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A B S T R A C T 

We study the driving of turbulence in star-forming disc galaxies of different masses at different epochs, using an analytic ‘bathtub’ 
model. The disc of gas and stars is assumed to be in marginal Toomre instability. Turbulence is assumed to be sustained via an 

energy balance between its dissipation and three simultaneous energy sources. These are stellar feedback, inward transport due 
to disc instability and clumpy accretion via streams. The transport rate is computed with two different formalisms, with similar 
results. To achieve the energy balance, the disc self-regulates either the mass fraction in clumps or the turbulent viscous torque 
parameter. In this version of the model, the efficiency by which the stream kinetic energy is converted into turbulence is a free 
parameter, ξ a . We find that the contributions of the three energy sources are in the same ball park, within a factor of ∼2 in 

all discs at all times. In haloes that evolve to a mass ≤ 10 

12 M � by z = 0 ( ≤ 10 

11 . 5 M � at z ∼ 2), feedback is the main driver 
throughout their lifetimes. Abo v e this mass, the main driver is either transport or accretion for very low or very high values of ξ a , 
respectiv ely. F or an assumed ξ a ( t ) that declines in time, galaxies in haloes with present-day mass > 10 

12 M � make a transition 

from accretion to transport dominance at intermediate redshifts, z ∼ 3, when their mass was ≥10 

11 . 5 M �. The predicted relation 

between star formation rate and gas velocity dispersion is consistent with observations. 

Key words: stars: formation – ISM: kinematics and dynamics – galaxies: disc – galaxies: formation – galaxies: star formation. 
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 I N T RO D U C T I O N  

ost of the star formation in galaxies tends to occur in galactic
iscs (Wuyts et al. 2011 ; Huertas-Company et al. 2015 ). This
bservational result makes the evolution of gaseous discs a key for
ur understanding of galaxies. 
According to our current knowledge, very thin discs, with rotation- 

o-dispersion velocity ratios V d / σ g > 5, are expected to emerge 
t or after z ∼ 1 (Kassin et al. 2012 ). At higher redshifts, as a
esult of intense accretion through streams and associated dynamical 
nstabilities, discs tend to be more perturbed, with V d / σ g ∼ 3 (Genzel
t al. 2006 , 2008 ; Simons et al. 2017 ; F ̈orster Schreiber et al. 2018 ),
lthough some observations suggest that massive cold discs can 
orm as early as redshift z ≈ 4, with V d / σ g ∼ 10, at least for short
eriods (Neeleman et al. 2020 ; Rizzo et al. 2020 ; Lelli et al. 2021 ).
heoretically, Dekel et al. ( 2020a ) found, using analytical estimates 
s well as cosmological simulations, that frequent spin flips, driven 
y mergers, tend to destroy discs within an orbital time when they
eside in haloes with mass M h � 2 × 10 11 M �, roughly independent 
f redshift. Kretschmer, Dekel & Teyssier ( 2022 ) found cold discs
ith V d / σ g ∼ 5 in cosmological simulations at redshift z ∼ 3.5, with

n even colder molecular disc, of V d / σ g, mol ∼ 8. 
 E-mail: omry.ginzburg@mail.huji.ac.il 
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Self-gravitating, rotating discs tend to undergo various instabili- 
ies, collectively termed violent disc instabilities (VDI). The most 
ommon of these instabilities is the Toomre instability (Toomre 
964 ; Noguchi 1999 ; Dekel, Sari & Ceverino 2009b ), governed
y the Toomre- Q parameter (see Section 2.2 ), which expresses the
alance between self-gravity on one hand, and pressure and rotation 
n the other hand. A Q parameter of around unity indicates marginal
quilibrium between these forces. Observed galaxies, both local and 
t high redshifts, indeed seem to have Q parameter of order unity
Genzel et al. 2011 ; Romeo & Falstad 2013 ; Genzel et al. 2014 ;
breschkow et al. 2015 ). 
In order to maintain a constant level of Q near unity, for a given

otation velocity, the turbulence at the disc must remain at the level
equired to counteract self-gravity without o v erstabilizing the disc. 
o we ver, turbulence, especially at supersonic levels as observed 
 v er a wide range of redshifts (Kassin et al. 2012 ; Ianjamasimanana
t al. 2015 ; Wisnioski et al. 2015 ; Stott et al. 2016 ), tends to decay
apidly in a dynamical time. Hence, in order to sustain the turbulence
evels required for marginal Toomre instability, a continuous supply 
f energy to turbulence is required. It is therefore important to
nderstand the different energy inputs from various mechanisms that 
rive turbulence in marginally Toomre-unstable discs. 
There are several physical processes that occur regularly in discs 

hat can provide a continuous supply of energy to turbulence. 
irst, star formation results in supernova explosions and various 
orms of stellar feedback. These release large amounts of energy 
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nd momentum to their surroundings (Draine 2011 ). A fraction
f this energy turns into heat, while the rest can turn into kinetic
nergy, partially driving outflows and partially driving turbulence
Hayward & Hopkins 2017 ). 

A second energy source for turbulence is radial mass transport.
hen mass is transported inwards through the disc and down the

 v erall potential well, there is a gravitational energy gain that could
e converted into turbulence (Wada, Meurer & Norman 2002 ). A
atural driver of inward mass transport is the disc instability itself,
here the deviations from circular symmetry e x ert torques that tend

o drive angular momentum out, and therefore transport mass in
y conservation of angular momentum. As previously mentioned,
he instability tends to self-regulate and maintain Q ∼ 1. The self-
egulation mechanism can be understood as follows: If Q falls below
nity, the torques get stronger, the inward transport rate becomes
igher, the gravitational energy gain by this transport down the
otential well enhances the turbulence, which in turn increases Q .
f Q becomes larger than unity, the torques weaken, the transport
ate is reduced, the energy gain becomes smaller, the turbulence
s reduced and Q becomes smaller. While the abo v e picture gives
n idea of how disc-instability can give rise to mass transport and
urbulence in a self-regulated way, the precise details of how VDI
enerates inwards mass transport are unclear. We here consider two
ossibilities, detailed below. 
The first mechanism is encounters between giant clumps in the

isc. Galaxies, in the redshift range z ≈ 1 −3, are typically observed
o host multiple massive, star-forming giant clumps (Elmegreen &
lmegreen 2005 ; Genzel et al. 2011 ; Shibuya et al. 2016 ; Guo et al.
018 ; Huertas-Company et al. 2020 ; Ginzburg et al. 2021 ). These
lumps are consistently found in UV, H α, and CO observations
F ̈orster Schreiber et al. 2009 , 2011 ; Dessauges-Zavadsky et al.
019 ), which serve as tracers of star formation, as well as in the
ptical re gime (Huertas-Compan y et al. 2020 ). Giant star-forming
lumps are also observed, though less frequently, in local, gas-rich
ystems (Fisher et al. 2017 ; Lenki ́c et al. 2021 ). The emergence of
hese clumps is a robust theoretical prediction, found in isolated as
ell as cosmological simulations (Noguchi 1999 ; Agertz, Teyssier &
oore 2009 ; Dekel et al. 2009b ; Genel et al. 2012b ; Bournaud et al.

014 ; Mandelker et al. 2014 ; Mandelker et al. 2017 ; Oklop ̌ci ́c et al.
017 ). The rate at which clumps interact with each other and their
urroundings, along with the resulting torques, can be computed in
he Toomre framework to get an estimate for the mass transport
nw ards (Dek el et al. 2009b ). This transport of mass is partially due
o clump migration and partially to interclump inflow. 

The second mechanism that we consider below for inducing mass
ransport is turbulent viscosity. Turbulence can be modelled as an
f fecti ve viscosity that is added to the gas, well beyond the molecular
iscosity. We use the standard theory for viscous accretion discs by
hakura & Sunyae v ( 1973 ), follo wed by Balbus & Papaloizou ( 1999 )
nd simulations by Gammie ( 2001 ). Krumholz & Burkert ( 2010 )
ntroduced a hydrodynamical model for turbulent viscous discs that
ncludes the effect of star formation. They showed that the systems
sually reach a steady state, which allows one to compute the torques
nduced by this ef fecti ve viscosity, and from that the resulting mass
ransport inwards. 

Finally, the third energy source we consider for driving turbulence
n the disc is the intense external accretion on to it. The primary
echanism by which high-redshift galaxies obtain fresh gas is via

ccretion along cold streams (Kere ̌s et al. 2005 ; Dekel & Birnboim
006 ; Dekel et al. 2009a ).Typically, the disc is fed by three streams
hich are confined to a plane with most of the inflowing mass co-

otating with the disc (Danovich et al. 2012 , 2015 ). As the streams
NRAS 513, 6177–6195 (2022) 
ow into the disc, they are subject to various instabilities, including
ravitational instabilities, Kelvin–Helmholtz instability and thermal
nstabilities (Mandelker et al. 2016 ; Padnos et al. 2018 ; Aung et al.
019 ; Mandelker et al. 2018 , 2019 , 2020a ), which cause the streams
o fragment and form bound clumps within them (Mandelker et al.
018 , 2020a ). Similar instabilities also occur in ISM filaments inside
iant molecular clouds (GMCs; Clarke & Whitworth 2015 ; Clarke,
hitworth & Hubber 2016 ; Clarke et al. 2017 ). Such clumpy

ccretion can be very efficient at transferring the kinetic energy
ssociated with the accretion into turbulent energy within the disc,
hen the clumps collide with the disc (Klessen & Hennebelle 2010 ).
The nature of turbulent support in discs undergoing VDI has been

tudied with various levels of complexity. Dekel et al. ( 2009b ) and
acciato, Dekel & Genel ( 2012 ) studied the evolution of discs in
hich clump encounters are the main drivers of turbulence and
ass transport, without the input of supernova, stellar feedback

r accretion. Krumholz & Burkert ( 2010 ), Forbes, Krumholz &
urkert ( 2012 ), and Forbes et al. ( 2014 ) studied the effects of disc

nstability on the turbulence within the disc, using the turbulent
iscosity formalism. Faucher-Gigu ̀ere, Quataert & Hopkins ( 2013 )
nd Hayward & Hopkins ( 2017 ) argued that supernova feedback-
riven turbulence is enough to explain the high levels of turbulence
n galaxies. Ho we v er, this requires a v ery high star formation rate
SFR), with a star formation law �̇ SF ∝ � 

2 
g , where �̇ SF and � g are

he SFR and gas densities, steeper than observed (Kennicutt 1998 ).
lmegreen & Burkert ( 2010 ) studied the driving of turbulence by
ccretion in young discs, finding that accretion alone cannot sustain
urbulence at high levels for long periods of time. However, their
onsidered efficiency with which the accretion drives turbulence was
ow, and does not reflect the possible enhancement of turbulence
riving by the clumps in the streams. Genel, Dekel & Cacciato
 2012a ) considered the energy input by accretion and disc instability,
ut they did not include the input by supernova or stellar feedback,
nd their treatment of mass transport due to disc instability did not
ake into account the turbulent state of the disc. 

Krumholz et al. ( 2018 ) developed a comprehensive model for
he evolution of disc galaxies, accounting for turbulence driven by
oth supernova feedback and transport, extending the framework of
urbulent viscous torques developed in Krumholz & Burkert ( 2010 ),
ut without including the independent contribution of accretion to
he driving of turb ulence, b ut only as a source of mass to the disc.
hey found that at high redshifts, turbulence in galaxies tends to be
riven primarily by transport, while supernova feedback is sufficient
nly in low-mass galaxies at low redshifts. 
In this paper, inspired by the recent studies of Mandelker et al.

 2018 ), Aung et al. ( 2019 ), and Mandelker et al. ( 2020b ) regarding
he clumpiness of cosmological streams, we consider simultaneously
he three energy sources for turbulence. In particular, we extend
he earlier studies to address the role of accretion-driven turbulence
n sustaining turbulence in discs as a function of halo mass and
edshift. We wish to ascertain how different prescriptions for mass
ransport and for the efficiency of converting accretion energy into
urbulence affect the result. We defer a study of how exactly the
ifferent mechanisms drive turbulence to future work, and focus
ere only on their energy input to turbulence. 
The paper is organized as follows. In Section 2 , we present our
odel. To connect to earlier studies, we model several basic proper-

ies of the galaxies using an approach similar to that of Krumholz et al.
 2018 ) while adding the necessary new prescriptions for transport
nd accretion. In Section 2.3 , we describe the different mass sources
nd sinks, and in Section 2.4 , we address the different drivers of
urbulence and their corresponding energy input. In Section 3 , we
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how the results of numerically integrating the mass conservation 
quation, and study the relative roles of the different energy sources
n driving disc turbulence. In Section 4 , we discuss caveats of the
odel. We present our conclusions in Section 5 . 

 T H E  M O D E L  

e model the galaxy as a disc embedded in a dark matter halo. The
iscs undergo accretion of fresh gas from the cosmic web, and can
ose gas by either star formation or mass transport from the disc to
 central bulge, which we consider as separate from the disc. Our
odel is based on two main assumptions: 

(i) The disc maintains marginal Toomre instability, with a two 
omponent Toomre- Q around unity (Section 2.2 ), 

(ii) The disc maintains turbulent energy balance, where turbulent 
issipation is balanced by driving via the three sources discussed 
bo v e (Section 2.5 ). 

In the following sections, we lay out in detail each component of
ur model. 

.1 Galaxy–halo connection 

alaxies are assumed to be embedded in dark matter haloes with 
irial radii and velocities determined by cosmology, given approxi- 
ately by (Dekel et al. 2013 ) 

R v 

100 kpc 
≈ 0 . 54 M 

1 / 3 
h , 12 

(
1 + z 

3 

)−1 

, (1) 

V v 

200 km · s −1 
≈ M 

1 / 3 
h , 12 

(
1 + z 

3 

)1 / 2 

, (2) 

here M h , 12 = M h / 10 12 M � is the halo virial mass. The halo is
ssumed to follow an NFW profile (Navarro, Frenk & White 1997 ),
haracterized by a concentration c . 

We follow Krumholz et al. ( 2018 ) and assume that the radius
f the galaxy is proportional to the virial radius, with a constant
roportionality factor 

 d ≈ 0 . 035 R v . (3) 

his resembles the relation R d = λR v , with λ ≈ 0.04 the halo spin
arameter (Bullock et al. 2001 ), which follows an assumption of
ngular momentum conservation during disc formation 1 (Fall & 

fstathiou 1980 ; Mo, Mao & White 1998 ). We assume the galaxy
otation velocity to be proportional to the halo maximum circular 
elocity, V d ≈ γ V max , which for an NFW halo is given by 

 max = 0 . 465 
√ 

c 

ln (1 + c) − c/ (1 + c) 
V v . (4) 

e choose as a fiducial value c = 10, valid on average for a halo
ith M h, 12 = 1 at z = 1 (Zhao et al. 2009 ), and note that values of
 max for the range c = 1 −30 deviate from each other by less than
 factor of 2, and this deviation can be absorbed into the parameter
. Krumholz et al. ( 2018 ) chose γ = 1.4 quite arbitrarily in order

o achieve the correct rotation speed of a Milky Way-like galaxy. It
urns out that this choice is in good agreement with cosmological 
imulations (Dekel et al. 2020b , fig. 7), which find γ ≈ 1 −1.5 in
 We note that it has been shown in simulations that the size of a given galaxy 
s not correlated with the spin of its host halo (Jiang et al. 2019 ), because 
he gas angular momentum is not conserved during its contraction (Danovich 
t al. 2015 ). 

r
3

p
4

e
w

he rele v ant halo-mass range for discs (see discussion in Section 3 ).
his small scatter introduces small changes to the dynamical time 

hat will not affect our qualitative results. We therefore also adopt
= 1.4 as our fiducial value. 
With the disc radius and rotation velocity in hand, we can compute

he dynamical time of the galaxy, given by 

 d = 

1 

	
= 

R d 

V d 
∼ 50 –500 Myr . (5) 

.2 Disc instability 

he first main assumption in our model is that self-gravitating, 
otating discs undergo gravitational instability and self-regulate to 
arginal instability. The linear stability of a thin, gaseous, self- 

ravitating, rotating disc, following Toomre ( 1964 ), is go v erned by
he Toomre- Q parameter 

 g = 

κσg 

πG� g 
, (6) 

here � g = M g / πR 

2 
d is the disc gas mass surface density, σ g is the

as radial velocity dispersion, and κ is the disc epicyclic frequency. 
ssuming an isotropic velocity dispersion, σ g is equi v alent to the
ne-dimensional v elocity dispersion. F or a disc with a rotation curve
 ∝ r β , the epicyclic frequency is given by κ = 

√ 

2(1 + β) 	. We
ill focus on discs with flat rotation curves, namely β = 0. The disc

s stable to axisymmetric perturbations when Q g > 1. When Q g <

, 2 the disc is unstable to axisymmetric perturbations, and will break
p into rings that will eventually fragment into bound clumps. 
Following Dekel et al. ( 2009b ), we write the Toomre- Q parameter

n the form 

 g = 

√ 

2(1 + β) δ−1 σg 

V d 
, (7) 

here δ = M g / M tot , with M g being the gas mass within the disc, 3 and
 tot is the total mass within a sphere of a radius R d , including the

ulge and dark matter component. 
The picture of gravitational instability slightly changes when 

ne takes into account both cold material, including cold gas 
nd young stars, together with hotter, older stars as the drivers
f instability. When considering such a two component disc, the 
nstability is go v erned by an ef fecti ve Toomre- Q parameter, that can
e approximated by Rafikov ( 2001 ) and Romeo & Falstad ( 2013 ): 

 = 

( 

Q 

−1 
g + 

2 σg σs 

σ 2 
g + σ 2 

s 

Q 

−1 
s 

) −1 

, (8) 

here Q g is given by equation ( 6 ), and Q s is the analogous Toomre-
 parameter for the stellar component. 4 The disc of gas and stars is

table whenever Q > 1. Following Krumholz et al. ( 2018 ), we write
he two component Toomre- Q parameter as 

 = f g , Q Q g , (9) 
MNRAS 513, 6177–6195 (2022) 

ather than unity (Goldreich & Lynden-Bell 1965 ). 
 The mass that goes into δ in principle consists of all of the cold mass that 
articipates in the instability, including young stars. 
 When performing the linear analysis for a collisionless stellar disc, the π in 
quation ( 6 ) is replaced with 3.36 (Toomre 1964 ), a negligible difference that 
e ignore here. 
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y defining 

 g , Q = 

M g 

M g + 2 
[ 
σ 2 

g / ( σ
2 
g + σ 2 

s ) 
] 
M s 

, (10) 

hich is an ef fecti ve gas fraction that coincides with the common
as fraction when σ g ≈ σ s . We note that the two component disc can
e unstable even when each component is stable had it been a one
omponent disc. 

We assume that the discs remain in a state of two-component
arginal instability with Q = 1. The value of f g, Q is near 0.7 (see
ection 2.6 ) for a gas-rich disc, appropriate for high redshift galaxies
Genzel et al. 2014 ), while it is near a value of f g, Q = 0.5 in the Solar
eighbourhood of the Milky Way, as well as star forming galaxies in
he xCOLD GASS surv e y (Krumholz et al. 2018 ; Yu et al. 2021 ). In
ection 2.6 , we explain how we parametrize the transition from high

o low redshifts as a continuous function of redshift. 

.3 Mass budget 

he gas mass in our model follows a mass conservation equation of
he form 

˙
 g = Ṁ source − Ṁ sink , (11) 

here Ṁ source represents the rate at which mass is added to the
aseous disc, while Ṁ sink represents the rate at which the disc loses
as mass, for example by star formation or by the transport of mass
nto a bulge. In the following sections, we lay out the different sources
nd sinks assumed in the model. 

.3.1 Gas accretion 

alaxies are subject to accretion of baryons and dark matter from
he cosmic web. The halo accretion rate is robustly estimated from
xtended Press–Schechter (EPS) theory. We adopt an approximation
alibrated to match cosmological simulations, and is given by
Neistein & Dekel 2008 ) 

Ṁ h 

M h 
= −aM 

b 
h , 12 ̇ω . (12) 

ere, b = 0.14, a = 0.628, and ω is the EPS self-similar time variable,
hose time deri v ati ve is given by (Neistein & Dekel 2008 ) 

˙  = −0 . 0476 
(
1 + z + 0 . 093(1 + z) −1 . 22 

)2 . 5 
Gyr −1 . (13) 

 good approximation to equation ( 12 ) in the EdS cosmological
egime, valid for roughly z > 1, is given by 

Ṁ h 

M h 
≈ s(1 + z) μ Gyr −1 . (14) 

here μ = 5/2. The power μ = 5/2 can be simply understood from
 scaling argument, based on the Press–Schechter theory (Press &
chechter 1974 ). A key element in the Press–Schechter formalism

s the self-invariant time variable, ω ∝ D ( a ) −1 , where D ( a ) is the
rowth rate of linear perturbations. Self-invariance implies that the
rowth rate of haloes with respect to ω must be independent of ω,
amely d M /d ω = const. This can be written as Ṁ ∝ ω̇ . In the EdS
osmological regime, ω ∝ D ( a ) −1 ∝ a −1 . With a ∝ t 2/3 , this implies
hat Ṁ ∝ a −5 / 2 = (1 + z) 5 / 2 . At lower redshifts, the power is slightly
maller (Neistein & Dekel 2008 ). 

Equation ( 14 ) can be integrated analytically, resulting in (Dekel
t al. 2013 ) 

 h = M h , z e 
−˜ s ( z−z 0 ) , ˜ s ≈ 0 . 79 . (15) 
NRAS 513, 6177–6195 (2022) 

0 
n practice, we numerically integrate equation ( 12 ) to generate mass
istories of haloes that will host our galaxies. 
We assume that the amount of accreted baryons in the o v erall

ccretion is f b Ṁ h , where f b ≈ 0.17 is the universal baryonic fraction
Dekel et al. 2013 ). Ho we ver, not all of the accreted baryons
ventually reach the galaxy, as the penetration of cold material
s suppressed when the galaxy supports a virial shock, and flows
ainly through cold narrow streams that penetrate the hot halo. This

irial shock suppression is e xpected abo v e halo masses M h, 12 � 1
Birnboim & Dekel 2003 ; Dekel & Birnboim 2006 ). To take this into
ccount, we use the approximation used by Krumholz et al. ( 2018 ),
ased on fits to numerical simulations by (Faucher-Gigu ̀ere, Kere ̌s &
a 2011 ): 

˙
 g , acc = εin f b Ṁ h , (16) 

here εin is a penetration parameter, parametrized as 

in = min 
(
ε0 M 

α1 
h , 12 (1 + z) α2 , 1 

)
. (17) 

he best-fitting parameters for z ≥ 2 are ε0 = 0.31, α1 = −0.25, and
2 = 0.38. In the mass and redshift range of interest for us here, this
t is good to within a factor of 2. At z ≤ 1 and M h ≥ 10 13 M �, the
t may o v erestimate the true penetration found by Faucher-Gigu ̀ere
t al. ( 2011 ) by up to a factor of 3, but haloes of such masses are not
xpected to host discs (see below), and are therefore not relevant for
s here. 

.3.2 Star formation 

oti v ated by the Kennicutt–Schmidt law (Schmidt 1959 ; Kennicutt
998 ), we assume that the instantaneous SFR is proportional to the
ass in gas, 

˙
 SF = εff 

M g 

t ff 
, (18) 

here t ff is the free fall time estimated at the mid-plane of the disc,
nd εff is the efficiency of star formation per free-fall time. The latter
as been e xtensiv ely studied, both observationally and theoretically
Krumholz & McKee 2005 ; Vutisalchavakul, Evans & Heyer 2016 ).
he values are usually in the range εff ≈ 0.01 −0.1, and depend on the

ele v ant scale at which star formation occurs (Dekel et al. 2009b ),
he time-scale o v er which it is measured and the virialization of
he molecular clouds (Kim, Ostriker & Filippova 2021 ). Here, we
dopt a median value of εff = 0.015, similar to other studies (Bouch ́e
t al. 2010 ; Lilly et al. 2013 ; Dekel & Mandelker 2014 ). We write the
reefall time as t ff = χ t d , and we follow Krumholz et al. ( 2018 ) to find
, assuming a vertical force balance between self-gravity, thermal,
nd non-thermal pressure sources. The resulting proportionality is 

= 

πQ g 

4 

√ 

3 f g,P φmp 

2(1 + β) 
, (19) 

here f g , P is the fraction of mid-plane pressure which is due to the
elf-gravity of the gas (Ostriker, McKee & Leroy 2010 ), and φmp is
he excess of pressure due to non-thermal and non-turbulent sources
e.g. magnetic fields and cosmic rays, etc.). The former is about
ne half for local galaxies (Krumholz et al. 2018 ; Yu et al. 2021 ),
ssuming that the scale height of the gaseous disc is smaller than
hat of the stars, while it is expected to be larger at high redshifts,
here the gas dominates the self-gravity of the disc. Similarly to
ur treatment of f g, Q , we adopt a redshift parameterization that will
moothly change the value of f g, P from 0.7 at high redshifts to 0.5
t low redshifts, as explained in Section 2.6 . The value of φmp is in
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he range φmp = 1 −2, and we adopt φmp = 1.4 as in Krumholz et al.
 2018 ). 

By writing the SFR as in equation ( 18 ), we have neglected two
orrections. First, is the fact that at low redshifts, star formation 
ypically occurs locally in giant molecular clouds (GMCs), as 
pposed to high redshifts, where star formation occurs in the giant 
lumps which are go v erned by the Toomre instability of the entire
isc. The former is called the ‘GMC regime’, and the latter the
Toomre regime’ (Krumholz, Dekel & McKee 2012 ). This transition 
ccurs roughly when t ff ε

−1 
ff ∼ 2 Gyr , abo v e which (namely, in the

MC regime at low redshift where the gas depletion time is long)
he relation between the local free fall time to the dynamical in
quation ( 19 ) is no longer valid. Secondly, we have neglected the fact
hat at low redshifts, not all of the gas is in a star-forming molecular
hase, but rather in a warm atomic phase (Krumholz 2013 ). As we
ho w belo w when comparing the results of our model to that of
rumholz et al. ( 2018 ), who did take these two effects into account,

he resulting difference is less than a factor of 2. 

.3.3 Mass transport 

t is well established that gra vitationally unstable, turb ulent discs
 x ert torques that transport angular momentum outw ards, tow ards
arger radii, which by conservation of angular momentum causes 

ass transport through the disc from the outskirts to the centre. 
his gradually drains the disc of its gas and partly its stars as well

Gammie 2001 ; Dekel et al. 2009b ; Krumholz & Burkert 2010 ;
orbes et al. 2012 ; Goldbaum, Krumholz & Forbes 2015 ). There
re several ways to estimate the transport rate, corresponding to 
ifferent mechanisms that drive the transport. Here, in order to allow 

or uncertainties in estimating the transport rate, we focus on two 
lternative mechanisms: (i) mass transport due to non-axisymmetric 
orques induced by clump encounters (Dekel et al. 2009b ); (ii) mass
ransport due to turbulent viscosity (Krumholz & Burkert 2010 ). 

The mass transport due to torques induced by clumps was 
alculated by Dekel et al. ( 2009b ) by estimating the timescale for
ncounters between clumps and for interactions between clumps and 
he interclump medium. The transport rate is estimated by 

˙
 trans , c = 

M g 

t e v ac 
, (20) 

here t e v ac is the disc e v acuation time, given by 

 e v ac = α−1 
c 

24 √ 

3 π2 
(1 + β) Q 

2 
g δ

−2 t d = α−1 
c 

12 √ 

3 π2 
Q 

4 
g 

(
V d 

σg 

)2 

t d . (21) 

he parameter αc in equation ( 21 ) is the fraction of cold mass
n clumps, which will play a key role in regulating the disc in a
arginally unstable, turbulent state. 
The mass transport in turbulent viscous discs is derived by solving 

he hydrodynamical equations when taking into account momentum 

ransfer due to turbulent motions and a constant Toomre- Q parameter 
Krumholz & Burkert 2010 ). The resulting equation is an energy 
onservation equation, which expresses the balance between turbu- 
ence dissipation and turbulence driving. We describe in detail below 

hese different mechanisms, and write here the equation with its full
enerality. Krumholz & Burkert ( 2010 ) found that systems reach a
teady state, in which the go v erning equation becomes 

− 1 − β

2 
	T = L − G , (22) 

here T is the viscous torque due to turbulent viscosity, L is the
urbulence dissipation rate and G is the turbulence driving term. The 
ass transport rate is found by noting that the viscous torque in a
teady state is given by T = −Ṁ trans , v V d R d . The resulting transport
ate is 

˙
 trans , v = 

2 

V 

2 
d ( 1 − β) 

( L − G ) . (23) 

t is useful to define a dimensionless viscous torque via the equa-
ion Ṁ trans , v = τM g /t d . Equations ( 22 ) and ( 23 ) show that the disc
elf-regulates the turbulent viscous torque in order to sustain energy 
quilibrium, as discussed in more detail in Section 2.5 . 

.4 Turb ulence b udget 

.4.1 Turbulence dissipation 

ue to its dissipative nature, gas tends to lose energy by shocks and
adiation. Turbulence in gas, and in particular supersonic turbulence, 
s observed at both high and low redshifts (Ianjamasimanana et al.
015 ; Übler et al. 2019 ), quickly cascades to smaller scales until
eaching the viscous scale at which the turbulence energy dissipates. 
he turbulence dissipation time-scale is of the order of the crossing

ime of the largest driving scale of the turbulence (Mac Low et al.
998 ). To be explained below, we parametrize the dissipation time-
cale as 

 diss = 

γdiss √ 

2(1 + β) 
Q 

n 
g t d . (24) 

If the driving scale of turbulence is the scale height of the disc,
hen n = 1, and γ diss = 1/2 at low redshifts, while γ diss ≈ 1 at high
edshifts. To see this, we first adopt the approximation of Forbes et al.
 2012 ) for the scale height 

 g = 

σ 2 
g 

πG 

(
� g + ( σg /σs ) � s 

) = 

σ 2 
g 

πG� g φQ 

, (25) 

here φQ = 1 + Q g / Q s . This parametrization of the gas scale height
nterpolates between the limit of the scale height being dominated 
y the self-gravity of the gas ( σ g / σ s 	 1) and the limit of the scale
eight being determined by the gravity of both stars and gas ( σ g ≈
s ). At low redshifts, φQ = 2 (Krumholz et al. 2018 ; Yu et al. 2021 ),
hile it should be smaller for high redshift g alaxies, as g as dominates

he instability. This implies that γ diss = 1/2 −1. 
Alternatively, if the typical clump scale is the rele v ant scale for

he turbulence dissipation time, then γ diss = 3 π /8 ∼ 1, and n = −1
Dekel et al. 2009b ). For Q ∼ 1, this is a factor of 2 difference with
espect to the disc scale height, ho we ver for thick discs this can be
arger by a factor of a few. 

In this study, we focus on galaxies with Q ≈ 1, and in order to
ompare with Krumholz et al. ( 2018 ), we focus on dissipation on the
isc scale height, remembering that the two dissipation time-scales 
o not differ by much for Q = 1. Thus, we adopt n = 1, while
volution of γ diss with redshift is outlined in Section 2.6 . We note
hat an equilibrium value of Q ∼ 0.67 is possible for thick discs
Goldreich & Lynden-Bell 1965 ), appropriate at high redshifts. In 
ection 3.2.3 , we discuss how a choice of Q = 0.67 will affect our
esults. 

.4.2 Gravitational driven turbulence 

he time-scale for encounters between clumps to generate turbulence 
n the disc of level σ 2 

g was computed by Dekel et al. ( 2009b ), by
onsidering the gravitational cross-section for two body interactions 
MNRAS 513, 6177–6195 (2022) 
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etween bound clumps. The timescale was found to be 

 enc , turb = 

36 √ 

3 π2 
α−1 

c Q 

4 
g t d . (26) 

Alternatively, in the picture of gra vitational turb ulence driving
n a turbulent viscous disc, the rele v ant time-scale for transport to
enerate a turbulence of level σ 2 

g is simply 

 trans , turb = 3 
M g σ

2 
g 

Ṁ trans , v V 

2 
d (1 − β) 

. (27) 

nce we impose the energy equilibrium, we will be able to find
˙
 trans , v and estimate the time-scale for this type of transport to

enerate turbulence (see Section 2.5 ). 

.4.3 Supernova feedback turbulence 

n order to estimate the amount of turbulence generated by super-
ov ae, we follo w se veral authors (Dekel & Silk 1986 ; Matzner 2002 ;
aucher-Gigu ̀ere et al. 2013 ; Hayward & Hopkins 2017 ; Krumholz
t al. 2018 ). During the final phase of the supernova, after the
diabatic phase is o v er, a thin shell expands while conserving momen-
um. The shell then fades into with the surrounding medium when
ts velocity approaches the velocity dispersion of the surrounding
edium (for a summary, see Draine 2011 ; Dekel et al. 2019 ). If the

nitial momentum is p , then when the shell mixes with the medium,
t adds energy of order ∼p σ g (Matzner 2002 ). For an SFR of Ṁ SF 

nd mean momentum injected per stellar mass formed, appropriately
v eraged o v er an initial mass function, of ( p / m ) ∗ (Ostriker & Shetty
011 ), the energy injection rate is 

˙
 SN , turb = Ṁ SF 

( p 

m 

)
∗
σg . (28) 

rom this expression, we can estimate the time-scale for supernova
eedback to drive turbulence of level σ 2 

g , plugging the SFR from
quation ( 18 ) and χ from equation ( 19 ), 

 turb , SN = 

3 

2 
ε−1 

ff χ
( p 

m 

)−1 

∗
σg t d . (29) 

imulations of non-clustered supernova suggest that ( p / m ) ∗ ≈
000 km s −1 (Ostriker et al. 2010 ; Hayward & Hopkins 2017 ), which
e adopt as our fiducial value. The clustering of supernovae may
ave a significant effect on ( p / m ) ∗, though it is fairly uncertain,
anging from a factor of 2 abo v e our fiducial value to slightly below
t (Walch & Naab 2015 ; Gentry et al. 2017 , 2019 ; Kim, Ostriker &
aileanu 2017 ). A factor of 2 increase in the adopted ( p / m ) ∗ will
ouble the contribution of feedback to the driving of turbulence.
his will affect our qualitative results only for discs in haloes of
ass ∼ 10 12 M � at z ∼ 2 −3. 

.4.4 Accretion driven turbulence 

he main form in which fresh gas is supplied to massive galaxies at
igh redshifts, M v > 10 12 M � and z > 1, is in narrow cold streams
Dekel & Birnboim 2006 ; Dekel et al. 2009a ; Danovich et al. 2012 ).
ong-lived discs are expected to exist in this mass range at all

edshifts (Dekel et al. 2022 ). When the streams hit the disc, some of
he kinetic energy they carry is converted into heat in an accretion
hock, while the rest remains in kinetic form, eventually turning into
urbulence. The fraction of the initial kinetic energy that contributes
o turbulence depends strongly on the density contrast between the
olliding flows of streams and discs (Klessen & Hennebelle 2010 ). 
NRAS 513, 6177–6195 (2022) 
A series of papers studying simulations of idealized, cosmologi-
ally moti v ated streams (Aung et al. 2019 ; Mandelker et al. 2020a )
s well as analytic work (Mandelker et al. 2018 , 2020b ) suggest that
he streams should fragment and form dense clumps before reaching
he galaxy. Upon impact, such dense clumps have a high efficiency
n converting their bulk kinetic energy into turbulent kinetic energy
ithin the disc (Klessen & Hennebelle 2010 ). 
Streams are expected to be more efficient at driving turbulence

han the more spherical accretion typical at low redshifts. Even if
he streams were smooth (i.e. not clumpy), they are much denser and
oncentrated than a spherical accretion, for a given accretion rate. We
herefore expect turbulence driven by clumpy accretion to be most
ele v ant at high redshifts. 

In this paper, we want to determine the mass and redshift range
ithin which this energy source can be important for driving

urb ulence, and lea ve the detailed modelling of how clumpy accretion
rives turbulence in rotating discs to future work. We therefore,
imilarly to Genel et al. ( 2012a ), parametrize the rate at which streams
rovide energy to turbulence as some fraction ξ a of the total kinetic
nergy carried by the streams, namely 

˙
 acc , turb = 

1 

2 
ξa Ṁ g , acc V 

2 
d , (30) 

here we have approximated the instreaming velocity as the virial
elocity, which is comparable to the rotation velocity of the disc (see
ection 2.1 ). According to Klessen & Hennebelle ( 2010 ), ξ a ∼ � ,
here � is the density contrast between the accreting material, either

mooth stream material or clumps within the streams, and the disc.
sing equations ( 30 ) and ( 6 ), we derive a time-scale for accretion to
rive turbulence of level σ 2 

g 

 turb , acc = 

3 
√ 

2(1 + β) 

ξa G Ṁ g , acc Q g 

σ 3 
g t d . (31) 

elow, we explore the effect of three constant values for the
onv ersion efficienc y, representing lo w le vel ( ξ = 0.3), moderate
evel ( ξ a = 0.6) and maximal ( ξ a = 1) efficiencies, and we will
ee that they result in qualitatively different outcomes. The chosen
alues for ξ a are motivated by crude earlier studies of clumpiness
n streams (Dekel et al. 2009b ; Aung et al. 2019 ), to be properly
 v aluated as a function of halo mass and redshift in future work. We
ill also explore the effects of a time-varying conversion efficiency
arameter on the evolution of the turbulence in discs. 

.5 Turbulent energy equilibrium 

e now apply the second main assumption of the model, namely
hat turbulence is in an equilibrium state, in which the dissipation
f turbulence is balanced by the three drivers. This condition can be
ritten as 

˙
 turb , trans + Ė turb , SN + Ė turb , acc = Ė diss . (32) 

quation ( 32 ) can be written for both pictures of transport, resulting
n 
√ 

3 π2 

36 
αc Q 

−4 
g + 

2 

3 
εff 

( p 

m 

)
∗
χ−1 σ−1 

g + 

1 

3 
ξa 

G Ṁ g , acc Q g √ 

2(1 + β) 
σ−3 

g 

= 

√ 

2(1 + β) γ −1 
diss Q 

−n 
g , (33a) 

1 − β

2 
V 

2 
d + 

( p 

m 

)
∗
εff χ

−1 σg + 

1 

2 
ξa 

Ṁ g , acc t d 

M g 
V 

2 
d 

= 

3 

2 

√ 

2(1 + β) γ −1 
diss Q 

−n 
g σ 2 

g , (33b) 
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quation ( 33a ) is the energy balance equation when the transport is
o v erned by clump encounters, while equation ( 33b ) is the energy
alance equation when the transport is go v erned by viscous torques.
By imposing the equilibrium turbulent state in equations ( 33a ) and

 33b ), the disc self-regulates the gravitational-driven turbulence by 
djusting the rele v ant parameter in each picture. If we assume a fixed
 = f g, Q Q g , and that εff and ( p / m ) ∗ are constant in equations ( 33a ) and

 33b ), then in the picture of clump encounters, the disc self-regulates
c , the instantaneous fraction of mass in clumps (or equi v alently,

he number of clumps) in the galaxy, and in the picture of turbulent
iscosity, the disc self-regulates the viscous torque τ . By isolating 
c from equation ( 33a ) and τ from equation ( 33b ), we can write 

c = 

36 Q 

4 
g √ 

3 π2 F ( σg ) , (34a) 

= 

3 
1 −β

(
σg 

V d 

)2 
F ( σg ) , (34b) 

here 

 ( σg ) = 

√ 

2(1 + β) γ −1 
diss 

(
Q 

f g , Q 

)−n 
( 

1 − σSN 

σg 
−

(
σacc 

σg 

)3 
) 

. (35) 

By writing equations ( 34a ) and ( 34b ) in this form, we have defined
wo velocities, σ SN and σ acc , which are given by 

SN = 

2 

3 
√ 

2(1 + β) 

( p 

m 

)
∗
εff χ

−1 γdiss 

(
Q 

f g , Q 

)n 

, (36) 

hich is σ sf as defined in Krumholz et al. ( 2018 ), and 

acc = 

( 

ξa G Ṁ g , acc Q 

1 + n γdiss 

6(1 + β) f 1 + n 
g , Q 

) 1 / 3 

. (37) 

he ratio σ SN / σ g represents the fraction of turbulent energy that 
s sustained by supernova feedback, while the ratio ( σ acc / σ g ) 3 

epresents the fraction of turbulent energy that is sustained by 
ccretion. 5 The velocities σ SN and σ acc depend on the redshift- 
ependent parameters f g, Q , f g, P , and γ diss . We discuss the adopted
edshift parametrization of these parameters in Section 2.6 , and quote 
ypical values for σ SN and σ acc there. 

Equation ( 35 ) suggests that there is a critical gas velocity disper-
ion, σ c ( M h , z), below which equations ( 34a ) and ( 34b ) no longer
old. Below this critical velocity dispersion, neither of the sources of
ass transport discussed here produce turbulence. This means that at 

his velocity dispersion, mass transport is no longer needed by the disc
o sustain turbulence, and the transport therefore shuts-off. At this 
oint, in order to maintain energy equilibrium, as in equations ( 33a )
nd ( 33b ), the disc would have to self-regulate a different parameter.
s discussed in Section 3.3 , this can be either Q or εff . σ c can be

alculated analytically, and this is done in Appendix A . It is in the
ange σc ≈ 20 –100 km s −1 , depending on ξ a , mass and redshift. 

Using the self-regulated parameters, we can write expressions for 
he mass transport rates in the steady turbulent state. In the picture
f clump encounters, the mass transport rate is 

˙
 trans , c = 3 F ( σg ) 

(
σg 

V d 

)2 
M g 

t d 
, (38) 
 One might expect these fractions to be scale as σ 2 
g ; ho we ver, under the 

ssumption of constant Q , supernova driving scales as σ 2 
g , while accretion 

riving does not scale with σ g . Since the turbulent energy scales as σ 3 
g under 

onstant Q , we get the linear and cubic scalings as mentioned in the text. 

M

W  

a  

6

u

nd in the picture of turbulence viscosity, 

˙
 trans , v = 

3 

1 − β
F ( σg ) 

(
σg 

V d 

)2 
M g 

t d 
. (39) 

e can see that up to a factor that depends on the rotation curve,
hich can introduce a factor of at most two, the resulting mass

ransport rates are identical. Using this surprising result, in the 
emainder of the paper we assume a flat rotation curve, β = 0,
gnore the different origins of mass transport, and define 

˙
 trans = 3 F ( σg ) 

(
σg 

V d 

)2 
M g 

t d 
(40) 

s the sink term in equation ( 43 ), which is related to the mass transport
ithin the disc. While the expressions for the transport rates are

he same, one must remember that their physical origin is different
nd that the physical meaning of the corresponding self-regulated 
arameter, αc and τ , is different in each picture. 

.6 Redshift evolution of f g, Q 

, f g, P , and γ diss 

he parameters f g, Q , f g, P , and γ diss may vary with time. At high
edshifts, discs are gas rich and the dynamics is more influenced by
he gaseous component. At low redshifts, the discs are gas-poor, in
hich both the cold gas and the hotter stars contribute the dynamics.
he value of φQ , which sets the value of γ diss (see equation 25 ), also
aries with time, as the height of the gaseous disc is thicker at high
edshifts than low redshifts. 

According to Genzel et al. ( 2015 ), for star-forming galaxies on the
ain sequence in the redshift range z = 0 −4, the typical gas fraction

aries as 

 g ( z) ≈ 0 . 06(1 + z) 2 . 7 

1 + 0 . 06(1 + z) 2 . 7 
. (41) 

n order to inspect the qualitative effects of the variation in time of
he aforementioned parameters, we make the crude assumption that 
 g, Q , f g, P , and φQ evolve as a function of the gas fraction, 

 g,Q 

= f g,P = φ−1 
Q 

= a · f g ( z) + b, (42) 

here a = 0.39 and b = 0.38 are chosen so that the values will vary
etween 0.7 at z = 4–0.5 at z = 0. These values are chosen based
n the gas fraction of observed galaxies (Genzel et al. 2015 ; Tacconi
t al. 2018 ) and velocity dispersions of gas and stars from simulations
Pillepich et al. 2019 ). We defer to future work a more detailed study,
sing the redshift dependence as derived from simulations. 
Under this parametrization, σ SN evolves from σSN ≈ 13 km s −1 

t z = 2 to σSN ≈ 11 km s −1 at z = 0. For ξ a = 0.6, σacc ≈
0 , 36 , 61 km s −1 for galaxies in haloes of mass log ( M h /M �) = 11.5,
2, 13 at z = 2, and σacc ≈ 8 , 12 , 24 km s −1 for galaxies in haloes of
he same masses at z = 0. 

 RESULTS  

quipped with all of the rele v ant mass sources and sinks, we can
rite a conservation equation for the gas mass in the disc 

˙
 g = Ṁ g , acc − Ṁ trans − Ṁ SF . (43) 

e integrate equation ( 43 ) numerically, 6 using equations ( 16 ), ( 18 ),
nd ( 40 ) for the rele v ant quantities. The mass transported down the
MNRAS 513, 6177–6195 (2022) 

 We use the s olve i vp method in the S ci Py package (Virtanen et al. 2020 ), 
sing the BDF method. 
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Table 1. Summary of typical values of model parameters. 

Parameter Value Definition Meaning 

c 10 Section 2.1 Halo concentration parameter 
γ 1.4 Section 2.1 V d in units of V max 

β 0 Section 2.2 Rotation curve log slope 
Q 1 Equation ( 8 ) Two component Toomre- Q 

f g, Q 0.5 −0.7 Equation ( 10 ) Ef fecti ve gas fraction for Toomre- Q 

εff 0.015 Equation ( 18 ) Star formation efficiency 
χ 1 −1.5 Equation ( 19 ) Free-fall to dynamical time ratio 
f g, P 0.5 −0.7 Section 2.3.2 Fraction of self-gravity due to gas 
φmp 1.4 Section 2.3.2 Total-to-turbulent pressure ratio 
αc 

a 0 −1 Section 2.3.3 Mass fraction in clumps 
τ a 0 −10 −2 Section 2.3.3 Dimensionless viscous torque 
γ diss 0.5 Equation ( 24 ) Turbulence dissipation parameter 
φQ 1.5 −2 Equation ( 25 ) Stellar to gaseous Toomre- Q ratio (

p 

m 

)
∗ 3000 km s −1 Equation ( 28 ) SN momentum per stellar mass 

ξ a 0.3 −1 Equation ( 30 ) Accretion-driven turbulence efficiency 
σ SN 11 –14 km s −1 Equation ( 36 ) Dispersion sustained by SN 

σ acc 8 –54 km s −1 Equation ( 37 ) Dispersion sustained by accretion 

Note. a The values of αc and τ depend on the gas velocity dispersion, halo mass, redshift, and 
all of the model parameters (see Section 2.5 ). 

Figure 1. The evolution of the mass of haloes hosting discs, as a result of 
integrating the average accretion rate (equation 12 ). Shown are the evolution 
tracks for haloes with mass at redshift z = 0 between 10 11 . 5 M � and 
10 14 . 5 M �, in increments of 0 . 5 dex . The shaded band indicates the time 
the galaxy in each halo is expected to be a disc (see the text). 
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7 In Krumholz et al. ( 2018 ), σ SN has a weak redshift dependence at z � 0.5, 
that comes from the evolution of the fraction of gas that is in a molecular 
phase rather than an atomic phase. 
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otential well ends up in a bulge, which is assumed to be a distinct
omponent of the galaxy, and we neglect its dynamical implications
see Section 4 for discussion). 

Since equation ( 43 ) is driven by the external accretion, which
volves in time slower than other relevant timescales, the solution
ill eventually converge to a unique solution that depends only on

he model parameters and the halo mass at redshift zero (due to
he model cosmological accretion rate), and not on the particular
hoice of initial conditions. This characteristic of the bathtub model
as already been investigated in other bathtub studies (Bouch ́e et al.
010 ; Lilly et al. 2013 ; Cacciato et al. 2012 ; Genel et al. 2012a ;
ekel & Mandelker 2014 ). 
Once we obtain the evolution of the gas mass, we can use the

act that σ g ∝ Q g M g , along with the marginal Toomre instability
ondition, to solve for σ g ( t ). This will allow us to closely inspect how
he turbulence is supported against dissipation. The model parameters
nd their corresponding fiducial values are summarized in Table 1 . 
NRAS 513, 6177–6195 (2022) 
We follow the evolution of galaxies inside haloes throughout their
ifetimes. The evolution of the discs’ host halo masses are shown
n Fig. 1 . Ho we ver, the galaxies are not expected to be discs at all
imes. Dekel et al. ( 2020a ) found that discs tend not to survive for

ore than an orbital time if they reside in haloes of mass M h <

0 11 . 5 M �, roughly independent of redshift. Also, central galaxies
nside clusters, i.e. in haloes with log M h � 13, are expected to be
llipticals rather than discs (Dressler 1980 ). Thus, when presenting
ur results, we highlight the regions of the parameter space in which
e expect to have the galaxies containing extended discs, namely

he mass range 11.5 ≤ log M h ( z) ≤ 13 at the given redshift, where
ur model is applicable. Due to the nature of bathtub models, the
ssumption that our model is applicable only from a certain point
n time does not introduce a significant error, as the solution is not
 ery sensitiv e to the initial conditions. We find that it takes between
ne to two disc orbital times, for all initial redshifts, for the solutions
o converge to a unique solution, regardless of the initial conditions.

e analyse the convergence in Appendix B . 
Throughout this section, unless stated otherwise, the quantity
 h, 0 refers to the galaxy’s host halo mass at z = 0. This mass

niquely determines the entire evolution of the halo mass, assuming
he average accretion history given by equation ( 12 ). 

.1 Feedback and transport only 

irst, we examine the main driver of turbulence in discs with no
ccretion, namely ξ a = 0, which means σ acc = 0. In this case, the
unction F ( σ g ) that goes into equation ( 43 ) is 

 ( σg ) ∝ 1 − σSN 

σg 
. (44) 

ig. 2 shows the evolution of the velocity dispersion in the disc,
ormalized by σ SN . As discussed in Section 2.5 , the ratio f turb, SN =
SN / σ g is the fraction of turbulence dissipation that is supported by

upernova feedback. So, when f turb, SN > 1/2, most of the turbulence
s supported by supernova feedback, while when f turb, SN < 1/2, most
f the turbulence is supported by transport. 
The region of the parameter space in which galaxies are expected

o be discs is bounded by the two solid curves. We can see from Fig. 2
hat at high redshifts, roughly z > 1.5, the turbulence in all discs is
xpected to be supported by transport. At lower redshifts, turbulence
n discs that reside in haloes of mass log M h, 0 � 12 becomes mainly
upported by supernova feedback. 

Fig. 2 also shows the evolution of the velocity dispersion from
rumholz et al. ( 2018 ) for a halo with a mass of 10 12 M � at redshift

ero. Note that this result assumes f g,Q 

= f g,P = φ−1 
Q 

= 1 / 2 with
o redshift evolution. In that case σSN = 11 km s −1 at all redshifts. 7 

he results of Krumholz et al. ( 2018 ) suggest that discs that reside
n haloes of mass log M h, 0 = 12 have turbulence that is primarily
upported by transport at all redshifts until z ∼ 0.5. Ho we ver,
uch galaxies are not expected to be discs until z ∼ 2, and our
odel predicts that these galaxies, when they become discs, have

urbulence that is supported by supernova feedback and transport
ith comparable power, rather than predominantly supported by

ransport. We note that changes to the redshift parametrization of f g, Q ,
 g, P and φQ as discussed in Section 2.6 can change the conclusions
nly quantitatively, and we still expect that qualitatively, discs with
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Figure 2. The evolution of gas-disc velocity dispersion, with respect to 
the contribution of feedback, as predicted by our model, when ξa = 0, i.e. 
when accretion is assumed to provide no energy to the turbulence. Here, we 
consider feedback and transport as the drivers of turbulence, and turn-off 
the contribution of accretion. The figure shows the evolution for different 
galaxies, distinguished by the host halo mass at z = 0, indicated by the 
different colours. The dashed line is a sample evolution of a galaxy that 
resides in a halo with log M h, 0 = 12 today. The dashed dotted line shows the 
evolution of a galaxy inside a halo of mass log M h, 0 = 12 from Krumholz 
et al. ( 2018 ). The thick solid black lines bound the region in which our model 
predicts the galaxies to be discs, namely when the instantaneous halo mass is 
in the range 11.5 < log M h < 13. Note that this region is applicable only to 
the results of our model and not to that of Krumholz et al. ( 2018 ). Abo v e the 
thick dotted line, the turbulence in galaxies is mainly supported by transport 
rather than feedback. We learn that turbulence in all discs is sustained mainly 
by transport at z � 1.5. At lower redshifts, z � 1 turbulence in discs that 
reside in haloes with log M h, 0 � 12 becomes mainly supported by feedback. 
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Figure 3. The evolution of ( σ g / σ acc ) 3 , which corresponds to the fraction 
of turbulent dissipation balanced by accretion-driven turbulence (see Sec- 
tion 2.5 ). This figure is analogous to Fig. 2 . When ( σ g / σ acc ) 3 > 2, mass 
transport is the primary driver of turbulence. Shown are three sets of evo- 
lutionary curves, resulting from a different accretion conversion efficiency: 
low ( ξa = 0.3; top), moderate ( ξa = 0.6; middle), and maximal ( ξa = 1; 
bottom). The solid black curves bound the regions in each set where the 
galaxies are expected to be discs. We learn that for a low accretion conversion 
efficiency, turbulence in all discs at all times is supported mainly by transport. 
For a moderate efficiency, turbulence in discs is supported by accretion and 
transport with comparable power. For a maximal efficiency, all discs are 
supported mainly by accretion, at all times. 
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og M h, 0 � 12 will ha ve turb ulence that is primarily supported by
upernova feedback. 

We note two differences between our approach to the solution and 
he one used by Krumholz et al. ( 2018 ), beyond the parameterization
f f g, Q , f g, P and φQ . First, Krumholz et al. ( 2018 ) produced the
osmological evolution of the velocity dispersion by solving the 
quation Ṁ g , acc = Ṁ trans for σ g . The left-hand side introduces the 
osmological dependence. The reasoning behind this approach is 
he fact that the bathtub models for galaxy e volution, dri ven by an
xternal accretion, reach a steady-state solution that is dictated by this 
xternal source, as discussed above. This steady-state solution can 
e approximated analytically by imposing Ṁ g = 0 in equation ( 43 );
o we ver, Krumholz et al. ( 2018 ) neglected the SFR as a contribution
o the sink term. 

Secondly, we have not included either the GMC regime of star
ormation nor the fact that, at low redshifts, the fraction of gas in
he star forming phase is lower. Both of these effects change the

ass transport rate, and hence affect the evolution of σ g . These two
orrections introduce a small difference of less than a factor of two,
nd do not introduce any qualitative difference. 

.2 Adding accretion 

e now investigate the dominant source of turbulence when adding 
ccretion as a third driver. We will first assume a constant value for ξ a ,
nd investigate the evolution assuming three values for the efficiency 
f converting accreted kinetic energy into turbulence (as defined in 
ection 2.4.4 ): low efficiency, ξ a = 0.3, namely a third of the kinetic
nergy provided by streams is converted into turbulence, moderate, 
a = 0.6, and maximal efficiency, ξ a = 1. In Section 3.2.3 , we will

nv estigate v ery crudely the evolution assuming a redshift-dependent 
onv ersion efficienc y. 

.2.1 Accretion and transport only 

irst, we consider models with only transport and accretion, namely 
o feedback ( σ SN = 0). The function F ( σ g ) that goes into the mass
ransport rate in equation ( 43 ) is in this case 

 ( σg ) ∝ 1 −
(

σacc 

σg 

)3 

. (45) 

nalogously to the previous section, we will focus on the ratio
 turb, acc = ( σ acc / σ g ) 3 , which is the fraction of turbulence dissipation
hat is balanced by accretion driven turbulence. 

Fig. 3 shows the evolution of the cube of σ g normalized by σ acc ,
or three levels of accretion efficiency, namely ξ a = 0.3, 0.6, and ξ a =
. Unlike the case with feedback and transport only (Section 3.1 ),
ow the normalization, namely σ acc , is mass dependent. We see 
rom Fig. 3 a qualitative difference between the three levels of
onv ersion efficienc y. F or ξ a = 0.3, we see that all discs hav e
 σ g / σ acc ) 3 ∼ 3, namely more than 60 per cent of their turbulence
s supported by transport, for all masses and redshifts. For ξ a = 0.6,
ll discs have ( σ g / σ acc ) 3 ∼ 2, namely comparable share between
ransport and accretion. Lastly, we see from Fig. 3 that for ξ a = 1,
amely maximal conversion efficiency of accretion kinetic energy to 
urbulence, accretion is the main driver of turbulence in discs of all

asses at all times. 
MNRAS 513, 6177–6195 (2022) 
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We notice weak variations of ( σ g / σ acc ) 3 with halo mass, with
he ratio decreasing with increasing log M h, 0 . This results from the
ependence of the gas accretion rate on halo mass. In our model, this
ependency comes from the cosmological accretion rate, as defined
n equation ( 12 ), and the penetration parameter (equation 17 ). A
onstant penetration, as well as a weaker mass dependence of the
ccretion rate, might further weaken and even invert this gradient.
or most reasonable choices, the dependence of f turb, acc on M h is very
eak, and the parametrizations of Ṁ h as a function of M h will not
ualitati vely af fect our conclusions. 
The results of this section indicate that turbulence driven by accre-

ion can have a significant role in balancing turbulence dissipation.
e do note, ho we ver, that while dif ferent conversion ef ficiencies

a gi ve qualitati vely dif ferent results, the fraction of turbulence
issipation that is balanced by accretion is al w ays in the range
f 0.4 −0.7, namely its contribution to the total turbulent energy
udget is comparable to that of transport. This is unlike the model
ith feedback and transport, ignoring accretion (Section 3.1 ), where
assive haloes were predominantly supported by transport. 

.2.2 Accretion, feedback, and transport – constant ξ a 

inally, we consider the case where all three drivers of turbulence
re active. First, we consider three constant efficiency parameters for
onverting accretion kinetic energy into turbulence. In this case, the
unction F ( σ g ) that goes into equation ( 43 ) is given by equation ( 35 ).
n order to find out which is the primary driver of turbulence as a
unction of halo mass and redshift, we compare the energy injection
ates of each driver, as derived in Section 2.4 . 

Fig. 4 presents our main result. It shows evolutionary tracks of
alaxies that reside in haloes of different masses at z = 0, from
og M h, 0 = 11.5 to log M h, 0 = 14.5, in increments of 0 . 5 dex . The
racks are plotted in the plane of log ( T / A ) versus log ( A / F ), where
 , A , and F are the turbulent energy injection rates of transport,
ccretion, and feedback, respectively. The plane has been divided
nto several regions of two types – the thick lines separate regions
f different primary drivers, while the thin lines separate regions of
 given primary driver that have different secondary drivers. The
haded region marks the mass range where galaxies are expected to
e discs at each redshift, as explained above. We learn from Fig. 4
he following: 

(i) For a low accretion conversion efficiency, ξ a = 0.3 (top
anel), discs in haloes with log M h, 0 � 12 today, are predominantly
upported by feedback at all times, while haloes with log M h, 0 � 13
re mainly supported by transport at all times. Turbulence support
n intermediate-mass galaxies transitions from being dominated by
ransport at high redshifts to feedback at low redshifts. This result
s qualitatively similar to the result of the model with feedback
nd transport only (Section 3.1 ). Furthermore, for log M h, 0 < 12,
he secondary driver is transport, with the accretion less impor-
ant. F or massiv e discs, with log M h, 0 � 13.5, corresponding to
 h ( z = 2) ≈ 10 12 . 7 M �, accretion becomes the secondary driver,
ith a higher energy injection rate than feedback. 
(ii) For a moderate accretion conversion efficiency, ξ a = 0.6

middle panel), low-mass discs, residing in haloes with log M h, 0 

 12, have their turbulence primarily driven by feedback throughout
heir lifetimes, similar to the ξ a = 0.3 case and the feedback and
ransport only model. The secondary driver in these discs is transport
ntil z ∼ 0.5, with accretion becoming the secondary driver at later
imes. Ho we ver, this dif ference is small (see belo w). 
NRAS 513, 6177–6195 (2022) 
iscs that reside in haloes with log M h, 0 � 12 at z = 0 have their
urbulence driven primarily by transport at high redshifts. However,
e note that the transport energy injection rate and accretion energy

njection rate for all of the galaxies with log M h, 0 � 12.5 differ by
o more than ∼ 40 per cent at all times, meaning that both of these
echanisms contribute comparable power to sustaining turbulence.

n particular, at redshift z ∼ 2, the difference between the energy
njection rates from transport and accretion for galaxies in haloes
ith 12.5 � log M h, 0 � 14 is less than ∼ 20 per cent . We conclude

hat, for a moderate level of accretion conversion efficiency, galaxies
esiding in haloes within the mass range of 12.5 � log M h, 0 �
4, corresponding to ∼ 10 12 −13 M � at z = 2, have their turbulence
upported by transport and accretion with comparable power. 
e note that our model predicts that, at lower redshifts, the energy

njection rates from accretion becomes larger in some of the galaxies.
o we ver, as discussed below, a large value of ξ a = 0.6 is not expected

t these late times. 
(iii) For a maximal accretion conversion efficiency, ξ a = 1 (bottom

anel), discs in haloes with log M h, 0 � 12 still have their turbulence
rimarily driven by feedback throughout their lifetimes. In these
iscs, accretion is the secondary driver of turbulence, being more
mportant than transport. More massive discs, residing in haloes with
og M h, 0 � 12, have their turbulence primarily driven by accretion
hroughout their lifetimes. In particular, at z ∼ 4, all discs have their
urbulence primarily supported by accretion, with energy injection

40 per cent larger than from transport. Feedback is the secondary
river in discs that reside in haloes with 12.5 � log M h, 0 � 13,
hile transport is the secondary driver for discs in haloes with

og M h, 0 � 13. As discussed below, such a high value of ξ a = 1 is
 xpected at v ery high redshifts, but is not e xpected to be v alid at lo w
edshifts. 

For all of the cases studied above, we learn that when including
ll three drivers together, accretion can have a significant role in
upporting the turbulence in massive discs, either as a primary driver,
hen ξ a = 1, as an equal power contributor, when ξ a = 0.6, or as a

econdary driver, when ξ a = 0.3. 

.2.3 Accretion, feedback, and transport – time varying ξ a 

he biggest uncertainty in our model is the conversion efficiency
rom accretion kinetic energy to turbulence in the disc, namely ξ a .
he value of this parameter represents the density contrast between

he accreting stream and the disc, which is go v erned both by the
mbient density and cross-section of the stream, and by stream
lumpiness. Since the value of this parameter is yet to be studied
n a cosmological context, we treat it here in an ad hoc way for a
ualitative study. 
In particular, in the previous section we have treated it as fixed

n time, but it is expected to decline in time following the stream
lumpiness. F or e xample, Mandelker et al. ( 2018 ) hav e studied the
ragmentation of cosmological streams, and noted that the mass
raction in very high density clumps that may serve as glob ular -
luster progenitors is a strong function of the halo mass and redshift,
ith streams being more clumpy at higher redshifts. We defer to

uture work a detailed analysis of the conversion efficiency of
tream energy to disc turbulence as a function of halo mass and
edshift. Here, for the purpose of a qualitative understanding, we
imit ourselves to a potentially representativ e e xample of the time
ependence of ξ a , where we assume ad hoc 

a ( z) = 0 . 2(1 + z) , z ≤ 4 . (46) 
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Figure 4. The relative roles of the three processes that drive disc turbulence as a function of halo mass and redshift. A , F , and T refer to accretion, feedback, 
and transport. The axes refer to the ratios of energy injection rates, T / A and A / F . Shown are evolutionary tracks of discs that reside in haloes of different masses 
at z = 0, log M h, 0 = 11.5 −14.5 in increments of 0 . 5 dex . The colour indicates the redshift along the track at the particular position in the plane. Thick solid 
black lines divide the plane to three regions with different dominant drivers, marked by a red letter. The thin lines separate regions with a given primary driver 
based on their secondary driver. The grey region bounded by the turquoise frame marks the mass range, where the galaxies are expected to be discs at the given 
redshift, log M h ( z) = 11.5 −13. The dashed lines are lines of constant halo mass of 10 12 M � and 10 12 . 5 M �. The different panels show the evolution of discs 
for dif ferent v alues of the accretion conv ersion efficienc y – ξa = 0.3 (top), ξa = 0.6 (middle), and ξa = 1 (bottom). We can see that discs in haloes that have 
log M h, 0 � 12 today are mainly supported by feedback throughout their lifetimes, regardless of the accretion conversion efficiency. More massive discs are 
primarily supported by transport for a low conversion efficiency, while for a moderate conversion efficiency, we can see a transition from transport-dominated 
turbulence to accretion-dominated turbulence near z ∼ 2. For a high accretion conversion efficiency, massive discs are al w ays accretion dominated. 
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his parametrization interpolates between a high value of ξ a at 
igh redshifts, namely ξ a = 1 at z = 4, to a low value at low
edshifts, namely ξ a = 0.2 at z = 0. The results of our model with
his parametrization for ξ a are shown in Fig. 5 . While very crude,
he figure shows qualitatively how turbulence support would evolve 
ith an accretion efficiency that is declining with time. We read 

rom the figure that at high redshifts, z � 3, turbulence in discs
s mainly supported by accretion, at all halo masses at which the
entral galaxy is considered a disc (shaded region, see Section 3 ).
he turbulence in discs becomes dominated by transport at z ∼ 2.5.
ow-mass discs, residing in haloes with log M h, 0 � 12 today, have

heir turbulence primarily supported by feedback from the moment 
hey become discs, and for the remainder their lifetimes. More 

assive discs remain in the regime where transport is the dominant
river of turbulence until z = 0. From this crude approximation, we
xpect accretion to be a significant driver at high redshifts, where
he streams are more likely to fragment into bound clumps. At
ow redshifts, the role of accretion weakens, and the evolution of
MNRAS 513, 6177–6195 (2022) 

art/stac1324_f4.eps


6188 O. Ginzburg et al. 

M

Figure 5. Same as Fig. 4 , but with time varying ξa (see the text). We see that turbulence in massive discs transition from being primarily supported by accretion 
to transport. Low-mass discs are primarily supported by feedback at low redshifts. 
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isc turbulence is practically dominated by feedback and transport
Section 3.1 ). 

It is worth e v aluating the qualitative effects on the transport rate of
alues of Q below unity, as expected for thick discs in marginal
nstability, Q ∼ 0.67 (Goldreich & Lynden-Bell 1965 ). For our
ducial n = 1, σ SN is independent of Q (equations 19 and 36 ), while
acc ∝ Q 

2/3 (equation 37 ) and F ∝ Q 

−1 (equation 35 ). Combined,
 lo wer v alue of Q yields a higher transport rate, which results in
 lower disc mass, and therefore a smaller σ g . A smaller velocity
ispersion increases the contribution by accretion and feedback at
he expense of transport. For the constant ξ a = 0.3, this makes no
ualitati ve dif ference; ho we ver, for ξ a = 0.6, accretion becomes
ominant by z ∼ 3 (and below), compared to our fiducial results. For
he time-varying ξ a model, the transport becomes dominant o v er the
ccretion only at z ∼ 1 and below, compared to our fiducial results. 

.3 Shutoff of transport 

s mentioned in Section 2.5 and in Appendix A , there is a critical
elocity dispersion σ c ( z, M h ) below which instability driven inflow
huts off in order to maintain the energy equilibrium (equations 33a
nd 33b ). While we have seen that in all models considered in
ection 3 the transport al w ays has some contribution, it is interesting

o see how the addition of accretion-driven turbulence changes the
volution of turbulence in galaxies when transport is absent. 

In such cases, αc = 0 or τ = 0 for the two different methods of
omputing the transport rate, respectively, namely the disc no longer
osts clumps and turbulent viscosity is no longer e x erting torques.
quations ( 33a ) and ( 33b ) reduce to the same equation 

2 

3 
εff 

( p 

m 

)
∗
χ−1 σ−1 

g + 

1 

3 
ξa 

G Ṁ g , acc Q 

f g , Q 
√ 

2(1 + β) 
σ−3 

g (47) 

= 

√ 

2(1 + β) γ −1 
diss 

(
Q 

f g , Q 

)−n 

. 

ince ξ a and Ṁ g , acc refer to external drivers, they are not self-
egulated by the disc. The momentum per unit of stellar mass formed,
 p / m ) ∗, is determined by the internal physics of supernova explosions,
nd hence it is also not self-regulated by the disc. This leaves χ , σ g ,
ff , and Q as possible disc properties that can be self-regulated.
he parameter χ depends on Q and on other parameters that are

egulated by the assumed vertical force balance, and are unrelated to
NRAS 513, 6177–6195 (2022) 
he unstable state of the disc (see equation 19 ). The variations in these
arameters are not expected to introduce values beyond the range of
alues already considered in this work. Hence, the only independent
ariables that can be self-regulated, in the case of no transport, are
 , εff , σ g . 
When no transport is in effect, the solution to equation ( 43 )

pproaches the approximate solution 

˙
 g , acc = Ṁ SF = εff 

M g 

t ff 
. (48) 

lugging this expression in equation ( 47 ), we get 

2 

3 
εff 

( p 

m 

)
∗
χ−1 σ−1 

g + 

1 

3 
ξa εff 

GM g Q 

f g , Q χt d 
√ 

2(1 + β) 
σ−3 

g 

= 

√ 

2(1 + β) γ −1 
diss 

(
Q 

f g , Q 

)−n 

. (49) 

rom the definition of the Toomre- Q parameter (equation 6 ), we
ave that GM g Q g = 

√ 

2(1 + β) V d R d σg . Plugging this into the above
quation, we get 

2 

3 
εff 

( p 

m 

)
∗
χ−1 σ−1 

g + 

1 

3 
ξa εff χ

−1 

(
σg 

V d 

)−2 

= 

√ 

2(1 + β) γ −1 
diss 

(
Q 

f g , Q 

)−n 

. 

(50) 

ince χ ∝ Q (equation 19 ), for our fiducial value of n = 1, this
quation is independent of the value of Q , meaning that even if Q is
ree to vary, it will not be set by the energy conservation. 

We first let εff be fixed. Under the steady-state approximation,
quation ( 48 ), the solution of equation ( 50 ) is σ c of equation ( A2 )
or any value of Q , i.e. in the case of a fixed εff , σ g remains at the
evel of σ c . When only feedback is considered and the contribution
f accretion to generating turbulence is ignored, we have σ c =
SN , independent of mass. Ho we ver, when accretion is included,

he critical value of turbulence sustained by feedback and accretion
n the absence of transport depends on both halo mass and redshift,

c ( M h , z) from A2 . 
On the other hand, if εff can be self-regulated by the disc while Q

emains fixed, we can solve for εff from equation ( 50 ), to get 

ff = χ
√ 

2(1 + β) γ −1 
diss 

(
Q 

f g , Q 

)−n 
σg 

2 
3 

(
p 

m 

)
∗ + 

1 
3 ξa V 

2 
d /σg 

. (51) 

or a given σ g , this is smaller than the prediction of equation 54 in
rumholz et al. ( 2018 ), as we would expect: since we have added an
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Figure 6. The relation between the gas velocity dispersion, σ g , and the SFR, Ṁ SF . Each panel refers to a different redshift. Colours represent different stellar 
mass bins at each redshift. The coloured curves in each panel represent the relation as predicted by our model, for fixed M h ( z) = 10 11 . 5 , 10 12 , 10 12 . 5 , 10 13 M �
at each redshift, converted into stellar mass using the stellar-to-halo mass relation by Behroozi, Wechsler & Conroy ( 2013 ). The solid section of each curve 
indicates the range of SFRs within 0 . 5 dex of the value at the main sequence, taken from Whitaker et al. ( 2012 ). The dashed and dotted lines show the results 
of the high- z and local spiral model of Krumholz et al. ( 2018 ), respectively. The shaded regions are the results from isolated simulations (with feedback) by 
Ejdetj ̈arn et al. ( 2021 ), high gas fraction runs. Symbols represent observational results of H α and H I at low redshifts (Leroy et al. 2008 ; Walter et al. 2008 ; 
Ianjamasimanana et al. 2012 ; Green et al. 2014 ; Varidel et al. 2016 ) and high redshifts (Law et al. 2009 ; Jones et al. 2010 ; Lemoine-Busserolle et al. 2010 ; 
Wisnioski et al. 2011 ; Di Teodoro, Fraternali & Miller 2016 ; Wuyts et al. 2016 ; Johnson et al. 2018 ). The masses assigned by colour to the symbols of Jones 
et al. ( 2010 ), Di Teodoro et al. ( 2016 ), and Johnson et al. ( 2018 ) are the median masses of each sample. We see a general agreement between our model and the 
observations, both in terms of the level of turbulence and the mass trends. 
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xtra source of energy, in the form of accretion, we require less energy
nput from star formation, and thus require less extreme values of εff .
ote that for our fiducial n = 1, εff is independent of the value of Q ,

ince χ ∝ Q . Equation ( 51 ) suggests that, when transport is absent
nd the star formation efficiency is allowed to vary, more turbulent 
iscs have a higher star formation efficiency. 

.4 Ṁ SF –σg relation 

e can use our model to calculate the Ṁ SF –σg relation from 

quations ( 6 ) and ( 18 ). According to our model, Ṁ SF ∝ σg , whenever
g ≥ σ c ( M h , z). In Fig. 6 , we show the Ṁ SF –σg in our model 8 
 We note that the curves are not produced as a result of inte gration o v er the 
istory of a galaxy, but rather represent the functional relation between Ṁ SF 

nd σ g . 

9

t
1
M

assuming the time-varying parametrization for ξ a ( t ), 9 equation 46 )
t four different redshifts and for four different masses. Each curve
n each redshift is for a fixed halo mass at that particular redshift,
onverted into stellar mass using the stellar-to-halo mass relation, 
s parametrized in equation 3 of Behroozi et al. ( 2013 ). The solid
ection of each curve indicates the range of SFRs within 0 . 5 dex of
he value at the star-forming main sequence, fitted by Whitaker et al.
 2012 ) to galaxies at 0 � z � 2.5. 

When σ g = σ c , transport shuts off, and the turbulence remains at
he level of σ c (see discussion in Section 3.3 ). Our model predicts
ariations in σ g as a function of mass at a fixed Ṁ SF , due to the
MNRAS 513, 6177–6195 (2022) 

 While the current tentative choice of the time evolution of ξa is ad hoc, 
he dependence of σ c on ξa is rather weak, a power law with a power of 
/3 (equations 37 and A2 ), as seen in Fig. A1 . The redshift evolution of the 
˙
 SF –σg relation is therefore not very sensitive to the choice of ξa ( z). 
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ependence of σ c on the halo mass. This is because galaxies that
eside in more massive haloes undergo stronger accretion (due to our
hosen accretion model, equation 16 ) and therefore have a larger σ c 

see Appendix A ). 10 The results of analytical models by Krumholz
t al. ( 2018 ) are also shown in Fig. 6 (their ‘local spirals’ and ‘high- z’
odels). The general behaviour is similar between our model and

heirs, with the floor in σ g in the models by Krumholz et al. ( 2018 )
enerally smaller, due to the absence of accretion in their model. 
In Fig. 6 , we compare the relation predicted by our model to H α

bservations in high redshifts and H α and H I observations at low
edshifts (see the figure caption). We use a subset of the observational
esults compiled in appendix B of Krumholz et al. ( 2018 ). We can
ee a general agreement between our model and the observations, 11 

ith the mass trend in the same ballpark (mass bins indicated by the
olour), as well as the varying levels of σ g at a given SFR. We note,
o we ver, that the high levels of σ g at high SFRs are usually observed
or H α rather than atomic or molecular gas, a distinction we have
ot made in our model. 
Ejdetj ̈arn et al. ( 2021 ) have studied this relation in simulations of

solated galaxies, and found that when looking at the gas as a whole,
he high levels of σ g observed at high redshifts are not reproduced.
n the other hand, the H α-emitting gas alone does seem reproduce

he high values for σ g . Ejdetj ̈arn et al. ( 2021 ) have further argued that
he high levels of turbulence could be an observational artefact, as a
esult of beam smearing and inclination effects. While their fiducial
ample was not able to reproduce these high levels of turbulence (see
haded regions in Fig. 6 ), when considering these aforementioned
ffects, they were able to achieve high values. We note, however, that
hese simulations, not being in a cosmological setting, do not take
nto account the possible driving of turbulence by accretion, which
an potentially strengthen the turbulence for the total gas. 

 DISCUSSION  

t is worth discussing the simplifying assumptions of our model,
otential caveats and possible improvements in future work. 

.1 Spatial variations 

hile we have approximated the galaxy properties (e.g. star forma-
ion and mass transport) as spatially independent and only evolving
ith time, this is clearly an o v ersimplification. While some of

he processes discussed here do approach a spatially independent
olution in a steady state (Krumholz & Burkert 2010 ; Forbes et al.
012 ), star formation, feedback, and accretion may depend on the
osition inside the galaxy. 
It has been shown that the cold streams that feed the disc are usually

onfined to a plane, which is not necessarily parallel to the disc plane
Danovich et al. 2012 ). While the streams tend to co-rotate with
NRAS 513, 6177–6195 (2022) 

0 We can think of other sources of variations in σ c , which we do not address in 
his paper. One source is variations about the average cosmological accretion 
ate which are translated to variations in σ c , and thus cause variations in σ g 

t a fixed mass. Another source is variations in the strength of feedback at a 
xed SFR. Such variations could arise, for example, from variations in ( p / m ) ∗
r εff or from variations in the clustering of supernova (Gentry et al. 2017 ). 
1 The galaxies observed by Green et al. ( 2014 ) and Varidel et al. ( 2016 ) 
sually lie abo v e the main sequence, being selected intentionally as local 
nalogues of high redshift star-forming galaxies. Even though adopting our 
odel well abo v e the main sequence at z = 0 is in agreement with these 

amples, we note that adopting the average cosmological values for our 
odel parameters for comparing with these galaxies may be incorrect. 
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022
he disc, about a third of the mass is in-streaming counter rotating
o the disc (Danovich et al. 2015 ). Ho we ver, the detailed profile of
ow streams feed the galaxy at different radii has not been studied
horoughly. At z = 0, Trapp et al. ( 2022 ) used the FIRE simulations
Hopkins et al. 2014 ) to show that in-streaming gas tends to pile up
t the outskirts of the galaxy, and does not directly contribute much
ux in inner radii. Since high redshift galaxies tend to reside in more
essy regions, and to be fed by more intense inflowing cold streams

Dekel & Birnboim 2006 ; Dekel et al. 2009a ), it is not obvious at all
hat this picture remains valid at high redshifts. 

In future work, we plan to study in detail the different profiles of
he different sources and sinks, starting from the feeding of mass and
ngular momentum by streams at different radii of the disc. These
ill be used as boundary conditions for a more detailed, spatially
ependent model. 

.2 Outflows 

esides stirring up turbulence, feedback is also responsible for
enerating outflows from the galaxy. This can be due to two main
echanisms. One is supernova explosions and stellar winds, which

re related to the SFR of the galaxy, and are ef fecti ve in lo w-mass
alaxies, below the critical mass of log M h ∼ 12 (Dekel & Silk 1986 ).
he second is due to AGN feedback, which becomes ef fecti ve after

he galaxies go through a wet compaction, abo v e the same critical
ass (Lapiner, Dekel & Dubois 2021 ). 
The strength of outflows is usually characterized by the mass

oading factor, η = Ṁ g , out / Ṁ SF , where Ṁ g , out is the mass loss rate
ue to outflo ws. Observ ationally, η v aries in the range η ∼ 0.1 −1
or star-forming galaxies in the redshift range 0.6 < z < 2.7 (Davies
t al. 2019 ; F ̈orster Schreiber et al. 2019 ), while simulations show a
ider range of values, η ∼ 1 −100 (Muratov et al. 2015 ; Nelson et al.
019 ), with or without AGN (Mitchell et al. 2020a ), for galaxies in
he same redshift range. The discrepancy between the values of the

ass loading factors in different simulations lies in the differences
etween the assumed feedback models. These feedback models
re usually fine tuned to match the observed stellar-to-halo mass
elation. Ho we ver, this practice often disregards other properties
f the galaxies that are also affected by feedback. For example,
he VELA simulations (Ceverino et al. 2014 ) produce long lived
iant clumps with abundances and physical properties consistent
ith observations (Mandelker et al. 2017 ; Guo et al. 2018 ; Dekel

t al. 2022 ; Ginzburg et al. 2021 ). Ho we ver, these simulations often
roduce galaxies that are more massive than observed, due to the
elatively weak feedback model they assume. On the other hand,
imulations that implement models with stronger feedback, in order
o better agree with the observed stellar-to-halo mass relation, often
ail to produce the abundance of long-lived clumps (Genel et al.
012b ; Oklop ̌ci ́c et al. 2017 ). This conflict between the role of
eedback on galactic and clump scales needs to be addressed in future
ork, which calibrates a feedback model that obeys both large- and

mall-scale constraints. 
Outflows should introduce another sink term in equation ( 43 ) of

he form ηṀ SF . While it has been shown that the mass outflows from
tellar feedback can have an important effect on the evolution of the
alaxy (Dekel & Mandelker 2014 ), this has been studied disregarding
ther potential forms the energy released by stellar feedback can take,
.g. the turbulent form. Hence, the mass loading factor needs to be
odeled consistently, taking into account that not all of the energy

rom the stellar feedback goes into outflows. Hayward & Hopkins
 2017 ) have developed a turbulent model for the mass loading factor;
o we ver, their model takes into account only turbulence driven by
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upernova feedback while disregarding the other potential drivers 
f turbulence considered here. Their model needs to be modified 
o allow for multiple drivers of turbulence, in order to consistently 
stimate the mass loading factor, which is beyond the scope of this
aper. 

In order to crudely e v aluate the possible qualitati ve ef fect of
utflows on our results, at the risk of not being self-consistent, we
dded to equation ( 43 ) a sink term of the form ηṀ SF . The direct effect
f a constant mass loading factor is an o v erall reduction of the mass
f the disc. This in turn reduces the velocity dispersion of the disc,
hus bringing σ g closer to σ c , which means that the role of transport
n balancing turbulence dissipation becomes less important. For the 
xed ξ a models, a value of η = 1 keeps the transport dominant in
igh mass discs for ξ a = 0.3, but for ξ a = 0.6, the outflows make
he accretion dominant already at z ∼ 3 and below, compared to z 

1 with no outflows. For the time-varying ξ a model, the transport 
 v ertakes the accretion only at z ∼ 1 and below, compared to z ∼ 3
nd below with no outflows. A self-consistent analysis incorporating 
utflows is deferred to future work. 

.3 Recycling 

hile the external gas accretion is the main source of gas to the
 alaxy, g alaxies that undergo outflows are also subject to recycling
f this previously outflowing gas that was unable to escape from
he halo. Dekel & Mandelker ( 2014 ) have proposed that recycling
ay be important to explain discrepancies between theoretical 
odels of galaxy formation and observations at around z ≈ 2, after 

ubstantial star formation has occurred. Also, numerical simulations 
ave shown that recycled winds can significantly contribute to the 
 v erall accretion of gas, and can sometimes dominate the supply of
as to the galaxy (Angl ́es-Alc ́azar et al. 2017 ). Ho we ver, there is still
isagreement between numerical simulations about the rele v ant time- 
cale for recycling, and it can vary between 0 . 2 –1 Gyr (Oppenheimer
t al. 2010 ; Angl ́es-Alc ́azar et al. 2017 ; Tollet et al. 2019 ), and some
imulations find the recycling time-scale to be longer than the Hubble 
ime (Mitchell, Schaye & Bower 2020b ). 

Modelling recycling theoretically is a challenging task. Dekel & 

andelker ( 2014 ) modelled recycling simply as a lo wer v alue of the
ass loading factor for outflo ws; ho we ver, this treatment assumes

hat the recycling is instantaneous, namely that the time-scale for 
ecycling is much shorter than other dynamical time-scales in the 
roblem. How recycling drives turbulence is also unknown, in 
articular its effect on ξ a and Ṁ g , acc , and requires more numerical 
ork to inspire analytical models. Recycling is therefore an open 
uestion that we do not attempt to address here. 

.4 Modelling of accretion-dri v en turbulence 

ur implementation of accretion-driven turbulence due to the incom- 
ng streams has been extremely crude. First, the parametrization of 
he energy deposited in turbulence by accretion is an o v ersimplifi-
ation. The accretion occurs along narrow streams, and the location 
f the collision between the streams and the disc is not known.
econdly, the conversion efficiency of kinetic energy associated with 
as collisions to turbulence was either assumed constant throughout 
he evolution of the galaxy, or was parametrized ad hoc to have a
ualitative idea of how its evolution with time affects the disc as a
hole. Klessen & Hennebelle ( 2010 ) suggest that the conversion 

fficiency is ξ a ∼ � , where � is the density contrast between 
olliding flows. Mandelker et al. ( 2018 ) have estimated analytically 
hat the clumpiness of the streams is a function of both the stream’s
ost halo mass and redshift, so one would generally expect ξ a to
e a function of those two parameters. In future work, we plan
o use the models proposed by Mandelker et al. ( 2018 , 2020b )
o estimate analytically the evolution of the conversion parameter. 
inally, due to the rotation of the disc, the orientation at which

he streams hit the disc can affect the conversion of kinetic to
urbulent energy, e.g. streams co-rotating with the disc will stir 
ess turbulence than counter rotating streams. In future work, we 
lan to study analytically and using simulations how accretion in 
eneral, and clumpy accretion in particular, drives turbulence in the 
isc. 

.5 Mass transport 

n this paper, we computed the rate of instability-driven mass 
ransport within the disc in two alternative ways – encounters 
etween clumps and turbulent viscous torques. We found that, when 
mposing an energy equilibrium, these two processes produce the 
ame mass transport rate, with a non-trivial dependence on the 
elocity dispersion. Ho we ver, these two processes do not necessarily
o v er the whole range of processes involved. Dekel et al. ( 2020b )
ave found that once the galaxy exhibits a massive bulge, it tends
enerate a long-lived extended ring with suppressed mass transport 
ate. The transport time-scale in this case was found to be much longer
han the time-scale for mass transport in a VDI disc. The time-scale
or clump migration as estimated by dynamical friction within the 
isc has been found to be comparable to and slightly shorter than the
stimate based on encounters (Dekel et al. 2013 , appendix A). It is
till not clear what is the dominant mass transport mechanism, and
here is more theoretical work to be done, both analytical and using
imulations, to better understand the nature of mass transport in the
isc and the implied rate. We plan to study these in more detail in
uture work. 

Furthermore, mass that is being transported down the potential 
ell eventually ends up in the bulge. This induces a stabilizing effect,

s described in Dekel et al. ( 2020b ). Furthermore, the gas that flows
nto the bulge feeds the supermassive black hole (Lapiner et al. 2021 ),
nduces AGN feedback, hence another potential source of turbulence 
e have not considered here. 

 C O N C L U S I O N S  

n this paper, we have addressed the evolution of turbulent support
n disc galaxies, as a function of mass and redshift, assuming that
he y are self-re gulated in a marginal Toomre disc instability, with the
ppropriate level of turbulence maintained for many dynamical times 
imultaneously by three energy sources that balance the dissipative 
osses. These energy sources are stellar feedback, mass transport 
ithin the disc, and cosmological accretion on to the disc. This is a
eneralization of previous models which dealt with only two of the
riving sources at a time. We used an analytical bathtub model for
he evolution of the discs, based on the following assumptions: 

(i) Galaxies are modeled as discs of gas and stars in a turbulent,
arginally Toomre unstable state, embedded in dark matter haloes. 
(ii) The discs smoothly transition from gas-dominated discs at 

igh redshifts to two component discs of gas and stars at low redshifts
(iii) Discs gain fresh gas from external accretion at the average 

osmological rate. 
(iv) Discs lose gas by either star formation or mass transport 

hrough the disc to the central bulge. 
MNRAS 513, 6177–6195 (2022) 
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(v) The transport rate has been computed in two alternative ways,
ia clump encounters and via turbulent viscous torques, with very
imilar results. 

(vi) Turbulence in the discs is driven in concert by three energy
ources, namely supernov a feedback, instability-dri ven torques and
he associated mass transport, and the impact of clumpy accretion on
o the disc. 

(vii) The intensity of accretion-driven turbulence is characterized
ere by an energy conversion efficiency parameter, and we considered
ow, moderate and maximal efficiencies. 

(viii) Turbulence dissipation is balanced by the three energy
ources, resulting in an energy balance in the disc. 

We then numerically solve a conservation equation for the gas
ass and turbulence energy, each time considering a different set

f turbulence drivers and eventually considering them all in concert.
nder the assumptions of turbulent energy balance and marginal
oomre instability, this directly allows us to compute the turbulent
tate of the disc, and to determine which turbulence driver is the
ominant one, for the given halo mass and redshift. Our results are
s follows: 

(i) When including only feedback and transport as drivers, turbu-
ence is mainly supported by transport at z > 1.5, for all disc masses.
t lower redshifts, discs that reside in haloes with masses that evolve

o M h ( z = 0) = M h , 0 � 10 12 M � today become mainly supported by
upernova feedback. 

(ii) When including only accretion and transport as drivers, we
nd that different levels of stream energy conversion efficiencies
roduce qualitati vely dif ferent results. For a lo w conversion ef fi-
iency, turbulence in all discs, at all times and masses, is primarily
upported by transport, at the level of ∼ 70 per cent . For a moderate
onv ersion efficienc y, transport and accretion contribute comparable
ower to sustaining turbulence. Lastly, for a maximal conversion
fficiency, 70 per cent of the turbulence dissipation is supported by
ccretion. 

(iii) When considering all three drivers together, we find that for
ll levels of conversion efficiency, discs that reside in haloes that
volve into M h , 0 � 10 12 M � at z = 0 have their turbulence primarily
upported by supernova feedback throughout their lifetimes. For
iscs in haloes more massive than 10 12 . 5 M � today, the result depends
n the accretion conversion efficiency as follows: 

(a) For a low conversion ef ficiency, belo w ∼ 40 per cent , the
turbulence is primarily supported by transport, throughout the
galaxy lifetime. 

(b) For a moderate accretion efficiency, at 40 –70 per cent ,
the turbulence is driven primarily by transport at high redshifts;
ho we ver, the contribution of transport is at most 40 per cent
larger than that of accretion. In particular, at z ∼ 2, the
difference between the contributions of transport and accretion
to sustaining turbulence is at most 20 per cent . We thus conclude
that accretion and transport contribute to sustaining turbulence
with comparable power for these galaxies. 

(c) For a maximal accretion conversion efficiency, close to
unity, the primary driver of turbulence is accretion at all times in
the galaxy’s history. In particular, at z ∼ 4, accretion dominates
by more than 40 per cent o v er transport. 

(d) Finally, in order to study how an ξ a that declines with
time qualitati vely af fects the e volution, we make a very crude
approximation for its evolution as a function of redshift. We
find that discs within haloes that end up with M h , 0 � 10 12 M �
ha ve their turb ulence supported by feedback at all times,
NRAS 513, 6177–6195 (2022) 
while turbulence in discs within haloes of M h , 0 � 10 12 . 5 M �
transition between a marginal accretion dominance to transport
dominance at around z ∼ 3, when their host halo’s masses were
M h ( z = 3) � 10 11 . 5 M �. 

(e) The main lesson is that, even though different drivers
dominate the turbulence at different stages of the disc’s evolu-
tion, the relative roles of the three energy sources are comparable
to within a factor of 2 −3 in all disc galaxies at all times. 

(iv) Our model predictions for the Ṁ SF –σg relation are largely
onsistent with the observations both at low and high redshifts. They
re also crudely consistent with simulations of isolated galaxies for
o w v alues of SFR, though they may predict for the whole gas higher
alues of σ g for high SFR at high redshifts. 

Our simplified model suggests that accretion-driven turbulence
lays an important and sometimes the dominant role in sustaining
urbulence in galactic discs, in parallel with transport and supernova
eedback. In the current version of the model, the three ingredients
ere based on simplified parametric expressions. This should be

mpro v ed ne xt, based on more detailed physical modelling of the
riving of turbulence by accretion, the instability-driven transport
ate, and the way feedback drives turbulence. Another important
eneralization would be to consider radial variations of the physical
uantities within the disc, and demanding local equilibrium. 
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PPENDIX  A :  C A L C U L AT I N G  σ c 

he critical velocity below which gravitationally driven mass trans-
ort halts is calculated by solving a cubic equation of the form 

 − A 

x 
− B 

3 

x 3 
= 0 . (A1) 

n our case, x = σ c , A = σ SN and B = σ acc (see equation 34). Since
acc depends on Ṁ g , acc , which in turn depends on M h , σ c will be a

unction of halo mass as well as redshift. The cubic in equation ( A1 )
NRAS 513, 6177–6195 (2022) 

igure A1. The evolution of the critical velocity dispersion, σ c , below which 
ass transport shuts off. Coloured lines show the evolution of σ c for haloes 
ith log M h, 0 = 11.5 −14.5 in intervals of 0 . 5 dex . Solid, dashed, and dotted 

ines show the evolution for ξ = 1, 0.6, 0.3, respectively. The black dashed 
ine shows the evolution of the velocity dispersion in a disc with log M h, 0 = 

2, e v aluated using ξa = 0.6. The rele v ant σ c curve for this galaxy is the 
ashed orange curve. The blue arrow indicates the point in time in which this 
alaxy becomes a disc. We can see that the galaxy is al w ays abo v e this critical 
alue, indicating the mass transport is al w ays present, though its contribution 
ecreases with time. 

t  

F
s
l
f
c
t
r
t

/

s monotonically increasing, and therefore has a unique real root. It
s given by 

c = 

1 

3 

(
σSN + 

σ 2 
SN 

C 

1 / 3 
+ C 

1 / 3 

)
, (A2) 

here 

 = 

1 

2 

(
2 σ 3 

SN + 27 σ 3 
acc + 3 

√ 

12 σ 3 
SN σ

3 
acc + 81 σ 6 

acc 

)
. (A3) 

ig. A1 shows the evolution of σ c for different log M h, 0 , for the
hree levels of conversion efficiencies considered. As the conversion
f ficiency increases, the v alues of σ c increase, indicating that higher
evels of turbulence can be sustained by feedback and accretion,
ithout the need for mass transport (see discussion in Section 3.3 ). 
As discussed in the text, discs in our model never reach this

hreshold of σ c . As an illustration, the black line in Fig. A1 shows the
as velocity dispersion of a disc with log M h, 0 = 12, e v aluated using
 model with ξ a = 0.6. The value for σ c which corresponds to this
alo is the orange dashed line. We see that the velocity dispersion
f this disc (dashed black curve) is al w ays larger than σ c (dashed
range curve), meaning transport al w ays occurs in this disc. 

PPENDI X  B:  C O N V E R G E N C E  TO  A  

TEADY-STATE  SOLUTI ON  

n Section 3 , we rely on the assumption that the numerical solutions
o equation ( 43 ) converge towards a unique steady-state solution,
ndependent of the initial conditions, which can be obtained by
olving the algebraic equation Ṁ g , acc = Ṁ trans + Ṁ SF . In this section,
e justify this assumption numerically. We define the quantity � t SS 

o be the time elapsed since the beginning of the integration until
he deviation between the steady-state solution to the true solution of
igur e B1. The conver gence time of the numerical solution to the steady- 
tate unique solution. Shown are the number of disc orbital times until the so- 
ution converges to the steady-state solution, for different values of log M h, 0 , 
or different initial conditions and initial redshifts. The different symbols indi- 
ate the different initial redshifts. The blue, red, and magenta markers indicate 
he convergence time for initial conditions M g = 0 . 1 , 0 . 01 . 0 . 005 M h ( z = z 0 ), 
espectively, at the initial redshift indicated by the symbol type. We see that 
he convergence time is at most two disc orbital times. 
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quation ( 43 ) is less than 5 per cent . In Fig. B1 , we show the number
f disc orbital times it takes for the solution to converge to the steady-
tate solution, for different choices of initial conditions and different 
hoice of initial redshifts, for different halo masses. The reason we 
est the convergence for different initial redshifts is that since, when 
resenting our results, we assume that our model is applicable only 
hen the galaxies’ host halo mass enters a certain mass range, but
e still integrate the evolution of the galaxy using our model from
eforehand. 
We see from Fig. B1 that the convergence time is less than two disc

rbital times, for any choice of initial conditions and initial redshift.
his means that from the moment the galaxy is considered disc by
ur model, it takes a couple of hundreds of megayears for our model
o be applicable to that particular galaxy. For example, for our model
ith ξ a = 0.6, a disc with log M h, 0 = 12 today became a disc at z ∼
. As a result of our integration prior to z = 2, this galaxy had M g 

0.006 · M h ( z = 2). From our convergence test, we learn that the
esults of our model are applicable to this galaxy after ∼t orb (magenta
riangle), namely from z ∼ 1.8. 
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