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A B S T R A C T 

We use the TNG100 simulation of the IllustrisTNG project to investigate the stellar specific angular momenta ( j ∗) of ∼12 000 

central galaxies at z = 0 in a full cosmological context, with stellar masses ( M ∗) ranging from 10 

9 to 10 

12 M �. We find that the 
j ∗–M ∗ relations for early-type and late-type galaxies in IllustrisTNG are in good o v erall agreement with observations, and that 
these galaxy types typically ‘retain’ ∼10–20 and ∼50–60 per cent of their host haloes’ specific angular momenta, respectively, 
with some dependence on the methodology used to measure galaxy morphology. We present results for kinematic as well 
as visual-like morphological measurements of the simulated galaxies. Next, we explore the scatter in the j ∗–M ∗ relation with 

respect to the spin of the dark matter halo and the mass of the supermassive black hole (BH) at the galactic centre. We find that 
galaxies residing in faster spinning haloes, as well as those hosting less massive BHs, tend to have a higher specific angular 
momentum. We also find that, at fixed galaxy or halo mass, halo spin and BH mass are anticorrelated with each other, probably 

as a consequence of more efficient gas flow towards the galactic centre in slowly rotating systems. Finally, we show that halo 

spin plays an important role in determining galaxy sizes – larger discs form at the centres of faster rotating haloes – although the 
trend breaks down for massive galaxies with M ∗ � 10 

11 M �, roughly the mass scale at which a galaxy’s stellar mass becomes 
dominated by accreted stars. 

Key words: methods: numerical – galaxies: formation – galaxies: haloes – galaxies: kinematics and dynamics – cosmology: 
theory. 

1  I N T RO D U C T I O N  

The angular momentum ( J ) of a galaxy is one of its most fundamental 
properties, along with its mass ( M ) and energy. Ho we ver, while 
energy is largely dissipated in the form of radiation during the 
formation of a galaxy, its mass and momentum are approximately 
conserv ed (F all & Efstathiou 1980 ). A related quantity, the specific 
angular momentum ( j = J / M ), can be used to normalize out the 
amount of material and thus help to understand the interplay between 
the various components of a galaxy, such as its gas and stars, as well 
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as to establish a connection to the spin of the dark matter (DM) halo, 
which is acquired via tidal torques from neighbouring structures in 
the early Universe (Peebles 1969 ; Doroshkevich 1970 ; White 1984 ). 

In this conte xt, F all ( 1983 ) presented observational estimates of 
the stellar specific angular momenta ( j ∗) of a sample of nearby 
spiral and elliptical galaxies, and plotted them as a function of 
their stellar masses ( M ∗). He found that spiral and elliptical galaxies 
occupy approximately parallel tracks on the j ∗–M ∗ diagram (on a 
log–log scale) with a logarithmic slope of ∼0.7 but with a large 
offset, such that ellipticals had lower j ∗ at fixed M ∗ than spirals 
by a factor of ∼6. This subject has been revisited using updated 
observations in a series of papers (Romanowsky & Fall 2012 ; Fall 
& Romanowsky 2013 , 2018 ) and the original findings from Fall 
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( 1983 ) have been approximately maintained, with the latest iteration 
reporting a logarithmic slope of 0.67 ± 0.07 and an offset between 
‘pure’ discs and bulges of a factor of 8 ± 2 (Fall & Romanowsky 
2018 ). 

Other observational works have also studied the j ∗–M ∗ diagram in 
the local Universe, although these are generally limited to late-type 
morphologies (e.g. Obreschkow & Glazebrook 2014 ; Lapi, Salucci 
& Danese 2018b ; Posti et al. 2018b ; Di Teodoro et al. 2021 ; Mancera 
Pi ̃ na et al. 2021a , b ; Hardwick et al. 2022 ) or consider measurements 
of j ∗ confined to relatively small apertures, of about one ef fecti ve 
radius (Cortese et al. 2016 ; Tabor et al. 2019 ). Measuring the total 
j ∗ for elliptical galaxies remains difficult due to their more extended 
angular momentum profiles, and would benefit from more kinematic 
data out to ∼5 ef fecti ve radii and beyond (Romanowsky & Fall 2012 ). 

On the numerical side, early hydrodynamic cosmological simula- 
tions suffered from the so-called ‘angular momentum catastrophe’ 
(Navarro, Frenk & White 1995 ; Navarro & Steinmetz 1997 ), in which 
baryons condensed too efficiently into their nearest gravitational 
potential well, and most of the baryonic angular momentum was 
transferred to the DM halo via the strong merging activity of these 
baryonic clumps. It soon became clear that the key to solving this 
problem was to include efficient stellar feedback at early times 
(Sommer-Larsen, Gelato & Vedel 1999 ; Thacker & Couchman 
2001 ), which reheats gas into an extended reservoir that can then cool 
more gradually into the central galaxy, a phenomenon sometimes 
referred to as a galactic fountain. The numerical treatment of 
hydrodynamics has also been shown to make a difference in the 
angular momentum content of cosmologically simulated galaxies 
(Torrey et al. 2012 ). 

Using hydrodynamic cosmological simulations, only recently 
has it been possible to produce a statistically significant galaxy 
population with realistic amounts of angular momentum (Genel 
et al. 2015 ; Pedrosa & Tissera 2015 ; Teklu et al. 2015 ; Zavala 
et al. 2016 ; DeFelippis et al. 2017 ; Lagos et al. 2017 , 2018 ), due 
to enormous impro v ements in computational capability and galaxy 
formation modelling (see Somerville & Dav ́e 2015 ; Naab & Ostriker 
2017 ; Vogelsberger et al. 2020 , for re vie ws). The j ∗–M ∗ diagram has 
also been addressed with zoom-in hydrodynamic simulations, which 
model relatively small galaxy samples at higher resolution (Obreja 
et al. 2016 , 2019 ; Grand et al. 2017 , 2019 ; Sokołowska et al. 2017 ; 
El-Badry et al. 2018 ) , as well as with analytic, semi-analytic, and 
semi-empirical models (Dutton & van den Bosch 2012 ; Romanowsky 
& Fall 2012 ; Stevens, Croton & Mutch 2016 ; Shi et al. 2017 ; Lapi 
et al. 2018a ; Posti et al. 2018a ; Zoldan et al. 2018 ; Irodotou et al. 
2019 ). 

In order to understand the role of angular momentum in galaxy 
formation, it is often useful to define the specific angular momentum 

‘retention fraction,’ usually denoted by f j , which quantifies the ratio 
between the specific angular momentum of the galaxy and that 
of its parent halo. Traditionally, some analytic and semi-analytic 
models (e.g. Fall & Efstathiou 1980 ; Dalcanton, Spergel & Summers 
1997 ; Avila-Reese, Firmani & Hernandez 1998 ; Mo, Mao & White 
1998 ; Firmani & Avila-Reese 2000 , 2009 ) have assumed that f j = 

1 for spiral galaxies, which is close to currently accepted values. 
Recent observational studies indicate f j ≈ 0.7–0.8 for spirals (Fall & 

Romanowsky 2013 ; Posti et al. 2019b ; Di Teodoro et al. 2021 ) and 
f j ≈ 0.1 for ellipticals (Fall & Romanowsky 2013 , 2018 ). 

Some possible reasons for a ‘loss’ in angular momentum include 
gas stripping (in dense environments), gas ejection by galactic 
outflows (if the expelled gas comes from the outer, more angular 
momentum-rich regions of the galaxy), as well as so-called biased 
collapse scenarios (van den Bosch 1998 ; Dutton & van den Bosch 

2012 ; Kassin et al. 2012 ), in which the galaxy forms preferentially 
from material in the inner, more angular momentum-poor regions 
of the halo. On the other hand, gains in angular momentum can be 
induced by galactic fountains, as discussed abo v e. Other processes 
can result in either a loss or gain of angular momentum, such as 
mergers (Fall 1979 ; Barnes 1988 ; Hernquist & Mihos 1995 ; Springel 
& Hernquist 2005 ) and misaligned gas accretion (Sales et al. 2012 ). 

In particular, Genel et al. ( 2015 ) investigated the stellar angular 
momenta of galaxies in the Illustris simulation (Genel et al. 2014 ; 
Vogelsberger et al. 2014a , b ) and found that, at fixed stellar mass, late- 
type galaxies have higher j ∗ than early-type galaxies, with retention 
fractions of approximately 1 and 0.3, respectively. In addition, Genel 
et al. ( 2015 ) explored variations in galactic angular momentum 

with respect to modifications to the fiducial galaxy formation 
model, finding that stronger feedback from galactic winds results 
in higher galactic angular momentum, while stronger feedback from 

supermassive BHs acts in the opposite direction. 
In this paper, we revisit the topic of galactic angular momentum 

from the perspective of hydrodynamic cosmological simulations, 
specifically using the state-of-the-art TNG100 simulation of the Illus- 
trisTNG project (Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson 
et al. 2018 ; Pillepich et al. 2018b ; Springel et al. 2018 ). Previous 
works have shown that the IllustrisTNG model returns observation- 
ally consistent correlations among galaxy stellar morphology, galaxy 
mass, and star formation rate at low redshift (Huertas-Company et al. 
2019 ; Rodriguez-Gomez et al. 2019 ; Tacchella et al. 2019 ; Donnari 
et al. 2021a , b ), as well as the redshift evolution of the morphological 
fractions and of the degree of rotational versus dispersion-supported 
motions (Pillepich et al. 2019 ; Varma et al. 2022 ). Here, we focus 
on how j ∗ relates to galaxy stellar morphology, to the spin of the 
DM halo, and to the mass of the central black hole (BH) o v er 
a wide range of stellar masses ( M ∗ = 10 9 –10 12 M �) at z = 0. 
We also discuss the retention fraction f j in the context of galaxy 
morphology, and determine whether the relation between halo spin 
and galaxy size predicted by some theoretical models arises naturally 
in IllustrisTNG. 

This paper is structured as follows. In Section 2 , we describe 
the simulation used for this work, provide details about the main 
calculations, and define the galaxy sample. Section 3 contains our 
main results, which comprise a study of the interplay between j ∗, 
f j , and galaxy morphology (Section 3.1 ), an analysis of the role of 
halo spin and BH mass in establishing galactic angular momentum 

(Section 3.2 ), and an exploration of the link between halo spin and 
galaxy size (Section 3.3 ). Finally, in Section 4 we discuss these 
results and present our conclusions. 

2  M E T H O D O L O G Y  

2.1 The IllustrisTNG simulation suite 

The IllustrisTNG project (Marinacci et al. 2018 ; Naiman et al. 2018 ; 
Nelson et al. 2018 , 2019b ; Pillepich et al. 2018b , 2019 ; Springel et al. 
2018 ) is a suite of magnetohydrodynamic cosmological simulations 
carried out with the moving-mesh code AREPO (Springel 2010 ; 
Pakmor & Springel 2013 ; Pakmor et al. 2016 ), featuring a galaxy 
formation model that includes prescriptions for radiative cooling, 
star formation and evolution, metal enrichment, supernova feedback, 
and supermassive BH growth and feedback (Weinberger et al. 2017 ; 
Pillepich et al. 2018a ). We provide more details about the numerical 
implementation of these physical processes in Section 2.2 . 

In this work, we use the highest resolution version of the 
TNG100 simulation (TNG100-1), which co v ers a periodic volume 
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of (75 h 

−1 Mpc ) 3 ≈ (110 . 7 Mpc ) 3 and follo ws the e volution of 1820 3 

DM particles and approximately 1820 3 baryonic resolution elements 
(gas cells and stellar particles), which have masses of 7.47 × 10 6 

and 1 . 39 × 10 6 M � (on av erage), respectiv ely. The gravitational 
softening length for both DM and stellar particles is 0.5 h −1 ≈
0.74 kpc at z = 0, while for gas cells it is tied to their radius and in 
principle can be as low as 0.19 kpc. 

Haloes and subhaloes are identified with the friends-of-friends 
(FoF, Davis et al. 1985 ) and SUBFIND (Springel et al. 2001 ; Dolag et al. 
2009 ) algorithms, respectively. We define galaxies as being com- 
posed of the stellar and star-forming gas components of subhaloes. 
Unless otherwise noted, we measure all properties of a galaxy (e.g. 
stellar mass or angular momentum) for the entire SUBFIND object, i.e. 
without removing the particles found beyond some fiducial aperture 
(e.g. twice the stellar half-mass radius). 

The initial conditions of the simulation have been set at z = 

127 using the N-GENIC code (Springel 2005 ), based on a power 
spectrum generated by CAMB (Lewis, Challinor & Lasenby 2000 ). 
The cosmological parameters adopted in IllustrisTNG are �m 

= 

0.3089, �b = 0.0486, �� 

= 0.6911, σ 8 = 0.8159, n s = 0.9667, 
and h = 0.6774, in accordance with Planck measurements (Planck 
Collaboration XIII 2016 ). 

2.2 The galaxy formation model 

Here, we summarize some of the most salient features of the 
IllustrisTNG galaxy formation model, which is based on the original 
Illustris model (Vogelsberger et al. 2013 ; Torrey et al. 2014 ). For 
brevity, we omit details about the gravitational and magnetohydro- 
dynamic calculations, and instead give an o v erview of the physical 
prescriptions for radiative cooling, star formation and evolution, 
metal enrichment, galactic wind feedback, supermassive BH growth, 
and feedback from active galactic nuclei (AGNs). For a complete 
description of the IllustrisTNG model, we refer the reader to 
Weinberger et al. ( 2017 ) and Pillepich et al. ( 2018a ). 

Gas in the simulation is allowed to cool through primordial and 
metal-line cooling in the presence of a redshift-dependent, spatially 
uniform, ionizing UV background (Faucher-Gigu ̀ere et al. 2009 ) that 
is switched on at z = 6, taking self-shielding corrections into account 
(Vogelsberger et al. 2013 ). Gas cells with densities abo v e ρ thres = 

0.13 cm 

−3 (in units of hydrogen number density) are considered 
to be star-forming, and become candidates to be stochastically 
converted into stellar particles according to the subresolution model 
of Springel & Hernquist ( 2003 ), with some modifications such as 
using a Chabrier ( 2003 ) initial mass function (IMF) instead of a 
Salpeter ( 1955 ) IMF, as detailed in Vogelsberger et al. ( 2013 ). This 
star-forming gas is modelled with a two-phase, effective equation of 
state that describes the formation and e v aporation of unresolved cold 
clouds embedded in a hot ambient medium, including the effects of 
supernovae that inject metal-enriched gas and thermal energy to the 
ambient phase. As shown in Springel & Hernquist ( 2003 ), this model 
quickly leads to a self-regulated, ‘quiescent’ mode of star formation. 

Stellar particles in the simulation represent coe v al stellar popu- 
lations with a Chabrier ( 2003 ) IMF. These are allowed to evolve in 
time while depositing mass and metals – originating from asymptotic 
giant branch (AGB) stars and supernovae of Types Ia (SNIa) and II 
(SNII) – into the surrounding gas, keeping track of the production 
and evolution of nine elements (H, He, C, N, O, Ne, Mg, Si, Fe). The 
minimum mass for a star to end its life as a core-collapse supernova 
(SNII) was increased from 6 M � in Illustris to 8 M � in IllustrisTNG 

(Pillepich et al. 2018a ). Accordingly, stars less massive than 8 M �

are assumed to enter an AGB phase. Finally, given the uncertainty 
about the progenitors of SNIa events, the SNIa rate is obtained from 

a simple delay-time distribution, regardless of the metallicity and 
IMF of the parent stellar population. 

Galactic winds are launched (in the form of wind particles) from 

star-forming gas cells in a random direction with a speed that is pro- 
portional to σ DM 

H ( z) −1/3 , where σ DM 

is the local, one-dimensional 
DM velocity dispersion and H ( z) is the Hubble parameter at redshift 
z. A velocity floor of 350 km s −1 is also imposed, as described 
in Pillepich et al. ( 2018a ). When launched, the wind particles are 
hydrodynamically decoupled until the y leav e their local interstellar 
medium, which typically happens when the density of the gas 
cell where they are currently located falls below 0.05 ρ thres (5 per 
cent of the density threshold for star formation), transferring their 
mass, momentum, metals, and energy to that gas cell. The wind 
mass loading factor, ηw , 1 depends on the available energy for wind 
generation from core-collapse supernovae (SNII), as in the original 
Illustris implementation (Vogelsberger et al. 2013 ), but now also 
depends on gas metallicity, such that ηw becomes smaller in higher 
metallicity environments. In addition, the winds are now allowed to 
carry a small fraction of thermal energy. 

Supermassive BHs are ‘seeded’ at the centres of haloes that reach 
a FoF group mass of 5 × 10 10 h 

−1 M �. The BH seed mass is 8 ×
10 5 h 

−1 M �, a value that is approximately eight times larger than the 
seed mass in the original Illustris model. The supermassive BHs can 
then grow by accreting material from their surroundings, as well as 
by merging with other BHs. The accretion rate on to supermassive 
BHs is assumed to be given by the Bondi accretion rate (Bondi 1952 ), 
Ṁ Bondi , limited by the Eddington accretion rate, Ṁ Edd : 

Ṁ BH = min ( Ṁ Bondi , Ṁ Edd ) , (1) 

where 

Ṁ Bondi = 

4 πG 

2 M 

2 
BH ρ

c 3 s 

, (2) 

Ṁ Edd = 

4 πGM BH m p 

εr σT c 
. (3) 

Here, M BH denotes the BH mass, G the gravitational constant, c 
the speed of light in vacuum, m p the proton mass, and σ T the 
Thomson cross-section. The factor εr is the radiative efficiency, 
which quantifies the radiated luminosity in terms of the accreted rest- 
mass energy ( L r = εr Ṁ BH c 

2 ), and in this model is assumed to have a 
fixed value of 0.2. Finally, ρ and c s are the density and sound speed of 
the gas around the supermassive BH, which are calculated in a kernel- 
weighted fashion o v er a spherical re gion containing approximately 
256 gas cells (at TNG100 resolution). 

It is worth noting that current cosmological and galaxy-scale hy- 
drodynamic simulations cannot resolve the region actually associated 
with the accretion disc around the supermassive BH, by several orders 
of magnitude. This led some early models of AGN feedback in 
hydrodynamic simulations (Springel, Di Matteo & Hernquist 2005 ; 
Sijacki et al. 2007 ) to introduce a dimensionless ‘boost factor’ α when 
calculating Ṁ Bondi , which was also included in the original Illustris 
model (Vogelsberger et al. 2013 ) with a value of α = 100. This factor 
has been eliminated in IllustrisTNG, being ef fecti vely replaced by 
the larger BH seed mass mentioned abo v e, which achieves a similar 
effect by promoting early BH growth (Weinberger et al. 2017 ). 

1 The wind mass loading factor is defined as ηw ≡ Ṁ w / Ṁ SFR , where Ṁ w is 
the rate of gas mass ejected in the form of wind particles and Ṁ SFR is the 
local star formation rate. 
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Once the BH accretion rate has been determined, AGN feedback 
can operate in two different modes depending on the accretion state: 
(i) a high-accretion mode, sometimes referred to as the ‘quasar’ 
mode, which corresponds to a classic accretion disc (Shakura & 

Sunyaev 1973 ), and (ii) a low-accretion mode, which operates for 
BHs accreting below some threshold value of the Eddington ratio, 
Ṁ Bondi / Ṁ Edd . In IllustrisTNG, the feedback associated with the latter 
mode is described with the ‘kinetic wind’ model of Weinberger 
et al. ( 2017 ), which was inspired by observational findings (e.g. the 
pre v alence of ‘red geyser’ galaxies, Cheung et al. 2016 ) as well as 
theoretical considerations (e.g. Yuan & Narayan 2014 ), and replaces 
the ‘radio bubble’ model of Sijacki et al. ( 2007 ) that was used in 
Illustris. 

The transition between the two AGN feedback modes takes place 
when the Eddington ratio ( Ṁ Bondi / Ṁ Edd ) reaches a threshold χ given 
by 

χ = min 

[ 

χ0 

(
M BH 

10 8 M �

)β

, 0 . 1 

] 

, (4) 

where χ0 = 0.002 and β = 2. For BHs with Ṁ Bondi / Ṁ Edd ≥ χ , 
thermal energy is injected in a kernel-weighted fashion o v er the 
same region used to calculate the accretion rate (i.e. a sphere 
enclosing approximately 256 gas cells) at a rate Ė high = 0 . 02 Ṁ BH c 

2 . 
Conversely, BHs with Ṁ Bondi / Ṁ Edd < χ impart kinetic energy to 
neighbouring gas cells (also in a kernel-weighted manner o v er the 
same spherical region) at a rate Ė low = εf, kin Ṁ BH c 

2 , where the 
efficiency εf,kin is typically equal to its maximum value of 0.2, 
but decreases proportionally to ρ at sufficiently low densities ( ρ < 

0.01 ρ thres ) in order to prevent the kinetic feedback mode from pushing 
the densities to ever lower values. The kinetic energy is injected 
in the form of a momentum kick in a random direction for each 
injection event (Weinberger et al. 2017 ). This approach violates strict 
momentum conservation for a single injection event, but ultimately 
conserves momentum by averaging over many injection events. As 
with galactic winds, this represents an inherently isotropic feedback 
model. 

Overall, the IllustrisTNG galaxy formation model has numerous 
free parameters (some of them better constrained than others) that 
have been calibrated to match se veral observ ables at z = 0 –
namely, the galaxy stellar mass function, the stellar-to-halo and 
BH-to-halo mass relations, the halo gas fraction as a function of 
halo mass, and the galaxy size versus stellar mass relation – as 
well as the global star formation rate density at z = 0–8 (Pillepich 
et al. 2018a ). We note, ho we ver, that the model was not tuned to 
match the angular momentum content of galaxies, nor to enforce any 
correlation between galactic angular momentum and other galaxy or 
halo properties. 

2.3 Measuring angular momentum 

The galaxies’ stellar angular momenta are measured following Genel 
et al. ( 2015 ). For each subhalo, the calculation frame is centred on 
the particle (of any type) with the lowest gravitational potential. It 
is important not to set the origin at the centre of mass, which can 
be sensitive to structure at large radii. Ho we v er, the v elocity of the 
calculation frame coincides with that of the stellar centre of mass, 
which is not sensitive to the velocity of any individual particle. As 
mentioned in Section 2.1 , these measurements are not restricted to 
any fiducial radius, so they are carried out for the entire SUBFIND 

object (accounting only for the stellar particles). 

The angular momenta of the parent haloes are obtained by means 
of a spherical o v erdensity calculation equi v alent to that of Zjupa 
& Springel ( 2017 ). For each FoF group, the calculation frame is 
centred on the particle with the lowest gravitational potential, while 
velocities are measured with respect to the centre-of-mass velocity, 
which is calculated by including all resolution elements (i.e. DM, 
gas, stars, supermassive BHs) within R 200 ≡ R 200,crit , i.e. the radius 
enclosing an average density equal to 200 times the critical density 
of the Universe. The magnitude of the angular momentum, J 200 ≡
J 200,crit , and the mass of the halo, M 200 ≡ M 200,crit , are also measured 
within R 200 . The specific angular momentum of the halo is defined 
as j 200 ≡ J 200 / M 200 . 

Once these halo properties are known, the halo spin parameter λ
(Peebles 1969 ) can be quantified using the closely related definition 
by Bullock et al. ( 2001 ), 

λ′ ≡ J 200 √ 

2 M 200 V 200 R 200 

= 

j 200 √ 

2 V 200 R 200 

, (5) 

where V 200 = 

√ 

GM 200 /R 200 is the circular velocity at R 200 . The halo 
spin parameter is predicted to follow a lognormal distribution that is 
relati vely insensiti ve to halo mass, environment, or redshift. We note 
that these calculations include all particles contained within R 200 , 
regardless of whether they belong to the FoF group or not (see Zjupa 
& Springel 2017 , for more details). 

In previous work (Rodriguez-Gomez et al. 2017 ), we additionally 
matched each halo from the hydrodynamic simulation to its counter- 
part from a corresponding DM-only (DMO) run and used the spin 
measurement from the latter, λ′ 

DMO , in order to remo v e an y possible 
influence of the galaxy itself on the halo spin. Here, we do not 
take this extra step, having verified that none of our results changes 
appreciably if we replace λ

′ 
with λ′ 

DMO , and instead follow the simpler 
approach of taking both the galaxy and halo measurements from the 
hydrodynamic run. This choice is also supported by Zjupa & Springel 
( 2017 ), who found that the spin parameter of DM haloes is affected 
in a minimal way by the dissipative collapse of baryons within them. 

2.4 Quantifying galaxy morphology 

We employ two different measures of galaxy morphology throughout 
this paper. The first one is the so-called kappa parameter, κ rot , which 
quantifies the fraction of the stellar kinetic energy that is invested 
into ordered circular motion (Sales et al. 2010 ; Rodriguez-Gomez 
et al. 2017 ). More precisely, it is defined as 

κrot = 

K rot 

K 

= 

1 

K 

∑ 

i 

1 

2 
m i 

(
j z,i 

R i 

)2 

, (6) 

where K is the total kinetic energy of the stellar component, m i is 
the mass of the i -th particle, j z, i is the z-component of the particle’s 
specific angular momentum, R i is the projected radius, and the sum 

is carried out o v er all the stellar particles in the galaxy. The z-axis is 
set to coincide with the stellar angular momentum of the galaxy, as 
defined in Section 2.3 . 

Like other kinematic measures of galaxy morphology (e.g. Abadi 
et al. 2003 ; Scannapieco et al. 2009 , 2012 ; Aumer et al. 2013 ; Dubois 
et al. 2016 ), κ rot is a good proxy for the amount of rotational support 
in a galaxy (see Rodriguez-Gomez et al. 2017 , for a discussion). For 
example, Tacchella et al. ( 2019 ) quantified the spheroid-to-total ratio 
( S / T ) and the concentration of the stellar mass density profile ( C 82 ) 
of TNG100 galaxies, while Pillepich et al. ( 2019 ) quantified both 
structural morphologies via 3D stellar shapes as well as v/ σ . Some 
recent works (e.g. Correa et al. 2017 ) use an alternative definition of 
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κ rot where the sum in equation ( 6 ) is only carried out for corotating 
particles, thus excluding counterrotating stars that are probably part 
of the bulge (or a counterrotating disc, e.g. Starkenburg et al. 2019 ). 
For simplicity, here we maintain the original definition and do 
not distinguish between corotating and counterrotating particles in 
equation ( 6 ). A comparison between both definitions can be found 
in appendix A from Rodriguez-Gomez et al. ( 2017 ). 

While such measures of kinematic morphology are very useful 
in hydrodynamic simulations, they generally cannot be directly 
compared to observations. Therefore, we also employ the visual- 
like morphologies presented in Huertas-Company et al. ( 2019 ), 
which were obtained by applying a neural network trained on visual 
morphologies from the Sloan Digital Sk y Surv e y (SDSS) to synthetic 
images from the TNG100 simulation (Rodriguez-Gomez et al. 2019 ) 
designed to match such SDSS observations. Here, we use the first 
level of the binary classification hierarchy described in Huertas- 
Company et al. ( 2019 ), which returns the probability for a galaxy to 
be late-type, P (Late) = 1 − P (Early). 

As discussed in Huertas-Company et al. ( 2019 ), galaxies with 
P (Late) < 0.5 mostly consist of elliptical and lenticular galax- 
ies, while those with P (Late) ≥ 0.5 include all types of spirals. 
Although we will later explore the variation in some quantities 
for galaxies with P (Late) values ranging continuously from 0 to 
1, we note that this quantity was not designed to be used as a 
precise mapping for the Hubble sequence. Instead, our purpose 
is simply to complement our results with an alternative mor- 
phological measurement that is more observationally meaningful 
than κ rot . 

Finally, we note that the DM particle mass in the TNG100 
simulation, m DM 

≈ 7 . 5 × 10 6 M �, exceeds the critical value of 
∼10 6 M � for significant heating of stellar motions in galactic 
discs o v er a Hubble time (Lace y & Ostriker 1985 ; Ludlow et al. 
2021 ). This spurious heating causes simulated discs to become 
more spheroidal (earlier morphology) and to rotate less rapidly 
(lower j ∗). According to idealized simulations of isolated stellar 
discs embedded in DM haloes with particle masses similar to that of 
TNG100, the loss of j ∗ o v er 10 10 yr increases from ∼1 per cent for 
M ∗ ∼10 11 M � to ∼30 per cent for M ∗ ∼10 9 M � (Wilkinson et al., in 
preparation). The importance of this heating effect for the evolution 
of galactic discs in hydrodynamic cosmological simulations such 
as IllustrisTNG is now under active investigation (Ludlow et al., 
in preparation). 

2.5 The galaxy sample 

We consider all central galaxies at z = 0 with stellar masses M ∗ abo v e 
10 9 M �, which represents a total of 12 235 objects. We limit this work 
to central galaxies because we are interested in the connection to 
properties of their host haloes, which would be difficult to interpret 
in the case of satellites. Ho we ver, we note that none of our other 
results (i.e. the ones not involving halo quantities) would change 
significantly if we had included satellite galaxies as well. 

When considering the visual-like morphologies from Huertas- 
Company et al. ( 2019 ), only galaxies with M ∗ ≥ 10 9 . 5 M � are shown, 
which corresponds to the stellar mass range of the galaxies with 
synthetic images in Rodriguez-Gomez et al. ( 2019 ). Smaller galaxies 
were excluded due to the computational cost of running the SKIRT 

radiative transfer code (Baes et al. 2011 ; Camps & Baes 2015 ) on a 
larger galaxy sample. We also note that the analyses in Rodriguez- 
Gomez et al. ( 2019 ) and Huertas-Company et al. ( 2019 ), originally 
carried out for galaxies at z ≈ 0.05 (snapshot 95 in IllustrisTNG), 
were afterwards repeated for galaxies at z = 0 (snapshot 99), but 

‘mock-observing’ them at z ≈ 0.05 for the sake of consistency. This 
extension of previous work resulted in the visual-like morphologies 
used for this paper. 

3  RESULTS:  GALACTI C  A N G U L A R  

M O M E N T U M  

This section contains our main results, which comprise an exploration 
of galactic angular momentum at z = 0 and its relation to morphology 
(Section 3.1 ), as well as to halo spin and BH mass (Section 3.2 ). We 
also test whether there is a correlation between halo spin and galaxy 
size in IllustrisTNG (Section 3.3 ). 

3.1 Connection to morphology 

Observ ations re veal that galaxies of dif ferent morphologies (or 
bulge fractions, B/T) follow roughly parallel scaling relations (in 
log–log space) between stellar specific angular momentum and 
stellar mass of the form j ∗ ∝ M 

α
∗ , with similar indices α ≈ 2/3 

but different normalizations, by a factor of ∼8 between late-type 
spirals and ellipticals (Fall 1983 ; Romanowsky & Fall 2012 ; Fall 
& Romanowsky 2013 , 2018 ). These scaling relations for the stellar 
components of galaxies are reminiscent of the one for DM haloes, 
j 200 ∝ M 

2 / 3 
200 λ (since the halo spin λ is essentially independent of 

M 200 ). Connecting the j ∗–M ∗ and j 200 –M 200 relations by means of the 
intervening j ∗–j 200 and M ∗–M 200 relations provides some important 
clues about galaxy formation, as we explore in detail later in this 
section. 

Fig. 1 shows how early-type and late-type galaxies distribute on 
the j ∗–M ∗ plane, often referred to as the Fall diagram , comparing 
simulated galaxies from IllustrisTNG at z = 0 to observational 
measurements from Fall & Romanowsky ( 2013 ) in the upper panels, 2 

and from Posti et al. ( 2018b ) and Di Teodoro et al. ( 2021 ) in the lower 
panels. 3 We quantify the morphologies of the simulated galaxies 
according to the two different methods described in Section 2.4 . On 
the left-hand panels, IllustrisTNG galaxies are separated according 
to the κ rot parameter (Sales et al. 2010 ; Rodriguez-Gomez et al. 
2017 ), i.e. the fraction of kinetic energy contributed by the azimuthal 
component of the stellar velocities, while galaxies on the right-hand 
panels are separated by P (Late), the probability of having a late-type 
morphology according to the deep learning classifier from Huertas- 
Company et al. ( 2019 ). For both κ rot and P (Late), early types are 
distinguished from late types by imposing a cut at a value of 0.5 
(Rodriguez-Gomez et al. 2017 ; Huertas-Company et al. 2019 ), as 
indicated by the figure labels. 

The quantities κ rot and P (Late) are examples of kinematic and 
visual-like morphologies, respectively, and we will consider both 
types of measurement throughout the rest of this paper in order 
to reduce the dependence of our results on any particular type of 
morphological measurement, as well as to reflect the fact that galaxy 
morphologies in hydrodynamic cosmological simulations are not 
yet in perfect agreement with observations (e.g. Snyder et al. 2015 ; 
Bottrell et al. 2017 ; Rodriguez-Gomez et al. 2019 ). 

2 Fall & Romanowsky ( 2013 ) revised the original j ∗–M ∗ data of Romanowsky 
& Fall ( 2012 ) using more accurate mass-to-light ratios and listed these 
revisions in table 1 of Fall & Romanowsky ( 2018 ). The last of these papers 
also presents the power-law fits to the revised j ∗–M ∗ data that we use here. 
3 Three lenticular (S0) galaxies were remo v ed from the sample by Posti et al. 
( 2018b ), so that it consists only of late-type galaxies. 
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Figure 1. Stellar specific angular momentum ( j ∗) as a function of stellar mass ( M ∗) for central galaxies from the IllustrisTNG simulation at z = 0. The red and 
blue lines show median trends for early-type and late-type galaxies, respectively, while the shaded regions represent the corresponding 16th to 84th percentile 
ranges at fixed stellar mass. On the left-hand panels, galaxies are classified according to kinematic morphology, using the κ rot parameter (Sales et al. 2010 ), 
while on the right-hand panels they are separated according to visual-like morphology, using a deep-learning algorithm (Huertas-Company et al. 2019 ). On the 
top panels, the blue squares show observational j ∗ estimates for spiral galaxies by Fall & Romanowsky ( 2013 ), while the red circles show the corresponding 
measurements for elliptical and lenticular (S0) galaxies. On the bottom panels, the blue symbols represent observational estimates by Posti et al. ( 2018b ) and 
Di Teodoro et al. ( 2021 ) for spiral galaxies. 

Overall, Fig. 1 shows good agreement between simulations and 
observations, except perhaps for the sample of extremely massive 
spirals from Di Teodoro et al. ( 2021 ), which have somewhat higher 
j ∗ values than our simulated galaxies. Other hydrodynamic cosmo- 
logical simulations have also been able to reproduce the observed 
j ∗–M ∗ relation to a reasonable degree (within a factor of ∼2). 
F or e xample, Teklu et al. ( 2015 ) and Zavala et al. ( 2016 ) report 
broad agreement with observational trends in the j ∗–M ∗ diagram for 
simulated galaxies from the Magneticum Pathfinder (Hirschmann 
et al. 2014 ) and EAGLE (Crain et al. 2015 ; Schaye et al. 2015 ) 
simulations, respectively, although in both cases they find that their 
simulated galaxies have slightly lower j ∗ values than observed 
galaxies. Similarly, using the original Illustris simulation (Genel 
et al. 2014 ; Vogelsberger et al. 2014a , b ), Genel et al. ( 2015 ) find 
j ∗–M ∗ trends in reasonable agreement with observations, although 

with a somewhat shallower logarithmic slope for the late types. By 
comparison, the j ∗–M ∗ trends in IllustrisTNG display even better 
agreement with observations in both normalization and slope. 

Fig. 2 also shows the j ∗–M ∗ plane in IllustrisTNG at z = 0, 
but in this case the simulated galaxies are separated according 
to their percentile at a fixed stellar mass in κ rot (left) or P (Late) 
(right), where the different coloured lines correspond to 10 equally 
spaced percentile ranges between 0 and 100. The moti v ation for 
doing this is to remo v e the dependence on the actual value of each 
morphological classification, and instead show the variation in j ∗
due to the ‘ranking’ of galaxy morphologies in each stellar mass 
bin. In principle, this procedure could be mimicked in observations, 
ef fecti vely constituting a ‘morphological matching’ at fixed stellar 
mass. Ho we ver, this approach would require j ∗ measurements for 
complete, volume-limited galaxy samples. 
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Figure 2. The j ∗–M ∗ relation for central galaxies at z = 0, separating them according to the percentile at a fixed stellar mass of κ rot (left) and P (Late) (right), 
as indicated by the colour scale. Galaxies are thus classified in a way that is less sensitive to the details of the morphological measurement, instead depending 
only on the relative ordering of their morphologies at a fixed stellar mass. This approach results in approximately parallel tracks on the j ∗–M ∗ diagram for the 
different morphological ‘types’. The blue and red dashed lines show the trends inferred from the 3D fits from Fall & Romanowsky ( 2018 ) for ‘pure’ discs and 
bulges, respectively, which have a logarithmic slope α = 0.67 ± 0.07 ≈ 2/3. 

The blue and red dashed lines in Fig. 2 represent the 3D fits from 

Fall & Romanowsky ( 2018 ) for ‘pure’ discs and bulges, respectively, 
which have a logarithmic slope α = 0.67 ± 0.07 ≈ 2/3. These lines 
are remarkably close to the trends for IllustrisTNG galaxies in the 
highest (90–100) and lowest (0–10) percentile ranges, indicating that 
the most extreme morphological types in the simulation have similar 
j ∗ values to those of pure discs and spheroids in the observations. 
Close inspection of Fig. 2 also shows that the j ∗ trends are slightly 
shallower than M 

2 / 3 
∗ , with logarithmic slopes of ∼0.5–0.6 for the 

various percentile intervals. 
Fig. 3 is analogous to Fig. 2 except that galaxies are now split 

according to the actual values of κ rot and P (Late) instead of their 
percentiles at a fixed stellar mass. While the trends for different 
P (Late) values (right-hand panel) are relatively unchanged, the trends 
for different κ rot values (left-hand panel) now exhibit a bend near M ∗
∼ 2–3 × 10 10 M �, with logarithmic slopes steeper (shallower) than 
2/3 for galaxies with stellar masses abo v e (below) this transition. 

The main reason for the qualitative differences between Figs 2 
and 3 , which are more noticeable in the case of the κ rot parameter 
(left-hand panels), is that galaxy morphology is mass-dependent: 
there are more disc-dominated galaxies at log 10 ( M ∗/M �) ∼ 10.5 
and more spheroid-dominated galaxies at lower and higher masses 
(this trend is reproduced in IllustrisTNG, e.g. Tacchella et al. 2019 ). 
Ho we ver, the fact that IllustrisTNG predicts bends for the individual 
galaxy types (Fig. 3 ) is in tension with the observations by Fall 
& Romanowsky ( 2013 ), which show unbent power laws. We note 
that Di Teodoro et al. ( 2021 ) found a slightly steeper logarithmic 
slope for their observational sample of ‘super spirals,’ such that a 
very gradual bend appears when combining their measurements with 
those of Posti et al. ( 2018b ) (see Fig. 1 ), but this variation in slope is 
much weaker than in IllustrisTNG. 

In Fig. 4 , we plot the specific angular momentum ‘retention 
fraction’, defined as the ratio between the specific angular momentum 

of the galaxy and that of its host halo ( f j ≡ j ∗/ j 200 ), as a function of 
stellar mass for central galaxies at z = 0. As in Fig. 3 , the various 
lines correspond to different κ rot (left) and P (Late) (right) values, as 

indicated by the colour scale. Clearly, for both types of morphological 
measurement, late-type galaxies typically retain a higher fraction of 
their host haloes’ specific angular momenta than early-type galaxies. 

The precise behaviour of the f j –M ∗ curves in Fig. 4 is somewhat 
dependent on the morphological parameter used. In the case of 
kinematic morphology (left-hand panel), the retained fraction of 
angular momentum is remarkably constant for each galaxy type 
across a wide range of stellar masses, with median values f j ≈ 0.5–
0.6 for spirals ( κ rot � 0.6) and f j ≈ 0.1–0.2 for ellipticals ( κ rot ≈
1/3). These values are consistent with observations showing f j ≈
0.7–0.8 for highly disc-dominated galaxies (Fall & Romanowsky 
2013 ; Posti et al. 2019b ; Di Teodoro et al. 2021 ) and f j ≈ 0.1 for 
highly bulge-dominated galaxies (Fall & Romanowsky 2013 , 2018 ). 
Our f j measurements from IllustrisTNG are also broadly consistent 
with results from other hydrodynamic simulations for both spiral and 
elliptical galaxies (Genel et al. 2015 ; Pedrosa & Tissera 2015 ; Teklu 
et al. 2015 ; Zavala et al. 2016 ; Sokołowska et al. 2017 ; El-Badry 
et al. 2018 ). 

When splitting galaxies according to visual-like morphology 
(right-hand panel of Fig. 4 ), some differences arise with respect 
to kinematic morphology. One of them is that the range of f j values 
becomes smaller, especially at low masses. This effect, which is 
also visible on the right-hand panel of Fig. 3 , could result from the 
neural network having some difficulty in identifying early types at 
low masses. In addition, it is to some degree expected that j ∗ should 
correlate more strongly with κ rot than with any image-based statistic, 
since both j ∗ and κ rot are kinematic measurements based on the 3D 

velocities of the stellar particles – information that is unavailable to 
the neural network. 

Another difference between the two panels in Fig. 4 is that the 
galaxies classified as late types according to P (Late) show a decrease 
in f j at high masses. In this case, one should note that this happens at 
very high stellar masses, log 10 ( M ∗/M �) � 11.5, where spirals would 
be exceedingly rare in the real Universe (or even in the simulation, 
according to the κ rot parameter). Therefore, any results based on 
P (Late) classifications should be taken with caution at such high 
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Figure 3. Same as Fig. 2 , but separating galaxies according to the actual values of κ rot (left) and P (Late) (right), as indicated by the colour scale, instead of 
using percentiles at a fixed stellar mass. While the results for P (Late) are relatively unchanged compared to Fig. 2 , the j ∗–M ∗ trends for different κ rot values now 

show a bend near M ∗ ∼ 2–3 × 10 10 M �, such that the logarithmic slope becomes shallower than 2/3 at low masses and slightly steeper than 2/3 at the massive 
end. 

Figure 4. The specific angular momentum ‘retention fraction’ ( f j ≡ j ∗/ j 200 ) plotted against stellar mass ( M ∗) for IllustrisTNG central galaxies at z = 0. The 
different coloured lines correspond to different actual values of κ rot (left) and P (Late) (right), as indicated by the colour scale. The error bar in the lower 
right-hand corner of each panel shows the typical scatter, defined as the median of the 16th to 84th percentile range (in logarithmic units) of all the data points 
in the figure. Note that when measuring galaxy morphology with the κ rot parameter (left-hand panel), the f j distributions become remarkably constant across a 
wide range of stellar masses, with median values f j ≈ 0.5–0.6 for spiral galaxies ( κ rot � 0.6) and f j ≈ 0.1–0.2 for ellipticals ( κ rot ≈ 1/3). 

masses. Additionally, these f j trends become approximately constant 
at M ∗ � 2 × 10 11 M �, which makes them qualitatively consistent 
with the f j trends for κ rot -selected galaxies, as long as the spirals are 
limited to a realistic range of stellar masses. 

The flatness of the f j –M ∗ trends in Fig. 4 has interesting im- 
plications for the galaxy–halo connection. While Romanowsky & 

Fall ( 2012 ) fa v oured a nearly constant value of f j across all stellar 
masses, Posti et al. ( 2018a ) argued that the f j –M ∗ relation should 
show an ‘inverted U’ shape with a peak around log 10 ( M ∗/M �) ∼
10.5, which we do not see in Fig. 4 . This prediction was obtained 
by enforcing agreement both with the Fall relation ( j ∗ ∝ M 

2 / 3 
∗ ) and 

with an inverted-U-shaped stellar-to-halo mass ratio, f M 

≡ M ∗/ M 200 , 
for galaxies of all morphological types from Rodr ́ıguez-Puebla et al. 
( 2015 ). 

In a subsequent work, Posti et al. ( 2019a ) found that f M 

is, in fact, a 
monotonically increasing function of M ∗ for spiral galaxies, with no 
sign of decline at high masses. This finding solves the inconsistency 
previously pointed out by Posti et al. ( 2018a ), as discussed in Posti 
et al. ( 2019b ) and Posti & Fall ( 2021 ). According to their statistically 
fa v oured model (a single power law), Posti et al. ( 2019b ) found a 
nearly constant value of f j ≈ 0.7 for their entire sample of spiral 
galaxies, with a very weak dependence on stellar mass. This result 
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Figure 5. The stellar-to-halo mass ratio ( f M 

≡ M ∗/ M 200 ) as a function of stellar mass ( M ∗) for IllustrisTNG central galaxies at z = 0. As before, the different 
coloured lines represent different actual values of κ rot (left) and P (Late) (right), as indicated by the colour scale, while the error bar in the lower right-hand corner 
shows the typical scatter. Note that when separating galaxies according to the κ rot parameter (left-hand panel), the f M 

–M ∗ relation is monotonically increasing 
for spirals ( κ rot � 0.6) and inverted-U-shaped for ellipticals ( κ rot ≈ 1/3), in qualitative agreement with recent works by Posti, Fraternali & Marasco ( 2019a ) and 
Posti & Fall ( 2021 ). 

Figure 6. Stellar specific angular momentum ( j ∗) as a function of stellar mass 
( M ∗) for IllustrisTNG central galaxies at z = 0, separating them according 
to their star-forming gas fraction, f gas, sf ≡ M gas,sf /( M gas,sf + M ∗). The error 
bar in the lower right corner indicates the typical scatter. This figure confirms 
that, at fixed stellar mass, gas-rich galaxies tend to have higher stellar angular 
momentum content than g as-poor g alaxies, in qualitative agreement with 
recent works by Mancera Pi ̃ na et al. ( 2021b ) and Hardwick et al. ( 2022 ). 

has been confirmed with a larger sample of galaxies by Di Teodoro 
et al. ( 2021 ). Our Fig. 4 provides strong support to this scenario, in 
which spiral galaxies ‘inherit’ a fixed fraction, on average, of their 
parent haloes’ specific angular momenta, with similar findings for 
ellipticals. 

For completeness, in Fig. 5 we plot the stellar-to-halo mass ratio 
( f M 

≡ M ∗/ M 200 ) as a function of stellar mass for central galaxies at z = 

0. As before, the left-hand and right-hand panels separate galaxies 
according to the κ rot and P (Late) morphological measurements, 

respectively. We can see that when separating galaxies according 
to P (Late) (right-hand panel), the f M 

–M ∗ relation has approximately 
the same shape for all morphological types, in qualitative agreement 
with the semi-empirical model of Rodr ́ıguez-Puebla et al. ( 2015 ). On 
the other hand, when classifying galaxies according to κ rot (left-hand 
panel), f M 

( M ∗) is monotonically increasing for spirals and inverted- 
U-shaped for ellipticals, in qualitative agreement with recent works 
by Posti et al. ( 2019a ) and Posti & F all ( 2021 ), respectiv ely. A closer 
inspection of the f M 

–M ∗ trend for spirals, ho we ver, sho ws a slight 
bend at M ∗ � 10 10 M �, coming close but not quite matching the 
single power law fa v oured by Posti et al. ( 2019a ). This slight bend 
is the main reason for the corresponding bend in the j ∗–M ∗ trend 
for spirals previously seen in Fig. 3 , which follows from the basic 
relation 4 

j ∗ ∝ f j f 
−2 / 3 
M 

M 

2 / 3 
∗ λ (7) 

by noting that f j is approximately constant for the different morpho- 
logical types and that λ is independent of mass. 

Finally, moti v ated by recent observations by Mancera Pi ̃ na et al. 
( 2021b ) and Hardwick et al. ( 2022 ), in Fig. 6 we investigate whether 
the scatter in the j ∗–M ∗ plane is related to the cold gas fraction. As 
a proxy for cold gas, we consider the mass contributed by all the 
star-forming gas cells, M gas,sf (see Section 2.2 ), and then define the 
star-forming gas fraction as f gas,sf ≡ M gas,sf /( M gas,sf + M ∗). Thus, Fig. 6 
shows the j ∗–M ∗ trends for galaxies with different values of f gas,sf , as 
indicated by the colour scale. We conclude from this figure that the 
observed correlation between stellar specific angular momentum and 
cold gas fraction (at fixed stellar mass) is qualitatively reproduced by 
the IllustrisTNG model. We note, ho we ver, that the dependence of 
the j ∗–M ∗ relation on cold gas fraction, while significant, is weaker 
than the dependence on galactic morphology (compare Figs 2 , 3 , 
and 6 ). 

4 For the coefficient of proportionality in equation ( 7 ), see Romanowsky & 

Fall ( 2012 ) or Posti et al. ( 2018a ). 
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Figure 7. Stellar specific angular momentum ( j ∗) plotted against stellar mass ( M ∗) for central galaxies at z = 0, separating galaxies according to the spin 
parameter of their host haloes (left) and the mass of their central BHs (right). Each coloured line shows the median j ∗–M ∗ trend for galaxies with the value 
indicated by the colour scale. The error bar in the lower right-hand corner of each panel shows the typical scatter. This figure shows that galaxies found at the 
centres of faster rotating haloes, as well as galaxies hosting less massive BHs, tend to have a higher angular momentum. In addition, the effects of halo spin and 
BH mass have approximately the same importance at all stellar masses, separating galaxies into roughly parallel tracks on the j ∗–M ∗ diagram. 

3.2 Connection to halo spin and BH mass 

In this section, we explore what drives the scatter in the j ∗–M ∗
relation, focusing on two important physical quantities: the spin of 
the host halo and the mass of the supermassive BH at the galactic 
centre (which we use as a proxy for the amount of energy injected 
by AGN feedback into the gas o v er a galaxy’s history). We also 
explore whether there is a correlation between these two quantities, 
independently of j ∗, and whether they play a role in shaping galaxy 
morphology. 

Fig. 7 once again shows how IllustrisTNG galaxies distribute on 
the j ∗–M ∗ plane at z = 0, but in this case the different coloured lines 
correspond to different values of the halo spin parameter (left) and 
the BH mass (right). As mentioned in Section 2.3 , instead of using 
the original spin parameter definition by Peebles ( 1969 ), we use a 
very similar one by Bullock et al. ( 2001 ), which is usually denoted 
by λ

′ 
instead of λ. The differences between these two quantities 

have been discussed in various works (e.g. Zjupa & Springel 2017 ) 
and are usually of the order of 10 per cent. In the case of the BH 

mass, we normalize it by the galaxy’s stellar mass ( M BH / M ∗) in 
order to create a more stable, dimensionless quantity that only spans 
approximately one order of magnitude across approximately three 
orders of magnitude in stellar mass. Fig. 7 clearly shows that both halo 
spin and BH mass are correlated with galactic angular momentum: 
galaxies that form inside haloes with higher (lower) spin, as well as 
galaxies hosting less (more) massive BHs at their centres, tend to 
have higher (lower) values of j ∗. 

The relation between j ∗ and halo spin parameter ( λ
′ 
) shown in 

Fig. 7 has important implications for galaxy formation (Fall & 

Efstathiou 1980 ; Mo et al. 1998 ). It means that galaxy rotation 
(measured by j ∗) depends on halo rotation (measured by λ

′ 
), which 

implies that galaxy sizes should correlate with halo spin, as we will 
show in Section 3.3 . We note that a correlation between j ∗ and halo 
spin had been previously found in other hydrodynamic cosmological 
simulations, in particular by Genel et al. ( 2015 ) and Teklu et al. ( 2015 ) 
for the Illustris and Magneticum P athfinder simulations, respectiv ely. 

The relation between j ∗ and BH mass ( M BH ) shown in Fig. 7 is 
less straightforward to interpret. First of all, we note that such a 

relation is expected on purely empirical grounds, regardless of the 
underlying physical process: M BH is known to correlate with bulge 
mass (e.g. Kormendy & Ho 2013 ), which anticorrelates with j ∗ at 
fix ed M ∗ (e.g. Romanowsk y & F all 2012 ). The physical link between 
M BH and bulge mass is believed to be AGN feedback, mergers, or 
some combination of both processes. Ho we ver, while galaxy mergers 
(especially ‘dry’ mergers) are known to contribute to bulge mass 
growth (e.g. Rodriguez-Gomez et al. 2017 , and references therein), a 
preliminary analysis suggests that mergers play a less significant role 
than AGN feedback in establishing the j ∗–M ∗ relation (Rodriguez- 
Gomez et al., in preparation). 

A plausible explanation for the effect of AGN feedback on galactic 
angular momentum is that AGN feedback acts mostly at late times, 
suppressing late-time gas accretion in galaxies with more massive 
BHs. Since the gas accreted at late times has higher specific angular 
momentum, the lack of it would explain why galaxies with higher 
M BH have lower j ∗. In this sense, the effect of AGN feedback on 
galactic angular momentum is opposite to that of stellar feedback 
(e.g. Übler et al. 2014 ), which fa v ours late-time, fa v ourably oriented 
gas accretion via galactic fountains. The complementary roles of 
AGN and stellar feedback in establishing galactic angular momentum 

are also evident in Genel et al. ( 2015 ), who plotted the j ∗–M ∗ relation 
for several variations of the original Illustris model (Vogelsberger 
et al. 2013 ; Torrey et al. 2014 ) and found that the inclusion of 
galactic winds increased j ∗ at fixed M ∗, while a model with stronger 
AGN feedback produced galaxies with lower j ∗. Furthermore, using 
hydrodynamic zoom-in simulations of Milky Way-like galaxies, 
Grand et al. ( 2017 ) found an anticorrelation between disc size and 
BH mass growth since z = 1, which is fundamentally the same effect. 

At this point, one might wonder whether the variations in j ∗ (at 
fixed M ∗) with respect to λ

′ 
and M BH seen in Fig. 7 are independent 

of each other. To check this, in Fig. 8 we plot the joint distribution 
of the halo spin parameter (horizontal axis) and the BH-to-stellar 
mass ratio (vertical axis), while colouring each 2D bin according to 
the median value of j ∗/M 

2 / 3 
∗ . This last quantity is a proxy for j ∗ that 

captures its approximate scaling with M ∗, essentially quantifying 
the normalization of the corresponding j ∗ ∝ M 

2 / 3 
∗ track (similar to 
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Figure 8. Variation of the stellar specific angular momentum (colour scale) with respect to the halo spin parameter ( x -axis) and the BH-to-stellar mass ratio 
( y -axis), shown for central galaxies at z = 0 in different stellar mass bins (different panels). The stellar specific angular momentum j ∗ has been divided by M 

2 / 3 
∗ , 

its approximate scaling on the j ∗–M ∗ diagram, so that each panel co v ers a similar range of values. Thus, each two-dimensional bin is coloured according to the 
median value of j ∗/M 

2 / 3 
∗ of the galaxies that fall into that bin. The black and grey contours contain 68 and 95 per cent of the galaxy population in each panel, 

respectively, while the black arrows represent the direction of increasing j ∗/M 

2 / 3 
∗ . Clearly, the colour gradient is approximately diagonal in each panel, which 

indicates that both halo spin and BH mass are important in establishing galactic angular momentum, regardless of stellar mass. 

the ‘ b -values’ from Teklu et al. 2015 ). The different panels show 

galaxies from different stellar mass ranges, as indicated by the text 
labels, and the black and grey contours contain 68 and 95 per cent 
of the galaxy population in each panel. 

Examining the direction of the colour gradient (indicated by the 
black arrows) in each panel of Fig. 8 , in combination with the 
o v erall shape of the galaxy distribution (grey and black contours), 
provides information about the relative importance of halo spin and 
AGN feedback in establishing galactic angular momentum. The fact 
that the colour gradients are predominantly diagonal (rather than 
horizontal or vertical) in all panels indicates that both halo spin 
and AGN feedback play an important role in determining the stellar 
specific angular momentum of a g alaxy, reg ardless of stellar mass. 
In other words, any panel from Fig. 8 shows that even at fixed 
λ

′ 
, more (less) massive BHs are associated with lower (higher) j ∗

values. Similarly, at fixed M BH / M ∗, faster (slower) rotating haloes 
host galaxies with higher (lower) j ∗ at their centres. 5 

5 We also checked the halo concentration, but found that it does not correlate 
significantly with j ∗ or M BH . Ho we ver, we found that the halo concentration 
anticorrelates slightly with halo spin, an effect usually attributed to haloes 
out of equilibrium (Maccio et al. 2007 ). 

Close inspection of the contours in Fig. 8 reveals that there is also 
a connection between halo spin and BH mass, which deserves further 
attention. This correlation becomes more evident if we essentially 
bypass the galaxy and replace the ratio M BH / M ∗ with M BH / M 200 , i.e. 
if we consider only halo- and BH-related properties. This is done 
in Fig. 9 , which shows the joint distribution of M BH / M 200 and λ

′ 

for a range of halo masses M 200 = 10 11.5 –10 12 M �. This is roughly 
the mass range where we find the correlation to be strongest, with a 
Pearson correlation coefficient of r = −0.53 (for the logarithms of 
M BH / M 200 and λ

′ 
), although we verified that such a correlation exists 

for all sufficiently massive haloes, with M 200 � 10 11 M �. We find 
that such a relation is also present in the original Illustris simulation, 
although it is somewhat weaker, with a Pearson correlation coefficient 
of r = −0.33 for the same halo mass range. 

This inverse relation between halo spin and BH mass is likely a 
consequence of the higher centrifugal acceleration in faster rotating 
haloes that hinders gas flow to the galactic centre, thus inhibiting 
the growth of the central BH. Recently, also using the TNG100 
simulation, Lu et al. ( 2022 ) found decreased star formation activity 
and lower BH accretion rates in galaxies at the centres of faster 
spinning haloes, which they also attributed to less efficient gas 
inflow in these systems. These findings lead to a picture in which the 
supermassive BHs to some extent ‘amplify’ the effect of halo spin 
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Figure 9. The correlation between BH mass ( y -axis, normalized by M 200 ) 
and halo spin ( x -axis) at z = 0. This plot is limited to central galaxies within a 
relati vely narro w range of host halo masses ( M 200 = 10 11.5 –10 12 M �), which 
is approximately where we found the correlation to be strongest, although 
such a connection to the BH mass exists for all sufficiently massive haloes 
( M 200 � 10 11 M �) in IllustrisTNG. The contours contain 5, 20, 40, 60, 80, 
and 95 per cent of the galaxies, while the grey-scale shows their overall 
distribution. The Pearson correlation coefficient r of the data (in logarithmic 
units) is indicated in the upper right corner of the figure. 

on galactic angular momentum: galaxies with lower j ∗ form at the 
centres of haloes with lower λ

′ 
, but the lower centrifugal acceleration 

in such haloes results in stronger gas accretion towards the central 
BH, which contributes to further decreasing j ∗ via AGN feedback. 

When interpreting these results, it is important to note that the 
process of accretion on to supermassive BHs takes place at scales 
much smaller than the spatial resolution of current cosmological 
and galaxy-scale simulations. For example, the ‘radius of influence’ 
of supermassive BHs, r infl ≡ GM BH / σ 2 (where σ is the velocity 
dispersion of the galactic bulge), has typical values between 1 and 
100 pc, much below the ∼kpc resolution of TNG100. Furthermore, 
at even smaller scales, the angular momentum transport mechanisms 
that funnel gas from the interstellar medium into the BH accretion 
disc (of size � 0.01 pc) are not fully understood (e.g. Hopkins et al. 
2022 , and references therein). Despite these issues, the fact that 
the BH accretion model adopted in IllustrisTNG is coarse (see Sec- 
tion 2.2 ) does not mean that it is unphysical. In particular, it still seems 
plausible that low-angular-momentum gas can flow more efficiently 
towards the central BH than high-angular-momentum g as, reg ardless 
of the details of how this gas is transported at subresolution scales. 

Having seen that both halo spin and AGN feedback have an effect 
on galactic angular momentum, one might wonder whether they also 
have an effect on galaxy morphology. This is tested in Fig. 10 , which 
shows the halo spin parameter (left) and the BH-to-stellar mass ratio 
(right) as a function of stellar mass, separating galaxies into early 
types and late types according to the two morphological quantities 
described in Section 2.4 . The solid lines and shaded regions show 

the median and scatter of κ rot -selected early types (red) and late 
types (blue), as indicated by the figure labels, while the dotted lines 
show the median trends for late-type and early-type galaxies selected 
according to P (Late). 

The right-hand panel of Fig. 10 clearly shows that BH mass 
is correlated with galaxy morphology at all stellar masses, with 

early-type (late-type) galaxies hosting more (less) massive BHs. 
This is an expected result of the AGN feedback implementation in 
IllustrisTNG, which heats the gas surrounding a galaxy, suppressing 
late-time gas accretion and hence the formation of galactic discs, 
although galaxy mergers are also expected to play a role at the 
high-mass end (Rodriguez-Gomez et al. 2017 ). A similar correlation 
between galaxy morphology and BH mass in IllustrisTNG was found 
by Li et al. ( 2020 ). These findings are qualitatively consistent with 
the well-known scaling relation between BH mass and bulge mass 
(e.g. Kormendy & Ho 2013 ). 

On the other hand, the left-hand panel of Fig. 10 shows a negligible 
correlation between halo spin and galaxy morphology at all inspected 
masses, which might seem puzzling considering that we find a strong 
correlation between morphology and j ∗ (Figs 1 –3 ), as well as between 
j ∗ and λ

′ 
(Figs 7 –8 ). The reason for this apparent contradiction is 

that kinematic morphological measurements such as κ rot are more 
strongly correlated with the inner j ∗ (Rodriguez-Gomez et al. 2017 ), 
while the halo spin parameter is more strongly correlated with the 
outer j ∗. This can lead to a situation where j ∗ is strongly correlated 
with both κ rot and λ

′ 
, while these two quantities are very weakly 

correlated with each other. 
Some previous works have reported a correlation between halo 

spin and morphology in hydrodynamic cosmological simulations, 
such as Teklu et al. ( 2015 ) for the Magneticum Pathfinder simulation 
and Rodriguez-Gomez et al. ( 2017 ) for the original Illustris simula- 
tion (at low masses). Regarding the latter case, one possible explana- 
tion for why we do not see this effect in IllustrisTNG could be the fact 
that Illustris galaxies were larger by a factor of ∼2, especially at the 
low-mass end (Snyder et al. 2015 ; Pillepich et al. 2018a ; Rodriguez- 
Gomez et al. 2019 ), which could make them more ‘dynamically 
connected’ to their parent DM haloes by having an approximately 
eight times larger ‘ef fecti ve volume’ in common. In addition, as a 
consequence of weaker stellar feedback, the stellar masses in Illustris 
were higher by a factor of ∼2 at the low-mass end, suggesting that 
stellar angular momentum could also have been affected. 

3.3 Halo spin and galaxy size 

A well-known prediction of galaxy formation models is that the size 
of a galactic disc should be correlated to the spin of its parent halo 
(Fall & Efstathiou 1980 ; Mo et al. 1998 ). In Fig. 11 , we investigate 
whether such a relation exists in IllustrisTNG by plotting galaxy size 
as a function of stellar mass for central galaxies at z = 0. The left- 
hand panel quantifies galaxy size in a very straightforward manner, 
using the (3D) stellar half-mass radius, while the right-hand panel 
follows a more observationally motivated approach, showing the 
half-light semimajor axis obtained from 2D S ́ersic fits to the galaxy 
light distribution in the Pan-STARRS i -band (Rodriguez-Gomez et al. 
2019 ). The coloured solid lines represent different values of the halo 
spin parameter in logarithmically spaced bins, as indicated by the 
colour scale. Clearly, a correlation between galaxy size and halo spin 
exists in IllustrisTNG, at least at stellar masses M ∗ � 10 11 M �, with 
larger discs forming at the centres of faster rotating haloes. Such 
a relation had been previously found using hydrodynamic zoom- 
in simulations of Milky Way-like galaxies (Grand et al. 2017 ). 6 

Ho we ver, this is the first time, to our knowledge, that this correlation 
has been shown to appear naturally in a fully cosmological volume. 

6 Some hydrodynamic zoom-in simulations produce a weaker correlation 
between galaxy size and halo spin (Jiang et al. 2019 ). The origin of this 
discrepancy will be clarified in future work. 
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Figure 10. The effect of halo spin (left) and BH mass (right) on galaxy morphology as a function of stellar mass, again shown for central galaxies at z = 0. The 
red and blue solid lines show the median trends for early-type and late-type galaxies, respectively, classified according to kinematic morphology ( κ rot ), while 
the shaded regions indicate the corresponding 16th to 84th percentile ranges. Similarly, the red and blue dotted lines show the median trends for early-type and 
late-type galaxies classified according to visual-like ( P (Late)) morphology. This figure shows that, in the IllustrisTNG simulation, halo spin has a marginal effect 
on galaxy morphology, while BH mass plays a more important role. 

Figure 11. Galaxy size, parametrized by the (3D) stellar half-mass radius (left) and the (2D) S ́ersic half-light semimajor axis (right), plotted against stellar 
mass for central galaxies at z = 0. The different solid coloured lines show median trends for galaxies found at the centres of haloes with different spin 
parameters, as indicated by the colour scale. The blue squares and red circles show the median observational trends from Huang et al. ( 2017 ) for disc-dominated 
and spheroid-dominated galaxies, respectively, while the dashed lines represent power-law fits by van der Wel et al. ( 2014 ) for blue and red galaxies. This 
figure shows that larger galaxies formed at the centres of faster rotating haloes, in agreement with simple analytical arguments, and that the variations in halo 
spin span the observed range of morphologies and colours. Ho we ver, the trend breaks down at M ∗ � 10 11 M � in both observations and simulations, presumably 
as a result of the increased importance of dry mergers in the formation of massive galaxies and the associated destruction of galactic discs. 

We complement Fig. 11 by also showing observational determi- 
nations of the ef fecti v e size v ersus stellar mass relation for different 
galaxy types. The blue squares and red circles represent median 
observational trends obtained by Huang et al. ( 2017 ) for disc- 
dominated and spheroid-dominated galaxies, respectively, using data 
from the CANDELS surv e y (Grogin et al. 2011 ; Koekemoer et al. 
2011 ) at z < 0.5. Similarly, the blue and red dashed lines show 

power-law fits by van der Wel et al. ( 2014 ) for blue and red galaxies 
(selected according to their rest-frame UVJ colours), using the same 

CANDELS measurements at z < 0.5. Interestingly, this comparison 
shows that the variations in the spin of the DM halo span the observed 
range of galaxy morphologies and colours, again suggesting that 
halo spin plays a significant role in galaxy formation, as discussed 
in Section 3.2 . 

The connection between halo spin and galaxy size is closely 
related to the idea that low surface brightness galaxies (LSBGs), 
as well as ultradiffuse galaxies (UDGs), might form at the centres 
of faster spinning haloes (Amorisco & Loeb 2016 ; P ́erez-Monta ̃ no 
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& Cervantes Sodi 2019 ; Salinas & Galaz 2021 ). These tendencies 
for LSBGs and (isolated) UDGs have been recently verified using 
hydrodynamic simulations (Di Cintio et al. 2019 ; Kulier et al. 2020 ; 
Benavides et al. 2021 ; P ́erez-Monta ̃ no et al., in preparation). 

As also shown in Fig. 11 , the correlation between galaxy size 
and halo spin breaks down at M ∗ � 10 11 M � in both observations 
and simulations, which is perhaps not surprising considering that the 
theoretical prediction is for galactic discs , while the high-mass end 
is dominated by elliptical galaxies. This transition at M ∗ ∼10 11 M �
roughly corresponds to the mass scale at which dry mergers become 
the dominant growth mechanism of galaxies (Lee & Yi 2013 ; 
Rodriguez-Gomez et al. 2016 ), driven mostly by the ef fecti veness of 
AGN feedback in massive galaxies and their consequent quenching, 
leading to the formation of spheroid-dominated systems at the 
massive end (Rodriguez-Gomez et al. 2017 ). Genel et al. ( 2018 ) 
also noted a different size evolution for galaxies abo v e and below 

this mass scale, such that the sizes of galaxies with M ∗ � 10 11 M � at 
z = 0 showed very slow growth after quenching. In future work, we 
will explore the role that galaxy mergers play in establishing galactic 
angular momentum at different masses. 

4  DISCUSSION  A N D  C O N C L U S I O N S  

We have studied the stellar specific angular momenta ( j ∗) of central 
galaxies in the IllustrisTNG simulation at z = 0, co v ering a stellar 
mass range from 10 9 to 10 12 M �, with an emphasis on how j ∗ relates 
to the morphology of the galaxy, the spin of the host halo, and 
the mass of the central BH. We also explored the fraction of the 
halo specific angular momentum ‘retained’ by galaxies of different 
morphological types, and tested whether a connection between 
halo spin and galaxy size, which is predicted by simple analytical 
arguments, arises naturally in a cosmological context. 

We quantified the morphology of our simulated galaxies using two 
different indicators: the κ rot parameter (Sales et al. 2010 ; Rodriguez- 
Gomez et al. 2017 ), which measures the fraction of kinetic energy of 
the stars that is invested into ordered circular motion, and P (Late), 
which gives the probability that a galaxy has a late-type morphology 
according to a deep learning algorithm (Huertas-Company et al. 
2019 ). The quantities κ rot and P (Late) represent kinematic and visual- 
like morphological measurements, respectively, and the simulated 
galaxies can be roughly separated into early types and late types 
by adopting cuts at κ rot = 0.5 and P (Late) = 0.5. For both types 
of morphological measurement, we found that the distribution of 
IllustrisTNG galaxies on the j ∗–M ∗ plane is in good o v erall agreement 
with observational estimates from Fall & Romanowsky ( 2013 ) for 
both early types and late types, and with Posti et al. ( 2018b ) and 
Di Teodoro et al. ( 2021 ) for late types (Fig. 1 ), with the late types 
exhibiting higher j ∗ at fixed galaxy stellar mass. 

We further explored the relation between galactic angular momen- 
tum and morphology by sho wing se veral finely spaced median trends 
on the j ∗–M ∗ diagram, corresponding to galaxies classified according 
to the percentile at a fixed stellar mass (Fig. 2 ) and the actual value 
(Fig. 3 ) of the morphological parameters κ rot and P (Late). This 
allowed us to probe the entire range of galaxy morphologies produced 
by the simulation in more detail. In both cases, we compared the 
obtained trends with the 3D fits provided by Fall & Romanowsky 
( 2018 ) for the extreme cases of ‘pure’ discs and spheroids, which 
have a logarithmic slope of 2/3 but are separated by a factor of 
approximately eight in normalization. 

We found that when separating morphological types according to 
the percentile at fixed mass (Fig. 2 ), the j ∗–M ∗ trends for both κ rot 

and P (Late) behave very similarly to each other, and the range of 

j ∗ values co v ered by these ‘morphological classes’ is comparable 
to the separation between the pure discs and spheroids from Fall & 

Romanowsky ( 2018 ), although with a somewhat smaller spread in 
the case of P (Late). 

When separating galaxies according to the actual values of κ rot and 
P (Late) (Fig. 3 ), the behaviour for P (Late) is relatively unchanged, 
but the j ∗–M ∗ trends for different κ rot values now deviate from the 
simple j ∗ ∝ M 

2 / 3 
∗ relation fa v oured by Fall & Romanowsky ( 2018 ), 

displaying instead a bend near M ∗ ∼ 2–3 × 10 10 M �, such that the 
logarithmic slopes in the j ∗–M ∗ plane at stellar masses abo v e (below) 
this transition point become steeper (shallower) than 2/3. The main 
reason for these qualitative differences between Figs 2 and 3 is that 
galaxy morphology is mass-dependent, with more disc-dominated 
galaxies at log 10 ( M ∗/M �) ∼ 10.5 and more spheroid-dominated 
galaxies at lower and higher masses. 

We next considered the specific angular momentum ‘retention 
fraction’, defined as the ratio between the specific angular momenta 
of the galaxy and its host halo, f j ≡ j ∗/ j 200 , and plotted it as a function 
of stellar mass (Fig. 4 ). When splitting the simulated galaxies by 
their κ rot values, we found that the resulting f j trends are remarkably 
constant as a function of stellar mass, with spiral galaxies ( κ rot � 

0.6) ‘retaining’ 50–60 per cent of their host haloes’ specific angular 
momenta and ellipticals ( κ rot ≈ 1/3) retaining 10–20 per cent. These 
values are close to the best empirical estimates of f j ≈ 0.7–0.8 for 
highly disc-dominated galaxies (Fall & Romanowsky 2013 ; Posti 
et al. 2019b ; Di Teodoro et al. 2021 ) and f j ≈ 0.1 for spheroid- 
dominated galaxies (Fall & Romanowsky 2013 , 2018 ). 

For completeness, we also considered the stellar-to-halo mass 
ratio ( f M 

≡ M ∗/ M 200 ), which is related to j ∗ via equation ( 7 ), and 
plotted it in Fig. 5 as a function of stellar mass. When separating 
galaxies according to their κ rot values, we found that spirals show a 
monotonically increasing f M 

( M ∗), while ellipticals show an ‘inverted 
U’ shape, in qualitative agreement with Posti et al. ( 2019a ) and 
Posti & F all ( 2021 ), respectiv ely . Finally , in Fig. 6 we showed 
that IllustrisTNG galaxies also display a correlation between j ∗ and 
cold gas fraction at fixed M ∗, in qualitative agreement with recent 
observational works by Mancera Pi ̃ na et al. ( 2021b ) and Hardwick 
et al. ( 2022 ), although the dependence of the j ∗–M ∗ relation on cold 
gas fraction is weaker than its dependence on galactic morphology. 

Having explored the interplay between galactic angular momen- 
tum and morphology, we proceeded to investigate the physical 
mechanisms that drive the scatter in the j ∗–M ∗ relation at fixed M ∗. In 
particular, we considered the spin of the host halo ( λ

′ 
) and the mass 

of the central BH ( M BH , which we used as a proxy for the amount 
of energy injected into the gas by AGN feedback o v er a galaxy’s 
history). We found that galaxies that formed at the centres of faster 
(slower) rotating haloes, as well as those hosting less (more) massive 
BHs, tend to have higher (lower) stellar specific angular momenta 
(Fig. 7 ). 

We also found that the correlations between galactic angular 
momentum, halo spin, and BH mass hold at fixed λ

′ 
or M BH / M ∗

(Fig. 8 ), indicating that halo spin and AGN feedback play distinct 
roles in driving the scatter of the j ∗–M ∗ relation. This paper supports 
a scenario where the rotation of a galaxy (measured by j ∗) depends 
on that of its host halo (measured by λ

′ 
), while AGN feedback 

(by suppressing late-time gas accretion, which has higher specific 
angular momentum) has an effect opposite to that of stellar feedback 
in establishing galactic angular momentum, in agreement with earlier 
findings (Genel et al. 2015 ; Grand et al. 2017 ). 

Interestingly, we also found an anticorrelation between the spin 
of the halo and the mass of the supermassive BH at fixed galaxy or 
halo mass (Fig. 9 ). This could be explained by stronger (weaker) 
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gas flows feeding the central BH in slower (faster) rotating haloes, 
where the centrifugal acceleration is easier (harder) to o v ercome. 
This would also mean that BHs to some extent ‘amplify’ the effect 
of the halo spin: galaxies tend to have lower j ∗ if they form inside 
slowly rotating haloes, but such slow rotation leads to increased BH 

growth and a stronger effect of AGN feedback, further decreasing j ∗. 
It will be interesting and important to check with other simulations 
whether this prediction holds for models of gas accretion into 
supermassive BHs that account for the dynamics of the gas in the 
innermost regions of galaxies, e.g. in the case of the gravitational 
torque-limited accretion models of the Simba simulation (Dav ́e 
et al. 2019 ). 

We also studied the effects of halo spin and BH mass on galaxy 
morphology (Fig. 10 ). As expected, we found that more massive 
BHs are associated with earlier type morphologies, in agreement 
with observations (Kormendy & Ho 2013 ) as well as with earlier 
findings using the IllustrisTNG simulation (Li et al. 2020 ). On the 
other hand, we found a negligible correlation between halo spin and 
galaxy morphology, in disagreement with some recent works. In 
particular, using the original Illustris simulation, Rodriguez-Gomez 
et al. ( 2017 ) found a significant correlation between κ rot and λ

′ 

at low masses ( M ∗ � 10 10 M �), which we do not reproduce with 
the updated IllustrisTNG model. This could be explained by the 
significantly larger sizes of low-mass Illustris galaxies (Snyder et al. 
2015 ; Pillepich et al. 2018a ; Rodriguez-Gomez et al. 2019 ), which 
could lead to increased dynamical interaction with their host haloes, 
or to the fact that stellar feedback was directional in Illustris but 
isotropic in IllustrisTNG (Pillepich et al. 2018a ). 

Finally, we revisited a well-known prediction of some analytical 
models of galaxy formation: that haloes with a higher spin parameter 
should form larger discs at their centres (Fall & Efstathiou 1980 ; Mo 
et al. 1998 ). We tested this hypothesis by plotting the galaxy size as 
a function of stellar mass, showing the median trends for different 
λ

′ 
values (Fig. 11 ). We verified that there is indeed a correlation 

between galaxy size and halo spin in IllustrisTNG, which breaks 
down at the massive end ( M ∗ � 10 11 M �), probably due to the 
increased importance of galaxy mergers in this regime (Lee & Yi 
2013 ; Rodriguez-Gomez et al. 2016 ) and the associated change in 
galaxy morphology, from discs to spheroids (Rodriguez-Gomez et al. 
2017 ). Furthermore, we found that the variations in galaxy size with 
respect to halo spin span the observed range of galaxy morphologies 
and colours (van der Wel et al. 2014 ; Huang et al. 2017 ). 

Ov erall, we hav e found that the properties of galactic angular 
momentum at z = 0 in the IllustrisTNG simulation are in good 
agreement with observational constraints, despite the fact that the 
IllustrisTNG model was not tuned to match these observations 
(although it was designed to roughly match galaxy sizes at z = 

0). We have also investigated how galactic angular momentum 

relates to morphology, halo spin, and BH mass within this galaxy 
formation framework. All of this has been possible due to enormous 
theoretical and computational advances in the last few decades. 
Further observational data will be needed to test some of the 
predictions made in this paper, especially kinematic measurements 
for early-type galaxies at large radii. 

On the theoretical side, further progress can be made with 
additional studies about the redshift evolution of galactic angular 
momentum, its detailed spatial distribution, its alignment to the 
gaseous and DM components, and the effect of mergers, which 
we will address in upcoming work. Furthermore, enhanced and 
more robust comparisons between theory and observations, such 
as with forward modelling of integral field spectroscopic obser- 
vations (Ibarra-Medel et al. 2019 ; Bouch ́e et al. 2021 ), will be 

pivotal in order to constrain and impro v e future models of galaxy 
formation. 
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