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ABSTRACT

The angular momentum of galaxies controls the kinematics of their stars, which in turn drives observable quantities such as
the apparent radius, the bulge fraction, and the alignment with other nearby structures. To show how angular momentum of
galaxies is determined, we build high (35 pc) resolution numerical experiments in which we increase or decrease the angular
momentum of the Lagrangian patches in the early universe. We perform cosmological zoom-in simulations of three galaxies
over their histories from z = 200 to z = 2, each with five different choices for the angular momentum (15 simulations in total).
Our results show that altering early universe angular momentum changes the timing and orbital parameters of mergers, which in
turn changes the total stellar angular momentum within a galaxy’s virial radius in a predictable manner. Of our three galaxies,
one has no large satellite at z = 2; in this case, the specific angular momentum is concentrated in the central galaxy. Our changes
to the initial conditions result in its stellar angular momentum changing over 0.7 dex (from 61 to 320kpc kms™') at z = 2. This
causes its effective radius to grow by 40 per cent, its v/o parameter to grow by a factor of 2.6, and its bulge fraction to decrease
from 0.72 to 0.57. This proof of concept illustrates how causal studies can contribute to a better understanding of the origin of

galaxy scaling relations and intrinsic alignments.
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1 INTRODUCTION

Angular momentum plays a major role in galaxy formation. In spiral
galaxies, it dictates the size and alignment of the disc; elliptical galax-
ies, by contrast, are dispersion-supported and have on average eight
times lower stellar specific angular momentum j, at a given stellar
mass (Fall 1983; Romanowsky & Fall 2012; Harrison et al. 2017;
Fall & Romanowsky 2018; Espejo Salcedo et al. 2022). Moreover, the
angular momentum of neighbouring galaxies is partially correlated.
This effect, known as intrinsic alignment (Troxel & Ishak 2015),
needs to be properly modelled to disentangle it from cosmic shear
and thus ensure the success of upcoming cosmological weak-lensing
surveys (Euclid, Laureijs et al. 2011; Vera Rubin Observatory, Ivezi¢
et al. 2019).

Early explanations for the origin of galactic angular momentum
assumed that the gas and dark matter (DM) within a given halo
acquire identical spin, driven by tidal torques from the large-scale
environment (Peebles 1969; Doroshkevich 1970; White 1984). Even
though gas radiatively cools to form stars, in doing so it may conserve
its angular momentum, so that stars in a galaxy would inherit the
DM halo’s spin (Fall & Efstathiou 1980; Mo, Mao & White 1998).
Recent work shows that, at the population level, the specific angular
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momentum distributions of simulated galaxies and DM haloes are
indeed strikingly similar (Danovich et al. 2015). On a per-object
basis, their magnitudes are poorly correlated (Jiang et al. 2019);
however, if one divides the population into bins in stellar mass,
haloes with largest spin are revealed to host galaxies rotating about
three times faster than those hosted in haloes with the smallest spin
(Rodriguez-Gomez et al. 2022). This relationship is of high statistical
significance, but is comparable in magnitude to the scatter in the
population. Therefore, using the DM halo spin as a proxy for galactic
angular momentum, as in some semi-analytical prescriptions (e.g.
Somerville et al. 2008; Guo et al. 2011; Benson 2012), is noisy
and may lead to mischaracterizations of the link between galaxy
properties and large-scale structures. The spin directions also show
significant misalignments, with the extent of the mismatch depending
on redshift, mass, or the central/satellite nature of the host (Tenneti
et al. 2014; Velliscig et al. 2015; Chisari et al. 2017).

Multiple explanations have been put forward to explain how the
galaxy spin may decouple from the host halo spin. First, gas can cool
even outside the halo and therefore the DM and baryons accreted
into a halo do not necessarily originate in the precise same patch
of the early universe (Kimm et al. 2011; Pichon et al. 2011; Liao
et al. 2017). This in turn implies that the tidal torques differ between
the two components. At high redshift, and for sufficiently low-mass
galaxies, most of the gas and angular momentum flows into galaxies
through cold flows (Dekel & Birnboim 2006; Tillson et al. 2015;
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Stewart et al. 2017), allowing the gas to acquire a larger angular
momentum than DM prior to accretion (Stewart et al. 2011; Danovich
et al. 2015; Cadiou, Dubois & Pichon 2022). It was also recently
suggested that DM collapses faster than gas, causing the inner parts
of the halo to ‘spin up’ the gas through torques (Li et al. 2022).

A second source of galactic angular momentum is from mergers.
The orbital angular momentum from mergers causes the magnitude
and orientation of the DM halo spin to change near-instantaneously
(Vitvitska et al. 2002; Benson, Behrens & Lu 2020), but the effects
on the galaxy are slower and more complex. The orientation and
magnitude of spin in the post-merger disc eventually depend on
the fraction of orbital angular momentum conserved during the
merger, and on the efficiency and angular momentum richness of
the post-merger star formation that rebuilds the disc. Consequently,
the final result of a galaxy merger can depend on the gas fraction and
morphology of the progenitors (Barnes & Hernquist 1996; Naab &
Burkert 2003; Lotz et al. 2008; Governato et al. 2009; Athanassoula
et al. 2016; Garrison-Kimmel et al. 2018; Lagos et al. 2018), the
orbital configuration of the merging system (Martin et al. 2018;
Jackson et al. 2020; Zeng, Wang & Gao 2021), and feedback and
cooling processes at play (Cox et al. 2006; Robertson et al. 2006).

Even once gas is inside a halo, a variety of processes determine
whether it is incorporated into the disc, and therefore how it changes
the stellar angular momentum. Cold flows may be hydrodynamically
disrupted (see e.g. Mandelker et al. 2016, 2019, 2020; Cornuault
et al. 2018; Padnos et al. 2018; Aung et al. 2019) or be blown away
by feedback (Dubois et al. 2013; Ramsgy et al. 2021). Centrally
concentrated supernova feedback may preferentially expel low-
angular-momentum gas from the centre of galaxies, resulting in an
amplification of the spin of the galactic disc (Brook et al. 2011;
Ubler et al. 2014; Genel et al. 2015). Finally, accretion of counter-
rotating material may lead to a rapid contraction of a galactic
disc (Dekel & Burkert 2014; Zolotov et al. 2015), generating a
starburst and associated feedback energy that can expel remaining
gas.

In summary, the final angular momentum of galaxies depends on
(a) the angular momentum originating in the cosmological initial
conditions, (b) how this angular momentum is transported from
cosmological to galactic scales via smooth accretion and mergers,
and (c) what fraction of this angular momentum remains in the galaxy
and its disc. These dependences are complex, raising the question of
whether or not galaxies retain a clear memory of angular momentum
generated by tidal torques, and whether the different evolution of
the DM and galactic spins results in their (partial) decorrelation.
Beyond its inherent interest in galaxy formation theory, answering
that question is ultimately essential for understanding the amplitude
of intrinsic alignments for weak lensing.

In this paper, we test whether galaxies retain a memory of
their cosmologically acquired angular momentum and whether the
magnitudes of the angular momenta of the stars and the DM are
linked through this memory. We perform a numerical experiment in
which we resimulate three galaxies five times each, systematically
modifying the angular momentum acquired by the baryons in the
linear early universe. This is accomplished by creating four ‘geneti-
cally modified’ versions of the initial conditions, using the technique
of Roth, Pontzen & Peiris (2016) to ensure the changes are minimal
and consistent with the cosmological statistics. The approach was
recently extended to the case of angular momentum by Cadiou,
Pontzen & Peiris (2021). After resimulating the additional initial
conditions, we measure the stellar angular momentum in the galaxy
at z &~ 2, and assess the degree to which it correlates with the angular
momentum in the initial conditions. We employ cosmological zoom-
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in simulations with state-of-the-art physics using the code RAMSES
(Teyssier 2002).

By performing this experiment in azoom cosmological simulation,
we capture angular momentum acquisition at cosmological scale, its
transport into galaxies, and the relevant physical processes in play
at galactic scale. This approach allows us to study the formation of
a specific galaxy, with the mass assembly and cosmological envi-
ronment varying only minimally between simulations. As such, any
confounding factors are strongly suppressed. This gives a comple-
mentary view of the acquisition of angular momentum, allowing us
to begin investigating the causal mechanisms that establish statistical
correlations in the broader population. The goal is to build towards
better models of galaxy and halo angular momentum acquisition,
which will ultimately shed light on galaxy scaling relations and
intrinsic alignments.

The structure of the paper is as follows. In Section 2, we describe
our numerical set-up and how we genetically modify the initial
conditions to alter the angular momentum of three simulated galaxies.
We then present our results in Section 3, before discussing their
implications in Section 4.

2 METHOD

2.1 Simulations

All our simulations are performed within a cosmology that has a
total matter density of €2,,, = 0.3089, a dark energy density of 2, =
0.6911, a baryonic mass density of 2, = 0.0486, a Hubble constant
of Hy=67.74kms~ ' Mpc~!, a linear variance at 8 Mpc of o5 =
0.8159, and a power spectrum index of ny = 0.9667, compatible with
a Planck 2015 cosmology (Planck Collaboration XXIII 2015).

We first generate a 512° DM-only simulation of a cosmological
box of comoving side length 100 2~! Mpc, using initial conditions
generated by GENETIC (Stopyra et al. 2021), which enables the
construction of accurate genetic modifications. From this, we select
three haloes of virial mass M.;; & 10'> M, at z = 2 for resimulation at
high resolution. Galaxies of this mass range and this redshift display
adiverse range of morphologies (see e.g. Tamburri et al. 2014), which
allows us to study the onset of the Hubble sequence. We select three
haloes, hereafter haloes A, B, and C, with no major merger since
z = 2.5 and no massive nearby neighbour within 500 kpc in the low-
resolution DM-only simulation. Here and in the following, we define
major mergers as mergers with DM halo mass ratios larger than
1:8. The haloes are chosen ‘blind’, i.e. randomly from haloes of the
appropriate mass range matching the merger and neighbour criteria.
When increasing the resolution, mergers below the resolution limit of
the low-resolution simulations may appear, as we discuss below. In
each of the three cases, we identify the Lagrangian patch of particles
extending out to three virial radii, and populate the corresponding
regions of the initial conditions with high-resolution DM particles.

We perform these three simulations with hydrodynamics using
the adaptive mesh refinement (AMR) code RAMSES (Teyssier 2002),
adopting a minimum cell size of 35 pc, and a mass resolution of
Mpy = 1.6 x 10°Mg and M, = 1.1 x 10* Mg, for DM and stars,
respectively. We use the cell resolution as the gravitational softening
length for gas and stellar particles and the maximum resolution
attained in the DM-only run (constant 566 pc comoving, i.e. 186 pc
at z = 2) for DM particles (same mass resolution and softening
lengths as NewHorizon, Dubois et al. 2021 and Obelisk, Trebitsch
et al. 2021). We employ Monte Carlo tracer particles to recover
the Lagrangian history of the baryons, as described in Cadiou,
Dubois & Pichon (2019). Lagrangian particles are passive tracers
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that follow mass flows between cells of the AMR grid. Monte Carlo
tracer particles achieve this by moving tracers from one cell to
another with a probability proportional to the mass flux between the
cells. Similarly, star formation, black hole accretion, and feedback
processes are traced following fluxes between gas cells, stellar
particles, and supermassive black hole particles.

We use sub-grid baryonic physics following the approach of
NewHorizon (Dubois et al. 2021) with the same resolution. These
models have been shown to reproduce the formation of massive
discs (Park et al. 2019, 2021) and to recover the observed size
evolution of galaxies (Dubois et al. 2021). In brief, star formation
is allowed above a gas density of np = 10cm™ with a Schmidt
law; the stellar population is sampled with a Kroupa (2001) initial
mass function; and the mass-loss fraction from supernova explosions
is nsny = 32 percent with a metal yield (mass ratio of the newly
formed metals over the total ejecta) of 0.05. Type Il supernovae
are modelled with the mechanical feedback model of Kimm et al.
(2015) with a boost in momentum due to early ultraviolet (UV) pre-
heating of the gas following (Geen et al. 2015). The simulations also
track the formation of supermassive black holes and their energy
release through active galactic nucleus (AGN) feedback. Further
details about the simulations can be found in Appendix A.

We extract galaxy and halo catalogues using ADAPTAHOP (Aubert,
Pichon & Colombi 2004), using the ‘Most massive Sub-node
Method’ and the parameters proposed in Tweed et al. (2009). The
density is computed from the 20 nearest neighbours and we use a
linking length parameter of » = 0.2. For each galaxy, we compute
the half-mass radius R, defined as the radius that contains half the
total stellar mass, M,(< Rypn) = M,(< Ryi)/2. We then perform a
kinematic decomposition to compute the bulge-to-total mass ratio,
BIT. To that end, we first compute the stellar angular momentum
and project all particles in cylindrical coordinates, where the z-axis
is parallel to the angular momentum vector. We include the mass of
particles in the kinematic bulge if the magnitude of their tangential
velocity satisfies v? < v? + v2. Finally, we also compute the velocity
dispersion parameter, v/o = (vy)/+/(v?), where the average is a
mass-weighted sum over all stellar particles.

2.2 Angular momentum modifications

With three galaxy simulations in hand, we next resimulate each
with a variety of different angular momenta. We apply the genetic
modification approach (Roth et al. 2016), extended for the case of
angular momentum as described by Cadiou et al. (2021). As per Roth
et al. (2016), the appropriate region in the early universe is systemat-
ically modified while maintaining consistency with the Gaussianity
and power spectrum specified by cosmology. The changes made
to the field are minimal so that other structures and large-scale
filaments are nearly unaffected by the modifications to any given
galaxy. Modifications are applied to the linear initial conditions,
in which tidal fields and velocity fields are both derived from a
single gravitational potential. For this reason, changing the angular
momentum of a patch also scales the magnitude of the gravitational
torques acting on the patch, consistent with expectations from tidal
torque theory: the initial angular momentum is always small, and
the torques are responsible for it growing over time. For example, an
elongated region of the initial conditions can be ‘spun up’ by adding a
small overdensity on its leading edge and corresponding underdensity
on the trailing side. For a formal derivation and presentation of the
method, see Cadiou et al. (2021).
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To enable the modification, first a suitable patch of the early
universe must be identified in which the angular momentum will be
changed. The reference galaxies have a DM spin parameter (Bullock
et al. 2001) A = j/\/EV\,irR\,ir = 0.05, 0.11, and 0.10, respectively.
We note that though the haloes are selected in the low-resolution DM-
only simulation to have no major mergers between z = 2.5 and 2, they
do have mergers in the high-resolution simulations with mass ratio
1:5atz =2.3forhalo A, massratio 1:5 at z = 2.2 for halo B, and mass
ratio 1:6 at z = 2.3 for halo C. For each halo, we locate the central
galaxy at z = 2 in the reference zoom-in hydrodynamical simulation.
We then select all tracer particles (gas, stars, and those accreted in
supermassive black holes; see Cadiou et al. 2019 for details) within
the galaxy, defined by the region within 4R, at z = 2. We trace back
the baryons to the initial conditions to find the baryonic Lagrangian
patch of the galaxies.! This baryonic Lagrangian patch is different
from the DM patch one obtains when tracing back the DM particles
instead (Liao et al. 2017).

We scale the magnitude of the initial angular momentum with
the genetic modification technique described above, applied to the
baryonic patch at z = 200. We note that, due to correlations
in the initial conditions, changes to the baryonic initial angular
momentum may also affect the DM angular momentum. For each
of the three reference galaxies, we generate four additional galaxy
initial conditions where the angular momentum j, of the baryonic
patch has been scaled relative to the reference angular momentum
Jo.rer By a factor jo/jo, s = 0.66, 0.8, 1.2, and 1.5, respectively. Such
amplitudes are large enough to sample a wide range of stellar angular
momentum, as we will show later, while still allowing control of the
angular momentum of individual regions in the evolved universe
within a few tens of per cent (Cadiou et al. 2021). We keep the mean
density of the entire DM halo Lagrangian patch fixed, which causes
the halo mass to be almost unchanged at z = 2 (to an extent that we
will shortly quantify).

We use these genetically modified initial conditions to perform
12 additional hydrodynamical zoom-in simulations. In total, we thus
have a sample of 3 galaxies with 5 different angular momentum sce-
narios each, for a total of 15 simulations. However, we subsequently
removed from the sample the special case of halo C x 1.5 because
the interpretation is hindered by a large delay in its assemblys; this is
discussed further in Section 3.

At the end of the simulation, the host haloes in the remaining
14 simulations have masses of Mpy &~ 10> Mg, and stellar mass
within the virial radius of M, (< Ry;;) ~ 10" M. We report in the
left-hand column of Table 1 the halo masses for the three reference
simulations, as well as their minimum and maximum value in the
11 modified simulations, showing that the values change from the
reference value by 7 per cent at most once the single case of C x 1.5
has been excluded. The middle column shows the stellar mass interior
to the virial radius, which likewise is very stable, varying from the
reference value by at most 10 per cent. The right-hand column shows
the stellar mass in the central galaxy, which is more variable (up to
almost a factor of 2). This is because the modification to the angular
momentum changes the orbital trajectory of the satellites even after
they have entered the virial radius, which in turn means they merge
with the central galaxy at differing times relative to the end of the
simulation.

I'There are on average eight tracers per cell in the initial conditions, and we
consider any cell where more than five tracer particles end in the galaxy to
belong to the patch.
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Table 1. Minimum, maximum, and reference values of the DM halo
mass, the stellar mass within the virial radius, and the stellar mass in
the central galaxy at the end of the simulations at z = 1.95. Modifying
the angular momentum keeps the halo mass and the stellar mass in the
virial radius fixed within a few tens of per cent. The mass of the central
galaxy changes due to changes in the orbital trajectory of satellites,
which advance or delay their merger.

Halo Mpm M.(< Ryir) Mgal,*
(x10"Mp)  (x10'""Mg) (x10"Mg)
A Minimum 9.8 9.8 6.3
Reference 10.4 10.9 9.9
Maximum 10.4 11.2 10.4
B Minimum 10.2 10.6 4.5
Reference 10.6 10.8 8.7
Maximum 10.6 114 8.7
C Minimum 10.0 09.9 6.6
Reference 10.8 11.2 7.3
Maximum 10.9 11.2 8.5
3 RESULTS

Our goal is to quantify how changes in the initial angular momentum
of the baryonic Lagrangian patch affect the angular momentum and
observable galaxy properties at redshift z = 2. For each of our
simulations, we first measure the specific angular momentum of all
the baryons, of all the stars, and of all the DM within the virial radius
at z = 2, ji, J+, and jpu, including particles in satellite galaxies. We
define the centre of the galaxy using a shrinking-sphere approach
on the stellar density (Power et al. 2003)?> and we then compute
the angular momentum around this centre. In order to quantify how
well we can control these angular momenta, from each modified
simulation, we calculate j(z = 2)/jt(z = 2) separately for stars,
baryons, and DM. Fig. 1 compares this measured ratio to the imposed
ratio in the initial conditions at z = 200. In all but one case (halo
B x 0.66), the change of stellar angular momentum at z = 2 is in
the direction expected (left-hand panel): its value increases (resp.
decreases) when we increase (resp. decrease) the initial angular
momentum. For the one contrary case (halo B x 0.66), we were
unable to identify a single cause of the unexpectedly large angular
momentum at z = 2, but we note that this system has a complex
merger history that may introduce non-linear interactions between
the orbits of different sub-haloes. We discuss this point further below.

For halo A x 1.5, the final angular momentum is increased but
by a surprisingly large factor of 4. In this case, the central galaxy is
not relaxed and is undergoing a 1:2 merger event. At z = 2.0, the
companion is at its apocentre after reaching pericentre at z = 2.06.
This causes the centre of the central galaxy about which angular
momentum is computed to be significantly offset from the centre of
mass of the system. Overall, based on this initial set of simulations,
the relation between initial conditions and final stellar angular
momentum is strong; the Spearman correlation coefficient between
the initial modification and the measured change is 83 per cent.

Our control of the angular momentum is somewhat weaker for
baryons and DM, for which we measure a statistical correlation of
~70 percent (see Fig. 1, central and right-hand panels). We have
previously shown that particles in the outskirts of haloes dominate

2We find the barycentre within a sphere of radius Ry;;. We then recentre the
sphere about this point, shrink it by 30 per cent, and repeat the first step.
The procedure stops when there are fewer than 100 particles in the selected
region.
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the halo spin; therefore, small changes to the halo finder’s boundary
can cause apparently chaotic changes in the angular momentum of
DM and gas (Cadiou et al. 2021). Stars, by contrast, typically occupy
the deepest parts of the potential and their angular momentum is
therefore less impacted by changes in the halo’s boundary.

While the total angular momentum of stars inside the halo can be
controlled, this quantity includes the contribution from satellites. We
now focus on a case where there are no major satellites, in order to
investigate the case where we control the angular momentum of the
central galaxy itself. We count ‘major’ satellites as having a stellar
mass ratio more significant than 1:8; by this definition, galaxy A has
no major satellite inside its virial radius at z = 2. This remains true in
three of the four modifications (with x0.66, x0.8, and x 1.2 angular
momentum); in the case of x 1.5, a 1:2 galaxy merger is delayed until
after z =2 due to its increased orbital angular momentum. In the cases
where all major galaxy mergers have completed, the stellar mass and
angular momentum within the virial radius are dominated by the
central galaxy’s disc. We show in Fig. 2 mock images in rest-frame
u, v, i Sloan Digital Sky Survey (SDSS) bands for the red, green, and
blue channels, respectively, together with the galaxy’s stellar specific
angular momentum, stellar mass, stellar half-mass radius, bulge-
to-total mass fraction, and v/c parameter. As we increase angular
momentum in the initial conditions, the value of the galaxy’s stellar
angular momentum at z = 2 increases while its stellar mass remains
relatively constant. This allows us to explore how the galaxy’s angular
momentum is reflected in its observable properties.

Qualitatively, the galaxy displays a ring-like structure in the lowest
angular momentum simulation (left) that progressively disappears as
angular momentum increases. To understand its origin, we measure
the angle cos = J, - J,u; between the direction of the central
galaxy’s angular momentum, J,, and the orbital angular momentum
of the last major merger, }'Orbit =r x v/|r x v|. Here, r and v are the
position and bulk velocity of the satellite relative to the central galaxy.
We average the angle along the satellite during its infall through the
virial radius. An angle of 0° corresponds to an orbit in the plane
of the galaxy’s disc, while an angle of 90° corresponds to an orbit
perpendicular to it. We find that, as we modify angular momentum
upwards, the orbit becomes increasingly coplanar: the mean angle
during the infall through the virial radius (from 60 to 20 kpc) is 77°,
71°, 63°, and 58° for the x0.66, x0.8, reference, and x 1.2 cases,
respectively. The mean angle measured just before the merger (at a
separation less than 20kpc) is 52°, 50°, 31°, and 27°. We verified
that the ring is made of stars formed since the last major merger and
is still star-forming at the end of the simulation, and that the ring is
coplanar with the orbit of the last major merger.

We thus interpret the ring visible in Fig. 2 (left-hand panel)
as being induced by the last major merger that falls through the
virial radius almost perpendicular (77°) to the already-existing disc
before realigning itself partially (52°). Conversely, in the increased
angular momentum case (right-hand panel), the orbit of the satellite
upon passing through the virial radius is already more aligned
with the galaxy’s spin (58°) and becomes almost coplanar by the
time it merges (27°). As a consequence, modifications lead to a
factor of 6 increase in stellar angular momentum from the lowest
angular momentum scenario to the highest angular momentum one,
while maintaining a fixed stellar mass. From lowest to highest
angular momentum simulations, the half-mass radius R}, increases
by 40 per cent from 0.9 to 1.3 kpc. Similarly, the galaxy’s bulge-to-
total mass fraction decreases by 25 per cent, while the post-merger
v/o parameter increases by x2.6. While previous statistical studies
have suggested that morphology can be changed by the alignment
of a merger (Hopkins et al. 2009; Martin et al. 2018; Jackson et al.
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Figure 1. We measure the stellar (left-hand panel), baryonic (central panel), and DM (right-hand panel) specific angular momentum within Ry;; at z = 2 and
compare it to the initial angular momentum change of the baryonic Lagrangian patch at z = 200. The Pearson correlation coefficient between the two quantities
is reported in each panel. We can control the final stellar angular momentum within Ry;, through modifications in the initial conditions; the baryons and DM
angular momentum also respond in a correlated way. In the case of galaxies A x 1.5 and B x 0.66, the stellar angular momentum does not change linearly.
Galaxy A x 1.5 is undergoing a 1:2 merger, with the companion reaching its first apocentre at z = 2. Galaxy B x 0.66 has a complex series of mergers, as

described in the text.
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Figure 2. Mock images of the galaxy in halo A at z = 1.95 sorted by increasing stellar angular momentum (from left to right). We show here the stellar specific
angular momentum, mass, effective radius, and bulge-to-total mass fraction measured in the galaxy. The top row shows face-on mock images and the bottom
row shows edge-on images. At fixed mass, galaxies with higher angular momentum have a more pronounced stellar disc, are more spatially extended, and have
a smaller bulge and a higher velocity-to-velocity dispersion v/o parameter. Conversely, galaxies with decreased stellar angular momentum are less discy, more

compact, and bulgy.

2020; Zeng et al. 2021), our study provides the first direct test of this
on individual galaxies in a cosmological environment.

The importance of satellites in delivering angular momentum, and
the effect that angular momentum has on the orbital dynamics, can
also be seen in Fig. 3, where we plot the stellar angular momentum
within the virial radius, j,(r < Ryi), as a function of time. Halo A,
the galaxy that we have just considered in detail, is shown in the
upper panel. The large jumps in angular momentum correspond to
the moment when massive satellite galaxies fall through the virial
radius; we show infall times with arrows for all mergers with a stellar
mass ratio larger than 1:8. (Note that the galaxy mergers happen a
few dynamical times later than the infall time, depending on the
trajectory.)

The stellar angular momentum j,(r < R,;;) jumps when satellite
galaxies fall in, with the extent of the jump depending on both the

trajectory of the orbit and its alignment relative to the existing stars.
This is particularly striking for haloes A and C. In these two cases,
the timing of the infall changes substantially as we modify the initial
angular momentum: increased (resp. decreased) angular momentum
modifications delay (resp. hasten) the infall time by as much as
500 Myr. In the case of halo C, the x1.5 case has been excluded
because the infall time is so delayed that it does not occur by the end
of the simulation, as we previously noted.

The case of halo B is more complicated, with satellite galaxies
entering the virial radius until the end of the simulation at z = 2.
In this case, the angular momentum modification also changes the
order in which mergers take place. As we previously commented,
this complexity leads to our sole example of an angular momentum
modification that has an unexpected effect; the dark blue line
represents the x0.66 case, which should end with the lowest angular
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Figure 3. Evolution of the stellar angular momentum within the virial radius
of haloes A, B, and C from top to bottom. We genetically modify the angular
momentum in the initial conditions (z = 200) of the region that contains all
baryons that will comprise the galaxy at z = 2. The initial angular momentum
of the baryons is changed by factors of 0.66, 0.8, 1.2, and 1.5 (in dark blue,
blue, red, and dark red, respectively) compared to a reference simulation (in
grey). We show the time at which satellite galaxies cross the virial radius
inwards as coloured arrows together with their stellar mass ratio compared to
the central galaxy. This increase (resp. decrease) of the initial baryon angular
momentum causes the specific angular momentum of the stars to increase
(resp. decrease) by z = 2. It also changes the infall time of satellites in a
systematic way, due to changes in their orbital angular momentum.

momentum but instead finishes with comparable angular momentum
to the reference case. The complexity of the merger history precludes
a full understanding, but we note that torques between satellites on
either side of the halo boundary may have a role to play. Further
investigation will require a larger sample of modified simulations.
In order to assess whether the DM halo spin correlates with the
galactic spin, we measure the DM, baryons, and stellar angular
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momenta. If indeed the galaxy spin is inherited by the DM spin,
we expect each galaxy to follow constant retention factor tracks f; =
Jj/jpm- We show the results in Fig. 4. Each of our tracks is a single
object with constant stellar mass and DM mass within the virial
radius. This allows us to start to understand the additional factors at
play that drive the scatter in the jpm—j, and jpm—jp at the population
level. In the case of a galaxy with no major satellite at z = 2 (halo A,
inred), an increase of DM angular momentum correlates particularly
tightly with an increase of stellar angular momentum. The correlation
is ‘superlinear’, with an increasing fraction of angular momentum in
stars as the DM angular momentum increases. At a population level,
this would show up only as scatter in the relationship. In haloes
with a more complex recent formation history and massive satellites
(B and C), the relation between stellar and DM angular momenta
becomes harder to predict. This suggests that, in the population as a
whole, choosing relaxed haloes with no massive satellites may select
systems with a particularly tight relationship between DM spin and
galactic angular momentum.

The baryon angular momentum (right-hand panel of Fig. 4) comes
much closer to tracking the DM angular momentum linearly, with a
constant retention fraction for each family of galaxies. This suggests
that a significant confounding factor in relating stellar and DM
angular momenta is variations in the star formation efficiencies.
Orbital angular momentum likely has little direct effect on star
formation in a satellite, whereas high angular momentum within
a central galaxy plausibly causes the disc to be more diffuse and
therefore star formation rates to drop. Thus, the merger history can
have effects on the stellar angular momentum, which do not show
up in the total baryonic angular momentum. Our results suggest
that, at the population level, the baryon-versus-DM angular mo-
mentum relation should therefore be tighter than the stellar-versus-
DM angular momentum. Scatter in the population baryon-versus-
DM angular momentum relation would primarily be caused by the
different retention fractions, and such variations may themselves be
predictable (e.g. from environmental considerations).

In summary, our results show (i) that angular momentum of stars
in a given halo can be causally linked to the angular momentum of
relevant patches of the initial conditions; (ii) the angular momentum
of the central galaxy also follows the expected trend, provided that
there are no unmerged massive satellites; and (iii) that the morphol-
ogy of the central galaxy in the latter case changes significantly when
the angular momentum is systematically altered. Finally, we show
(iv) that, for galaxies simulated with different angular momenta but
otherwise in minimally altered environments, there appears to be
a tight link between the baryon and DM angular momenta. This
correlation remains (albeit slightly weakened) when we compare
stellar and DM angular momentum.

4 DISCUSSION AND CONCLUSIONS

In this paper, we tested for the first time whether the angular
momentum of galaxies is predictably related to their initial conditions
in the early universe. We employed zoom-in numerical simulations
with state-of-the-art physics to study the formation of three simulated
galaxies. We combined the angular momentum genetic modification
technique (Cadiou et al. 2021) with Lagrangian tracer particles
(Cadiou et al. 2019) to reconstruct the Lagrangian region from which
all baryons in a galaxy originate, which we then genetically modified
to either increase or decrease the angular momentum they will
acquire through torques with the cosmological environment. Having
resimulated using the modified initial conditions, we measured the
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Figure 4. The DM specific angular momentum compared to the stellar (left-hand panel) and baryonic (right-hand panel) specific angular momentum within
Ryir at z = 2. We indicate constant retention fraction f; = j/jpm tracks with dashed lines. We find that DM and stellar specific angular momenta (left-hand panel)
correlate, creating a ‘track’ for each individual galaxy. The correlation is tighter for our relaxed galaxy (halo A) and weaker in galaxies undergoing major merger
(haloes B and C). The DM and baryonic specific angular momenta (right-hand panel) correlate more tightly, and follow tracks of near-constant retention factor.
Deviations from the tracks appear in halo B, possibly as a result of a complex merger history at z = 2. The relative simplicity of the relation between DM and
baryonic (as opposed to stellar) angular momentum suggests that star formation efficiencies vary due to changes in the merger history.

z = 2 angular momentum within the virial radius of the halo and in
the galaxy itself.

In this initial study, we chose to focus on three galaxies with masses
M, ~ 10'' M, at z = 2; at this epoch, such galaxies exhibit a range
of morphologies in observations. We successfully controlled the
angular momentum of the stars inside their virial radius in the evolved
universe (Fig. 1). We conclude that the angular momentum of stars in
the virial radius of individual galaxies can thus be controlled from the
initial conditions, and that gravitational torques with the large-scale
structure do play a significant role in determining the value of the final
angular momentum.? Our galaxy formation recipe includes state-of-
the-art feedback prescriptions; thus, we have established that, despite
the importance of self-regulation (Ubler et al. 2014), galaxies at our
chosen mass and redshift retain memory of the angular momentum
in their cosmological initial conditions.

In the case of a relaxed galaxy with no large satellites at z = 2
(halo A), we were further able to control the central galaxy’s angular
momentum (Fig. 2). An increase of stellar angular momentum, j,,
allows the formation of a more prominent and spatially extended
disc. As stellar angular momentum increases, the v/c parameter
also increases, while the bulge fraction B/T decreases. These trends
are in agreement with observations at z &~ 1.5, which show an
anticorrelation between the stellar angular momentum and bulge
fraction at fixed stellar mass (Gillman et al. 2020) and a correlation
with v/o parameter (Harrison et al. 2017). For this galaxy, we also
show that the prominence of the disc is regulated by its angular
momentum content, in agreement with the fact that, at fixed stellar
mass, spiral galaxies are more angular momentum rich than elliptical
ones (Fall 1983).

Our work establishes a clear demonstration of cause and effect:
the early universe controls the stellar angular momentum in a galaxy,
which, in turn, changes the morphology as parametrized by B/T
and v/o. In the future, we hope to increase the sample size to
different stellar masses and observation redshifts to confirm that
angular momentum is the key parameter driving scaling relations
between M,, j,., B/T, vlo, galaxy size, and galaxy morphology.

3Recall from Section 2.2 that genetic modifications of the initial angular
momentum are achieved through scaling of the initial gravitational torques.

By studying the stellar angular momentum time evolution, we
showed in Fig. 3 that, as satellites infall into the virial radius,
the stellar angular momentum undergoes significant changes. As
a result, stellar angular momentum is sensitive to the infall of
major satellites, the timing of which changes substantially as we
modify the initial angular momentum. Our results support the idea
that angular momentum jumps with mergers (Vitvitska et al. 2002;
Benson & Bower 2010; Benson et al. 2020), but additionally show
that the angular momentum in the initial conditions determines the
impact parameter and timing of mergers in a deterministic way. This
dependence of the merger history on initial angular momentum could
be used to investigate how impact parameter and timing determine
the effects of a merger (e.g. Davies, Pontzen & Crain 2022).

During more complex periods of multiple mergers (as in the case
of halo B), the interpretation of the origin of the stellar angular
momentum is more ambiguous. Yet even in this case, we found that
we can control the stellar angular momentum within the virial radius
except when we tried to increase it by too large a factor (x 1.5 in the
initial conditions). This ability to reliably control angular momentum
under challenging circumstances opens up the possibility of future
simulations gaining insight into the internal physical processes of
galaxy formation, for example by testing whether decreasing a
galaxy’s angular momentum drives the growth rate of the central
supermassive black hole (as suggested in Bellovary et al. 2013;
Curtis & Sijacki 2016; Anglés-Alcdzar et al. 2017).

Our results support the idea that the DM angular momentum and
the galactic angular momentum are linked. This is in agreement with
statistical studies that found that, at fixed stellar mass, DM haloes
with larger spins host faster-rotating galaxies (Kimm et al. 2011;
Genel et al. 2015; Teklu et al. 2015; Rodriguez-Gomez et al. 2022),
albeit with significant scatter. By comparing the DM, stellar, and
baryon angular momenta in galaxies with controlled changes to their
formation history, we can go one step further and start investigating
the origin of the scatter observed in the jpy—j. relation at the
population level. We showed that the relation between jpy and j, in
our galaxies is almost linear, suggesting that a major source of scatter
in the jpym—j, relation is the impact of the angular momentum on local
star formation efficiency. Our results also suggest that relaxed haloes
with no massive satellites will exhibit a particularly tight relationship
between DM spin and galactic angular momentum.
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Our results also suggest that predicting stellar angular momentum
and hence disc alignments ab initio may be possible. We have shown
that, once the patch of the initial conditions from which the baryons
accrete is identified, the final stellar angular momentum closely tracks
the patch’s initial spin. Because the stars occupy the deepest part of
the potential, their corresponding patch is likely to be predictable
using approximate or machine learning methods (Lucie-Smith et al.
2018; Lucie-Smith, Peiris & Pontzen 2019). Current predictions
based instead on the DM patch (Porciani, Dekel & Hoffman 2002;
Park et al. 2022, fig. 19) suffer from particles in the outskirts
dominating the angular momentum budget (Cadiou et al. 2021).
Focusing on baryonic patches could enable more precise predictions
of the intrinsic alignment signal (see Kiessling et al. 2015, for a
review), lessening uncertainty in a key systematic for forthcoming
weak-lensing surveys.
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APPENDIX A: TECHNICAL DESCRIPTION OF
THE SIMULATION SET-UP

The simulations are started with a coarse grid of 5123 (level 7)
and several nested grids with increasing levels of refinement up to
level 12, corresponding to a DM mass resolution of, respectively,
8.2 x 10%, 1 x 10, 1.3 x 107, and 1.6 x 106M®.

Particles (DM, stars, and black holes) are moved with a leapfrog
scheme, and to compute their contribution to the gravitational
potential, their mass is projected on to the mesh with a cloud-in-cell
interpolation. Gravitational acceleration is obtained by computing
the gravitational potential through the Poisson equation numerically
obtained with a conjugate gradient solver on levels above 12, and a
multigrid scheme (Guillet & Teyssier 2011) otherwise. We include
hydrodynamics in the simulations, in which a system of non-linear
conservation laws is solved with the MUSCL-Hancock scheme (van
Leer 1979) using a linear reconstruction of the conservative
variables at cell interfaces with the minmod total variation
diminishing scheme, and with the use of the Harten-Lax-van
Leer-Contact (HLLC) approximate Riemann solver (Toro, Spruce &
Speares 1994) to predict the upstream Godunov flux. We allow the
mesh to be refined according to a quasi-Lagrangian criterion: if ppy
~+ pvlforom > 8mipm, res/ AX3, where ppy and py, are, respectively, the
DM and baryon density [including stars, gas, and supermassive black
holes (SMBHSs)], and where fi,py is the universal baryon-to-DM
mass ratio. Conversely, an oct (8 cells) is de-refined when this local
criterion is not fulfilled. The maximum level of refinement is also
enforced up to 4 minimum cell size distance around all SMBHs. The
simulations have a roughly constant proper resolution of 35 pc (one
additional maximum level of refinement at expansion factors 0.1 and
0.2 corresponding to a maximum level of refinement of, respectively,
19 and 20), a star particle mass resolution of m, res = 1.1 X 10* Mo,
and a gas mass resolution of 2.2 x 10° M, in the refined region.
Each Monte Carlo tracer samples a mass of m, = 3.9 x 10*Mg
(Nt & 1.1 x 107 particles). There is on average 0.3 tracer per star
and 22 per initial gas resolution element. Cells of size 35 pc and gas
density of 40 cm™3 contain on average one tracer per cell.

The simulations include a metal-dependent tabulated gas cool-
ing function following Sutherland & Dopita (1993) for gas with
temperature above 7 > 10 x 10*K. The metallicity of the gas
in the simulation is initialized to Zy = 1072 Z to allow further
cooling below 10* K down to Ty, = 10K (Rosen & Bregman
1995). Reionization occurs at z = 8.5 using the Haardt & Madau
(1996) UV background model and assuming gas self-shielding above
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102 cm™3. Star formation is allowed above a gas number density
of np = 10cm™> with a Schmidt law, and with an efficiency e
that depends on the gravo-turbulent properties of the gas (for a
comparison with a constant efficiency, see Nufiez-Castifieyra et al.
2021). The stellar population is sampled with a Kroupa (2001) initial
mass function. The mass-loss fraction from supernova explosions
is nsn = 32 percent with a metal yield (mass ratio of the newly
formed metals over the total ejecta) of 0.05. Type II supernovae
are modelled with the mechanical feedback model of Kimm et al.
(2015) with a boost in momentum due to early UV pre-heating of
the gas following Geen et al. (2015). The simulations also track
the formation of SMBHs and their energy release through AGN
feedback. SMBH accretion assumes an Eddington-limited Bondi—
Hoyle—Lyttleton accretion rate in jet mode (radio mode) and thermal
mode (quasar mode) using the model of Dubois et al. (2012). The jet
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is modelled self-consistently by following the angular momentum
of the accreted material and the spin of the black hole (Dubois
et al. 2014). The radiative efficiency and spin-up rate of the SMBH
are computed assuming the radiatively efficient thin accretion disc
from Shakura & Sunyaev (1973) for the quasar mode, while the
feedback efficiency and spin-up rate in the radio mode follow the
prediction of the magnetically choked accretion flow model for
accretion discs from McKinney, Tchekhovskoy & Blandford (2012).
SMBHs are created with a seed mass of 10° My. For the exact
details of the spin-dependent SMBH accretion and AGN feedback,
see Dubois et al. (2021).
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