial averages as seen in other simulations,
e.g. Hopkins & Quataert (2011). In Fig. 8, we show the mass-
weighted distribution of the dominant net torques (gravitational
torques from gas, stars, and dark matter, hydrodynamical torques
from pressure gradients and non-continuum terms, and torques from
SNe momentum injection) acting on the individual mass elements in
three distinct spatial regions: the inner disc (s §%RDLA), the outer
disc (3RpLa< s <Rpra), and the iCGM (Rpra< r< 4 Rpra)®
where s is the gas mass element’s average cylindrical radius over
the 10 snapshots considered and r is its average distance from the
galactic centre. We additionally constrain the inner and outer disc
regions to be within &2 hy, (Table 1) to limit our analysis to
gas mass elements within the disc. The gravitational torques from
gas, stars, and dark matter are normalized to the total gravitational
torques.

8This upper limit for the iCGM was selected as it is a region where gas is still
largely co-rotating with the disc and is close enough to feasibly interact with
the disc in a short time period.
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Figure 8. Mass-weighted histograms showing the PDF for the z-component of the net specific torques on gas mass elements over the 10 snapshots (~200 Myr
at z=0) considered in this study. The values in the upper right corner of each plot show the mass-weighted means of the distribution. Mass elements are divided
into three spatial regimes based on their average position over the 10 snapshots. Top row: inner disc; elements with a cylindrical radius within the inner 0.5
RpLa (and within two times the scale height of the gaseous disc). Middle row: outer disc; elements with a cylindrical radius between 0.5 and 1 Rpps and within
two times the scale height of the gaseous disc. Bottom row: inner CGM, elements at spherical radial distances greater than 1 Rppa, but within 4 Rppa of the
disc centre. Note, Rpy 4 is the radius where the average hydrogen column density drops below 10%3cm™2 and is a measure of the size of the gaseous disc.
We consider the gravitational torques from gas, stars, and dark matter, the hydrodynamical torques from the pressure and non-continuum terms in the Riemann
problem, and the torque from SNe. Gravitational torques from gas and stars are more significant inside the disc than outside. The gravitational torque from the
dark matter is more significant at larger radii, with the dark matter in the CGM providing a net inward torque in all cases. The hydrodynamical torques are a
consistent inward torque within the outer disc. The torques from SNe are the most significant source of inward torque in the inner disc, and provide a smaller
outward torque in the outer disc. The net contribution in the CGM is also inwards, albeit to a lesser degree. Note the total gravitational torque on a given gas
mass element was used to normalize the post-processing estimates from various sources at each snapshot to ensure the total gravitational torque was accurate.

Within the disc, the net contribution from gas and stellar gravity is asymmetry in the wings. It is worth noting that the asymmetries in
at its strongest. Stellar torques provide a net negative torque in three the SNe net torques are opposite the non-continuum torques in all
galaxies in the inner disc, and two galaxies in the outer disc. The cases within the disc.

gravitational torques from the dark matter are significant everywhere
and are the only significant gravitational torques in the iCGM, where
they provide a net negative torque in all cases but m12b. The structure

of the distribution of torques for gas and stars peaks sharply at zero, 4 DISCUSSION

with larger wings within the disc. The dark matter torque structure The dominant source of torque on a given gas mass element depends
is more complicated, with bumps at certain values depending on the strongly on its position in the disc as well as the time-scale we
galaxy. are considering. Overall, we see that gas—gas gravitational inter-
The net hydrodynamical torques are of a similar order of mag- actions, pressure interactions, and SNe effectively transfer angular
nitude as the gravitational torques within the disc and are more momentum radially outwards. Gravitational torques from stars and
significant on average in the iCGM. The pressure torques provide a dark matter act as a net sink of angular momentum in the innermost
net negative torque in all cases in the outer disc and are less significant regions of the disc and the iCGM, respectively.
in the inner disc. Within the CGM, they provide a net positive torque Gas and stellar gravitational torques are significant within the disc,
in all cases. The torques arising from the non-continuum terms of but drop off as a function of radius. Averaged over time, the gas—gas
the Riemann problem provide a net positive torque in the inner gravitational interactions preferentially transfer angular momentum
disc, a net negative torque in the outer disc, and are less significant to just inside of the disc edge. The gravitational torques from the
within the iCGM. The distribution for both of these hydro torques is dark matter become most significant in the iCGM, with a distinct
largely symmetric, with a much larger variance than the gravitational £=2 like spherical harmonic pattern in all cases. While accreting
torques. mass elements may experience both regions of positive and negative
Finally, the net torques arising from SNe provide a strong negative torque as they move through the dark matter halo, the net effect is a
torque within the inner disc and are largely dominant to the hydro negative torque from dark matter in the iCGM. This implies the dark
and gravitational torques. In the outer disc, they are slightly smaller matter halo is acting as a sink for the angular momentum of the gas
but provide a net positive torque. Within the iCGM, they are less outside the disc. Note that the change in angular momentum in the
significant and provide a small negative torque in most cases. The iCGM is small and gas is not fully rotationally supported, so does
distribution for the SNe torques peaks at zero, with a noticeable not require additional torque to infall.
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Figure 9. Specific torque acting on gas from the three main sources with
their corresponding standard deviations over time as a function of cylindrical
radius normalized to the size of the gaseous disc. Values are considered
between 10 kpc from the disc plane. The standard deviation in this case
represents how the azimuthally averaged torques vary over time, not on
an element-by-element basis. Within the disc, the torques from SNe have
the largest standard deviations, largely due to their more stochastic nature
compared to the other sources of torque. The standard deviations of the
hydrodynamical and gravitational torques are of similar order within the
disc. In the innermost regions of the disc, where stellar gravitational torques
become more important than gas—gas gravitational torques, the standard
deviation increases. In the iCGM, where the dark matter gravitational torque
is the dominant gravitational torque, the variance decreases significantly, and
the variance from the hydrodynamical torques becomes the largest. Standard
deviations are typically a few times larger than mean values within the disc.
Except for the hydro torques, standard deviations are smaller than the mean
values in the iCGM.

lell
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Figure 10. The z-component of the total torque (as opposed to the specific
torque) arising from SNe for the four galaxies of interest as a function of
cylindrical radius within £10 kpc of the disc plane. Plots are averaged over
10 snapshots (~200 Myr) near redshift O and the radius has been normalized
to the size of the disc edge as denoted by the H I column density transition. The
horizontal black dashed line marks O torque. The negative values correspond
to inflow. Torques are negative interior to the radius of co-rotation and become
positive exterior to this radius (about 0.25-0.5 disc radii). Torques in the
iCGM are very close to zero, except for m12f, which has a merger. When
averaged over the whole disc, the SNe torques largely cancel out.
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Figure 11. The cylindrical radial speed the average measured torques would
induce on the gas. Induced radial speed was calculated g%gé , where dj/dt
is the average net torque and dj/ds is the slope of the specific angular
momentum curve as a function of cylindrical radius. In the inner half of the
disc, torques induce radial speeds of the order of a few km s~!, as expected
from our first study (Trapp et al. 2022). In the centre-most regions, induced
radial speeds are faster. The outer half of the disc shows positive induced radial
speeds, corresponding to the slowdown of gas as it gains angular momentum
and joins the disc. The nearby CGM has induced radial velocities of the order
of 5-10 km s~!. While less torque is needed to explain motion in this region,
the slope of the specific angular momentum curve is also shallower, leading
to larger predicted radial speeds.

The hydro torques tend to be the most dominant when looking at a
single time point, with values ranging up to 20 Mpc km s~! Gyr~! in
the iCGM and within many smaller regions within the disc (Fig. 7).
Regions within the disc where the hydro torques tend to be the most
significant are largely co-located with SNe. When considered over
a full oscillatory period, the net effect of the hydro torques largely
cancel out, contributing a smaller net negative torque. In the iCGM,
the pressure terms are the dominant hydro term. Within the disc,
they are similar to the non-continuum hydro terms, with the pressure
terms being slightly more significant on average. We will discuss the
effective angular momentum transfer of these gas—gas interactions
in more detail in Section 4.2.

The torques from stellar feedback also provide a surprisingly
important source of torque within the disc. The residual torques
from SNe are of a similar order of magnitude to the hydro and
gravity torques, depending on the spatial/temporal scales you are
looking at. While the SNe torques are largely symmetric, there is
still a net non-zero cancellation at a given radius. We will discuss the
cause of this asymmetry in Section 4.3.

4.1 Time dependence of torques

The quantitative plots presented in this study are all time and spatial
averages, as there is a large amount of variance azimuthally and
temporally over a dynamical time. While these averages represent the
net angular momentum transfer through the system, in this section we
will discuss how these terms vary over time.

Fig. 9 shows the temporal standard deviations between snapshots
of the azimuthally averaged torques over time. In general, these
temporal variances are smaller than the maximum element-by-
element variances (Fig. 8). Within the disc, these deviations are
dominated by the torques from SNe. Correspondingly, looking at
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the projection maps of the SNe torques (Fig. 7), we see that at a
given snapshot there are a few star particles (~5-20) that dominate
the SNe momentum injection into the surrounding gas at a given
time. As time advances, the individual torque dipoles rotate with
the disc and typically dissipate within ~40 Myr. We will discuss
the possibilities of how this large variance from a relatively small
subselection of star particles leads to strong net torques in Section
4.3.

The standard deviations of the gravitational torques vary based on
whether they are dominated by stellar gravity, gas—gas interactions,
or dark matter. The projection maps of the stellar gravitational torques
largely rotate with the disc at larger radii, but the innermost radii are
more chaotic leading to the higher standard deviations in the inner
disc. Similarly, the large spatial patterns of the gas—gas gravitational
torques rotate with the disc, but there are smaller scale hotspots that
vary between snapshots. The torque field from the dark matter does
not evolve significantly with time, leading to low standard deviations
in the iCGM.

The gas—gas hydrodynamical torques vary temporally at a similar
level as the gas—gas gravitational torques within the disc and slightly
more on average in the iCGM. The projection maps (Figs 7 and
A2), which show the temporal variations within the disc, are largely
dominated by the hotspots in the thermal pressure and non-continuum
terms, and are largely correlated with the location of SNe. In the
iCGM, the broad torque patterns are largely due to CR pressure
torques and rotate with the gas. These patterns shift and vary on
time-scales of a few snapshots (~40-60 Myr), leading to the higher
variations seen within the iCGM.

The total standard deviations within the disc are of the order of
or several times larger than the mean values of the specific torques.
Detecting the signatures of these flows in observations will therefore
require large samples of galaxies for proper averages. We will
discuss the secondary effects these torque structures may have on
observations in more detail in Section 4.5.

4.2 Angular momentum exchange between gas

Torques between gas mass elements (gas—gas gravitational in-
teractions and hydrodynamical torques) should cancel out when
considering the system as a whole. When considering individual
gas mass elements, however, we can identify which elements are
gaining/losing angular momentum and infer where this angular
momentum is ultimately being transferred. If gas mass elements
are ejected from the disc through these interactions, it can lead to a
net angular momentum loss.

The effects of gas—gas gravitational torques are important in the
transport of angular momentum. On average, gas in the iCGM
tends to lose a slight amount of angular momentum from these
interactions, while gas just interior to the disc edge tends to gain
angular momentum. Interactions within the disc are more varied, but
there tends to be a net transfer of angular momentum towards the
outer region of the disc.

Torques from the pressure gradient preferentially transfer angular
momentum from the inner regions of the disc to the iCGM. Specifi-
cally, they deposit angular momentum just outside the gaseous disc
edge. The thermal pressure contribution behaves similarly to the SNe
torques, showing negative torques in the inner disc and peaking in
the outer disc. The CR pressure torques are responsible for the peak
just outside the disc edge and dominate the iCGM pressure torques
(Fig. Al).

The torques arising from the non-continuum terms in the Riemann
problem act in opposition to the pressure torques. These terms are
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expected to be significant in regions with many shocks, such as
around areas of active star formation. While the magnitude of torques
is typically less significant than those of the pressure gradients, they
do reduce the overall transport of angular momentum out of the disc
in the innermost radii.

The combined effect of the gas—gas gravitational torques and the
pressure gradient torques transfer angular momentum from within the
disc to the disc edge. This is of particular interest, as this is where gas
is preferentially joining the disc (Trapp et al. 2022). While incoming
gas from the iCGM loses a small amount of angular momentum as
it transports near the disc, it gains angular momentum just prior to
joining co-rotation and drops vertically downwards on to the disc
(Hafen et al. 2022; Trapp et al. 2022; Stern et al. 2024). Compared
with gas within the disc, this actively accreting gas is rotationally
lagging and moving radially inwards at higher speeds on average. As
this accreting gas hits the disc, it may be gaining angular momentum
from gas already within the disc through these gas—gas interactions.
This would simultaneously torque up the infalling gas, slow it down
radially, and remove angular momentum from gas already inside the
disc, allowing it to transfer inwards.

4.3 On SNe momentum injection

The implementation of mechanical feedback from SNe in the FIRE-2
simulations avoids imprinting ‘preferred directions’ on the ejecta that
may arise from anisotropic gas distributions surrounding the SNe.
Specifically, effective faces for the gas mass elements that overlap the
SNe event (either they lie within the star particle’s smoothing length
or vice versa) are constructed in a similar way as they are in the hydro
solver. An effective weight for each face is calculated to ensure the
conservation of energy and momentum. Special care is taken when
determining the vector weights for the momentum, with each vector
component receiving a separate weight. In effect, this accounts for
the fact that the direction of the momentum injection vector may not
be aligned with the normal vector of the effective face for an arbitrary
anisotropic distribution of gas. See Hopkins et al. (2018a) for more
details.’

Figs 8,9, and 10 show that while the instantaneous SNe torques are
broadly both positive and negative (for gas rotationally downstream
and upstream, respectively) and have a standard deviation much
larger than their mean (as expected), there is a non-zero, statistically
significant residual net feedback torque (unresolved torques from the
sub-grid PdV work done by SNe remnants in their expansion) that
emerges after averaging spatially and temporally. These residuals are
negative in the inner half of the disc and positive in the outer half
of the disc. One might wonder whether this effect could arise purely
from numerical discreteness effects in the initial cell coupling or
cell positions/velocity updates, or from a numerical integration error
in angular momentum over the salient time-steps. We address this
in Appendix B, where we show the upper limit to the total change
in angular momentum from these effects is one to three orders of
magnitude smaller than the net SNe torques shown in Fig. 10, and
represent a sub-percent-level effect on the total net torque from all
sources.

°In FIRE-2, momentum injected by SNe is initially fully isotropic. Additional
momentum from the Sedov-Taylor phase is added via a sub-resolution
solution based on local gas properties. As these solutions are applied
independently in cones, there can be different amounts of PdV work done in
different directions (Hopkins et al. 2018a).
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We hypothesize that the non-zero cancellation of the SNe torque
we see at a given radius arises from the offsets between the spiral
arm-like overdensities and the young stellar populations that generate
the bulk of the SNe. These overdensities will preferentially be the
sites of active star formation (Roberts 1969); however depending on
differences between the rotation curve and the spiral-pattern speed
at a given radius, young stellar populations will either begin to lead
or lag behind these overdensities. The stellar populations formed
in these dense regions will begin producing SNe explosions after a
few Myr, with peak rates about a Myr later (Matzner 2002). This
is followed by a period of relatively consistent SNe of the order of
30 Myr. Interior to the radius of co-rotation, wherein rotational speeds
are faster than the spiral pattern speed, these young stellar populations
will be rotationally downstream of the spiral overdensities by the
time they enter peak SNe rates. Such offsets have been seen in
observations (Egusa et al. 2009, 2017; Louie, Koda & Egusa 2013;
Leroy et al. 2017; Schinnerer et al. 2017; Williams et al. 2022; Finn
et al. 2024). This ultimately may result in a slight asymmetry to the
torques induced by these SNe events, with the overdense regions
being preferentially torqued inwards. At the radius of co-rotation,
the pattern speed and the average rotational velocity will match,
and we expect no net asymmetry in the sign of the SNe torque.
Past this radius, this trend will be inversed, with a net asymmetry
towards positive torques, as the stellar populations will be moving
more slowly than the pattern speed. This can be seen in Fig. 10 in
all cases. Effects from the drop-off in SFRs with radius, velocity
asymmetries of ambient gas around expanding SNe remnants, and
SNe stochasticity may also play a role in modulating this signal. This
would imply that, while these SNe torques are dominant through
the disc, their net effect ultimately arises from the existing spiral
structure. Similar to our discussion of the MHD torques, these SNe
torques ultimately reinforce the preferred direction induced by the
gravitational torques that initially form these structures. This is
reflected in the net effects of the gas—gas gravitational, pressure,
and SNe torques, which all effectively transport angular momentum
radially outwards.

As discussed above, the weighting of the effective faces of the
gas mass elements is done such that linear momentum is conserved.
Focusing on the gas interior to the radius of co-rotation, gas in
overdensities rotationally upstream from an SNe will experience
negative torques and the gas downstream will experience positive
torques to compensate. Given the spiral-like structure seen in the
discs, the majority of this downstream gas may be located in over-
densities at different radii. Since this gas is at different radii, it will
not necessarily gain/lose the same amount of angular momentum,
with gas at lower radii gaining less angular momentum for a given
amount of momentum injected due to a shorter lever arm from the
galactic centre. This allows for gas at a given radius to gain or lose
angular momentum with respect to the galactic centre while linear
momentum conservation of individual SNe is maintained. While
this angular momentum is not guaranteed to be conserved in these
events, there is a rough balance between positive and negative torques
through the disc (Fig. 10).1°

This picture is slightly more complicated in the iCGM, as there
is little to no star formation and much less angular momentum
transport. The net SNe torques will therefore be much more shot-
noise-dominated by the residuals of a few SNe. These net torques
are negative in all cases and may arise from SNe near the disc edge

10 Additionally, the small net angular momentum imparted from individual
SNe does not reinforce this asymmetry (Fig. B2).
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or within nearby satellites. Note, m12m shows the highest specific
torque in the CGM, and also has the most extended star formation.
Similarly, m12f is undergoing a merger event, and shows larger SNe
torques near 2 Rppa.

The significance of these feedback torques is not completely
unexpected, as we are not the only study to see this. Using a
completely different code, numerical methods, and feedback im-
plementation, Prieto & Escala (2016) and Prieto et al. (2017) found
similar qualitative effects of pressure torques, likely driven by the
‘feedback torques’, on disc scales to what we describe here in the
context of black hole fuelling at z2>6.

4.4 Comparison with previously characterized radial speeds

In Trapp et al. (2022)'! we quantified the radial velocities of gas on to
and through these four galactic discs. Gas within the iCGM is moving
towards the disc with average speeds of ~10-20 km s~!, as it is not
fully rotationally supported. Gas gradually loses a small amount of
angular momentum as it transports inwards through the CGM, and
gains angular momentum just before joining the disc. Once within the
disc, the average radial speeds of the gas slows down to ~1-5 kms~'.
Gas in the disc is fully rotationally supported on average, implying
the need for torque to explain this motion. While the dynamic
structure of these galaxies is complex, in this section we will briefly
compare the expected radial velocity values that would arise from
the torques calculated in this study. Note that caution is needed when
interpreting changes in angular momentum as driving inflow/outflow,
as this only applies if gas is in slowly decaying circular orbits and is
homogeneous and instantaneously well mixed. As shown in Trapp
etal. (2022), much of the gas is in quasi-circular orbits, so this should
hold throughout most of the disc, but will not generally apply for
gas that is already strongly inflowing/outflowing. For instance, large
negative torques from a series of rapid-succession SNe, particularly
in the galactic centre, may correspond to launching a parcel of gas
out of the disc, either unbinding it or launching it into a highly
radial orbit. This obviously does not correspond to the inflow of
material.

When gas loses angular momentum, it will begin to sink radially
inwards. In the absence of any further interactions, it will oscillate
around its new equilibrium radius; however, radial interactions
and successive torques will complicate this trajectory. In order
to compare these torque values with what is to be expected by
the average radial velocities, we assume that, on average, as gas
mass elements lose or gain angular momentum they follow the
angular momentum curve (Fig. 2). The average specific torque
required to explain a given radial velocity would therefore be
given by

=g “
where 7, is the specific torque in the z-direction, vy is the cylindrical
radial speed, and dd{f is the radial derivative of specific angular
momentum in the z-direction.

Fig. 11 shows these induced radial speeds for the four galaxies.
Within the inner disc, these torques will induce speeds of the order
of a few km s~!, as expected. In the most interior regions, this
induces larger velocities primarily arising from torques from SNe

" Trapp et al. (2022) neglected the Hubble flow in these galaxies, which will
lead to slightly smaller radial velocities in the outskirts by about 2-3 km s~
at 2 Rppa and negligible changes in the inner disc. Overall conclusions are
unaffected. Hubble velocity is included in this study where appropriate.
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and, to a lesser extent, stellar gravity. Gas in these inner regions
may also turn into stars or get ejected. In the outer half of the
disc, the induced radial speeds tend to be positive. Given that
accreting gas preferentially joins the outer half of these discs, this
likely corresponds to the radial slowdown of gas as it gains angular
momentum and joins the disc. The iCGM has higher induced inward
radial speeds on average, of the order of 5-10 km s~!. While there
is less overall angular momentum transfer in the iCGM, the slope of
dj,/ds is also smaller, leading to larger predicted radial velocities.
Given that gas in the iCGM is not rotationally supported, it likely
has additional inward radial speed that would not be seen in this
plot. This would account for why the induced radial speeds in
the iCGM are slightly slower than measured in our previous study
(1020 km s71).

The largest instantaneous radial speeds we see in Trapp et al.
(2022) are much higher (~40-60 km s~') than the average val-
ues. These speeds may arise from a variety of sources, including
accelerations from radial pushes that impart no net torque. It is
worth noting that if we extrapolate this analysis to higher veloc-
ities, the typical peak torque values seen in the face projections
(~10000 kpc km s~! Gyr™!) would correspond to radial speeds
around (~50 km s~!) assuming dj./ds ~ 200 kpc Gyr~'. Note, at
a given time there will also be numerous radial forces and transient
effects, so a one-to-one comparison of velocities and torques is
complicated.

4.5 Observational implications

The angular momentum transfer described in this study has implica-
tions for the dynamical and morphological structure of disc galaxies.
As discussed in Section 4.1, there are large torques and radial forces
present at a given time that can dominate the instantaneous velocity
of gas, so some averaging (spatial and or temporal) is necessary to
isolate the net effects. SNe in particular provide a strong negative
torque in the innermost regions of all galaxies. This may lead to
a build-up of density within the inner half of the disc. This will be
limited by feedback effects, such as star-formation-driven central out-
flows (Muratov et al. 2015; Roberts-Borsani et al. 2020). Based on the
relative efficiency of the SNe torques versus outflows, there will be an
equilibrium in the mass distribution profile. This may tie directly into
the observation of exponential disc profiles (Freeman 1970), which
are likely influenced by the angular momentum transport within the
disc. Additionally, this ties in with studies of active galactic nucleus
fuelling, allowing for a significant amount of gas to be pushed to the
inner few kpc (Anglés-Alcazar et al. 2021). Further study of how
this angular momentum and inflow structure relates to the outflow
structure as a function of redshift is needed to make more concrete
predictions.

SNe torques, as well as gas—gas gravitational and pressure torques,
tend to transfer angular momentum to the outer regions of the
disc. This should lead to gradually increasing disc sizes. As the
typical angular momentum of the disc edge increases, there should
be discrepancies between gas within the disc and gas joining from
the nearby CGM. We see this in the larger discs (all but m12b) in
this study (Fig. 2). Given that gas actively joining moves largely
parallel to the disc in the iCGM and drops vertically downwards a
few kpc inside the gaseous disc edge (Trapp et al. 2022), this may
manifest as a stronger extraplanar rotational lag at these radii. We
still see net inward radial velocities at these radii, despite positive
average torques. This likely has to do with the accreting gas gaining
angular momentum as it joins the disc and is torqued into full
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alignment; however, a deeper study of this interface could prove
interesting.

Gas joins the disc preferentially in the outer half of the disc
(Trapp et al. 2022), which is where torques are positive (Fig. 3).
Gas interior to where it joins is pushed inwards, while more recently
accreted gas in the outer half of the disc is pushed outwards,
building up the disc. As predicted by inside-out growth, new gas
layers accrete with more angular momentum, causing them to join
at larger radii and continuing this process. The torques acting within
the nearby CGM, while not needed to explain inflow rates, may
have interesting implications for how this structure is built up, with
pressure torques preferentially transferring angular momentum to the
iCGM.

5 CONCLUSION

In this study, we analyse the angular momentum transfer in and
around four low-redshift L, disc galaxies simulated using the FIRE-
2 model with feedback from CRs. We specifically investigate the
torques from gravitational forces, hydro forces, forces from radiative
transfer, magnetic forces, and the feedback torque arising from SNe
and stellar winds, which represents the unresolved MHD torques
from expanding SNe blastwaves and superbubbles in the ISM. We
further break down the gravitational terms into torques arising from
gas, stars, and dark matter. We break the hydro terms down into
torques arising from the pressure gradients, non-continuum terms,
and viscous shearing.
The key points of our paper are summarized below:

(i) The dominant sources of torque acting on gas mass elements
in these discs are those arising from gravitational forces, pressure
gradients, and the sub-grid PdV work done by SNe remnants
interacting with gas on < 10 pc scales. The other sources of torque
considered are subdominant.

(ii) Gas within the iCGM is largely infalling, without the need for
any torque to move on to the disc. There is still a small amount of
angular momentum transfer at these radii, largely caused by gravity
from dark matter and pressure gradients.

(iii) Gravitational torques from dark matter are significant
throughout the disc and are the only relevant gravitational torques
within the iCGM. These torques show a distinct ¢=2 spher-
ical harmonic pattern and average to negative torques within
the iCGM. This can ultimately act as a sink for angular mo-
mentum, allowing for a net loss of angular momentum in the
gas.

(iv) Gravitational torques from stars are only relevant in the inner
half of the gaseous disc, as that is where the majority of stellar mass
is located. They are average to negative torques, but drop off sharply
with radius. This can act as a sink for angular momentum from nearby
gas mass elements, allowing for a net loss of angular momentum in
the gas in the most interior regions of the disc.

(v) Gravitational torques from gas—gas interactions are more var-
ied but are only significant within the disc itself. They preferentially
transfer angular momentum outwards, just interior to the gaseous
disc edge. This corresponds roughly with where accreting gas joins
the disc.

(vi) Torques arising from the pressure gradient provide a signif-
icant source of torque both inside the disc and the iCGM. These
interactions end up transferring angular momentum radially outwards
on average.

(vii) The feedback torque from SNe provides an important source
of torque within the disc. In the inner half of the disc, these
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torques average to negative values, providing a net source of angular
momentum loss at these radii. In the outer half of the disc, these
torques average to positive values. Outside the disc, these torques
are much less significant.

Ultimately, the torques from the gas—gas gravitational interactions,
hydrodynamical, and SNe torques all reinforce one another, trans-
ferring angular momentum radially outwards. Gravitational torques
from dark matter and stellar structure can additionally remove
angular momentum from the gas in the iCGM and innermost regions
of the disc, respectively. This enables gas accreted in galactic
outskirts to fuel star formation in the more central regions of disc
galaxies over cosmological time-scales.

In future work, we plan on extending our analysis in the CGM,
investigating in more detail the radial velocity and density structures
that seem to be modulating the angular momentum transfer in these
systems. We will also investigate how this picture changes as a
function of redshift, investigating how these torques and radial flows
behave in the transition from starburst galaxies to stable discs. The in-
plane component of the torque vector (corresponding to the vertical
components of forces) is also of particular interest both in how
misaligned gas in the iCGM enters full alignment with the disc at
late times, and how discs initially form and should be investigated in
future work.
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APPENDIX A: ADDITIONAL TORQUES

We additionally characterize the individual contributions from pres-
sure subcomponents as calculated during the simulation run. In
Fig. A1 we show the time-averaged torques as a function of disc
radius for the thermal pressure, CR pressure, and magnetic pressure.
The corresponding projection maps are shown in Fig. A2. The torques
from the thermal pressure have a similar structure as the SNe, peaking
at hot spots throughout the disc with a characteristic structure. They
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Figure Al. Azimuthally averaged mass-weighted specific torques for the
three pressure subcomponents: thermal, CR, and magnetic. Thermal and CR
pressure torques tend to be similarly important within the disc, while CR
pressure torques dominate in the iCGM. The shape of the thermal pressure
torque curve is similar to the SNE torques within the disc, showing negative
torques in the inner half of the disc and positive torques in the outer half
of the disc. The CR pressure torques tend to peak in the iCGm and are
largely responsible for the peak just outside the disc edge present in most
galaxies.

behave the same quantitatively as well, with negative torques in the
inner half of the disc, positive torques in the outer half of the disc,
and a tendency for negative torques in the iCGM in most cases. The
torques from the CR pressure are similarly significant within the
disc, and become the dominant pressure term in the iCGM. They are
responsible for the peak just outside the disc edge. The torques from
magnetic pressure are subdominant by an order of magnitude.

For completeness, we characterize the less significant sources of
torque acting on the gas mass elements in this study, including
torques from viscous forces, magnetic tension, stellar winds, and
radiative transport. The magnetic tension term shown in these plots
includes the divergence cleaning term. These torques are calculated
in the same two ways as described in Section 2, although torques

Viscous 30{Mag. Tension
20
10
0.00] b o
-10{ "~
-20
—-0.02 30

00 05 1.0 15 2.0

from the stellar wind terms could only be calculated following
equation (2).

In Fig. A3 we show the averaged torques as a function of disc
radius. Viscous torques become increasingly significant at higher
radii but are largely subdominant. Torques arising from magnetic
tension are most significant at the disc edge. Torques from stellar
winds show negative torques on average in the inner disc but

Stellar Wind

00 05 1.0 15 20 0.0 05 1.0 15 2.0

Radius [Disk Radiil

Figure A3. Subdominant torques averaged across 10 snapshots (~200 Myr). Torques from viscous shearing (left) are irrelevant near the disc, but become more
significant further out in the CGM as gas becomes increasingly misaligned with disc rotation. Torques from magnetic tension (centre, left) peak at disc edges.
Torques from stellar winds (centre, right) and radiative transfer (RT, right) do show net negative torques.
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Figure A2. Face-on plots showing mass-weighted average specific torques
for the three pressure subcomponents: thermal pressure, CR pressure, and
magnetic pressure. Positive torques (red) roughly correspond to outward
motion, while negative torques (blue) roughly correspond to inward motion.
The top row shows the total pressure torque measured directly from the
simulation. Thermal pressure tends to be the most important within the disc,
while CR pressure tends to be more significant in the iCGM. The magnetic
pressure is sub-dominant by an order of magnitude.

become much less significant at higher radii, where there is less star
formation. Torques from radiative transfer are the least significant.

In Fig. A4 we show the corresponding projection plots for these
torques. The magnetic tension torques have a relatively high-order
structure, with spatial scales of the order of ~1 kpc and a distinct
structure at the disc edge. This can be seen most clearly in m12m
and likely owing to B-field turbulent structure in our simulations
(Ji et al. 2021). The viscous torques have a similarly high-order
structure, growing more significant further in the CGM, where gas
is less well aligned with disc rotation and viscous shearing becomes
increasingly important. The torques from stellar winds have a very
similar structure as the torques from SNe, which is expected as they
both mostly arise from young stellar populations. They have a much
smaller extent than the SNe, however, especially in the CGM. The
RT torques show a similar £=2 structure as the stellar gravitational
torques, although offset and at a much lower order of magnitude.
Similar structures to the SNe and stellar wind torques can also be
seen, most clearly in m12m.
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Figure A4. Face-on plots showing mass-weighted average specific torques
for the four subdominant torque sources. Positive torques (red) roughly
correspond to outflow, while negative torques (blue) roughly correspond to
inflow. The top row shows the magnetic tension torques. The top-middle row
shows the viscous torques, which become more relevant at larger radii but are
still insignificant at these scales. The bottom two rows show the torque from
stellar winds and radiative transfer, respectively. In both cases, the structure
around stellar populations is similar to the SNe momentum injection torque
structure (see Fig. 7), but is quantitatively much less significant.

APPENDIX B: VALIDATION PLOTS

Calculating the torques acting on each gas mass element is very
sensitive to a variety of factors. In this implementation, the primary
concern will be the centring of the galaxy in between snapshots,
which is used when calculating the changes in angular momentum
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Figure B1. Figure comparing the change in specific angular momentum of
each gas mass element across the 10 snapshots considered as determined
by that mass element’s velocity (y-axis) (j;,Final-Jz,init), versus the change in
specific angular momentum from the sum of the considered torques (x-axis).
Almost all gas mass elements match up as expected, with a characteristic
variance. Slight differences likely arise from small errors in our estimate of
the galactic centre (Section 2). To assess the tightness of this relation, we
calculate the linear correlation (r) and scatter (o). Correlations are very close
to 1 as expected, with scatters around 0.2-0.3 Mpc km s~ (p<0.0001 in all
cases, as expected from such a large sample size).
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Figure B2. Torques from deviations in isotropy of SNe from star particles
divided by the net SNe torque acting on gas at a given cylindrical radius.
For a given SN event, the torque vector acting on all affected gas mass
elements was summed together. Non-zero torque sums were then summed
radially within 10 kpc of the disc plane, as in Fig. 10. Within the disc, this
anisotropic contribution is at least two orders of magnitude smaller than the
net torque acting on gas, aside from spikes where torques are near zero at
half the disc radius. This implies that the SNe torques we see in the disc are
not a consequence of numerical effects. Within the iCGM, this ratio is higher.
This is due to two factors. First, the level of net torques from individual
SNe is slightly higher, likely due to resolution limitations. Secondly, the net
SNe torque acting on gas elements is drastically smaller, leading to a higher
overall ratio. The ratio of total net torque from individual SNe to total torque
acting on the gas mass elements is 0.004 in the inner disc and 0.01 in the
outer disc.
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Figure B3. Same as Fig. B2, but calculating the deviations from isotropic
SNe torques using the anisotropic linear momentum imparted by each SNe
a given radius to calculate the torque based on the star particle’s position,
divided by the net torque the gas is experiencing at that radius. Note, the
y-axis is in log scale and this ratio is several orders of magnitude smaller than
that shown in Fig. B2. Small deviations from isotropy in linear momentum
input from the FIRE SNe algorithm have a negligible effect on net torques
from the SNe.
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arising from each force. To verify we are reconstructing the total
change in angular momentum, we plot the total calculated torque
value multiplied by the snapshot time-step versus the change in
specific angular momentum as measured by the gas mass elements’
velocity vectors between two snapshots in Fig. B1. The distribution
is clearly linearly related with a small scatter (r~1; o ~0.2-0.3 Mpc
km s~!), implying we are reliably recreating the changes in angular
momentum. Note that the colour scale is shown in log scale to be
able to visualize the scatter.

Another concern is the effect of anisotropic momentum from SNe
which leads to a sub-resolution generation of angular momentum. To
address this, we compare the net feedback torque the star particles at
a given radius impart on the system versus the net feedback torques
acting on the gas at a given radius. This essentially gives a metric
of how significantly numerical effects may be biasing our results.
In Fig. B2, we show that this net torque from the star particles is
one to three orders of magnitude lower than the torque acting on
the gas within the disc. This ratio is also not strictly positive or
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negative within the disc and does not follow the same trend seen
in the feedback torque, implying it is not systematically biasing our
conclusions. Within the iCGM, this ratio is higher on average. This
is due to both slightly higher residual torques and much lower overall
torques due to the relatively small number of SNe in the iCGM. The
spikes seen, particularly in m12m, are largely due to the SNe torque
values being near zero near half a disc radii. The ratio of total torques
from deviations in isotropy of SNe from star particles to total torque
acting on the gas mass elements is 0.004 in the inner disc and 0.01
in the outer disc. We additionally present a separate test in Fig. B3,

© 2024 The Author(s).

Torques on FIRE 3027
which, instead of directly using the anisotropic angular momentum
imparted on to the system by each SNe, uses the anisotropic linear
momentum to calculate the associated torque at that star particles
given position. At all radii, this ratio is several orders of magnitude
smaller than the previous test.
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