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1 INTRODUCTION

ABSTRACT

We explore the co-evolution of the specific angular momentum of dark matter haloes and the
cold baryons that comprise the galaxies within. We study over 2000 galaxies within the refer-
ence cosmological hydrodynamical simulation of the ‘Evolution and Assembly of Gal.axies
and their Environments’ (EAGLE) project. We employ a methodology within which the evo-
lutionary history of a system is specified by the time-evolving properties of the Lagrangian
particles that define it at z = 0. We find a strong correlation between the evolution of the specific
angular momentum of today’s stars (cold gas) and that of the inner (whole) dark matter halo
they are associated with. This link is particularly strong for the stars formed before the epoch
of maximum expansion and subsequent collapse of the central dark matter halo (turnaround).
Spheroids are assembled primarily from stars formed prior to turnaround, and suffer a net
loss of angular momentum associated with the strong merging activity during the assembly
of the inner dark matter halo. Stellar discs retain their specific angular momentum since they
are comprised of stars formed mainly after turnaround, from gas that mostly preserves the
high specific angular momentum it acquired by tidal torques during the linear growth of the
halo. Since the specific angular momentum loss of the stars is tied to the galaxy’s morphology
today, it may be possible to use our results to predict, statistically, the maximum loss of specific
angular momentum of the inner part of a halo given the morphology of the galaxy it hosts.

Key words: galaxies: evolution — galaxies: formation — galaxies: haloes — galaxies: kinematics
and dynamics — galaxies: structure.

The correspondence between the specific angular momentum of
the galaxy and its host halo is complex because it depends on the

In the standard model of structure formation, gravity drives the evo-
lution of the dominant form of matter — dark matter — to form self-
bound structures (haloes). The protohaloes gain angular momentum
through tidal torques from their environment until maximum expan-
sion (turnaround), and subsequently collapse into virialized struc-
tures that preserve their angular momentum (Doroshkevich 1970;
White 1984; Catelan & Theuns 1996a,b). In the early stages of
galaxy formation, the global dynamics of baryonic matter closely
follows the dynamical evolution of the protohaloes. Therefore, it is
expected that the protogalaxy will track the specific angular mo-
mentum of the host halo until dissipative baryonic processes that
transfer mass and/or angular momentum become relevant enough
to decouple the evolution of the galaxy from that of the host halo.

*Marie Curie Fellow.
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detailed loss and gain of angular momentum as the galaxy is assem-
bled. Since the mass and specific angular momentum of observed
galaxies are closely related to their morphology (Fall 1983), un-
derstanding this correspondence potentially enables us to infer the
assembly history of a halo given the observed morphology of the
galaxy it hosts.

Disc galaxies are thought to be formed by the combination of two
main modes of gas acquisition: (i) isotropic accretion from the con-
densation of a hot gas corona with a long cooling time that is shock-
heated to the virial temperature of the halo throughout its assembly
(Rees & Ostriker 1977; White & Rees 1978; White & Frenk 1991),
and (ii) anisotropic accretion from cold gas with a short cooling time
that flows directly on to the centre of the dark matter halo without
being shock-heated (White & Frenk 1991; Fardal et al. 2001; Keres
et al. 2005; Ocvirk, Pichon & Teyssier 2008; Dekel et al. 2009). In
the former, the galactic disc is formed as the corona loses energy
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while conserving angular momentum and therefore preserving the
affinity with the primordial angular momentum distribution of the
host halo (Fall & Efstathiou 1980; Mo, Mao & White 1998; Bul-
lock et al. 2001). In the latter, the disc is formed from high angular
momentum gas accreted through cosmic filaments surrounding the
host halo, which contrary to the corona, never reaches hydrostatic
equilibrium in the host halo, and is therefore linked less strongly
to its primordial angular momentum distribution (e.g. Kimm et al.
2011; Pichon et al. 2011; Stewart et al. 2013).

On the other hand, spheroids (bulges and elliptical galaxies) are
dispersion-supported systems with low angular momentum which
are commonly thought to be formed through mergers of galaxies
(mixing stars with distinct angular momenta from two or more
galaxies, Toomre 1977), internal secular processes in the disc (in-
stabilities, for a review see Kormendy & Kennicutt 2004) and/or by
continuous gas infall with misaligned angular momenta (Sales et al.
2012). In most of these processes, the majority of the angular mo-
mentum of the protogalactic fragments is transferred outside of the
spheroid remnant. It is then expected that for those galaxies where
the main channel of spheroid growth is galaxy mergers, their assem-
bly is tightly related to the merger history of the parent host haloes (a
cornerstone assumption in semi-analytic and semi-empirical meth-
ods, e.g. Kauffmann, White & Guiderdoni 1993; Bower et al. 2006;
Croton et al. 2006; Hopkins et al. 2010; Zavala et al. 2012).

Elucidating the intricate relation between the specific angular
momentum evolution of the dark matter halo and the galaxy within
is a challenge worth pursuing since it would ideally enable us to
obtain a snapshot, at least in a statistical sense, of the assembly of
the dark matter haloes from the observed kinematics of their galax-
ies. This task is particularly difficult given the complexities of the
different baryonic processes at play. With the advent of a new gen-
eration of hydrodynamical simulations, we can attempt to address
these challenges, since it is now possible to model the complexity
of galaxy formation/evolution in a full cosmological setting (e.g.
the recent state-of-the-art simulations, Horizon-AGN; Dubois et al.
2014, Illustris; Vogelsberger et al. 2014 and EAGLE; Schaye et al.
2015). This encourages the exploration of the link between halo and
galaxy assembly based on a physical modelling which, although it
carries a large number of free parameters, is able to obtain reason-
able galaxy morphologies. It is worth noting that the free parameters
in these simulations are mainly calibrated by matching the present
day stellar mass function, which does not automatically guarantee
a good match to the morphologies. This requires the consideration
of other observables related to morphology when calibrating the
parameters; in EAGLE for example, this was done by looking at
z = 0 galaxy sizes (Crain et al. 2015).

A substantial number of studies have examined the halo-galaxy
angular momentum link using numerical simulations. The following
are some of the findings relevant to this article. Pioneering works,
although subject to numerical artefacts due to limited resolution,
already showed that suppressing the transfer of angular momentum
from the baryons to the outer dark matter halo is a prerequisite
for the formation of realistic disc galaxies (Weil, Eke & Efstathiou
1998; Navarro & Steinmetz 2000; Thacker & Couchman 2001). The
key is efficient stellar feedback at early times, which reheats the gas
into an extended hot reservoir, avoiding the strong merging activity
in the centre of the halo (e.g. Sales et al. 2010; Brook et al. 2011).
A disc galaxy can then form from the gas that subsequently cools,
conserving its angular momentum. In this scenario, the evolution
of the specific angular momentum of the galaxy follows closely
that of the entire halo, confirming the classical picture of disc for-
mation (Fall & Efstathiou 1980; Mo et al. 1998), as was explicitly
shown by Zavala, Okamoto & Frenk (2008). Angular momentum

can however, be redistributed or lost from the disc altogether in
subsequent mergers and/or disc instabilities, while a new disc can
be generated from further gas accretion (e.g. Governato et al. 2009).
The morphology of a galaxy is thus a transient state of galaxy evo-
lution. Other studies (e.g. Pichon et al. 2011; Danovich et al. 2015)
have shown that the anisotropic mode of accretion inherently carries
more angular momentum than the isotropic mode (and therefore the
accreting gas carries higher spin than the dark matter halo), making
it an effective avenue of disc formation that needs to be considered
as an important complement to the classical picture.

One important aspect of the halo-galaxy angular momentum con-
nection is the spatial region of the halo that is linked most strongly
with the galaxy. Numerical simulations have shown that the angu-
lar momentum vectors of galactic discs are better aligned (albeit
moderately) with that of the inner regions of their haloes (within
~10 per cent of their virial radius), than with the angular momen-
tum vectors of entire haloes (within their virial radius, e.g. Bailin
et al. 2005; Bett et al. 2010; Velliscig et al. 2015). This alignment
is the result of a combination of a common origin and subsequent
evolution of the protogalaxy and the inner protohalo, and/or the
dynamical response of the inner halo to the assembly of the disc.

In this work we revisit the evolution of the specific angular mo-
mentum of galaxies and their dark matter haloes following the
approach of Zavala et al. (2008) (i.e. tracking the evolution of
the Lagrangian region that defines a galactic system today), with
the relevant advantage of using a large sample of simulated galaxies
from the EAGLE project, whose global properties (e.g. the stellar
mass function and the distribution of galaxy sizes) are in good
agreement with basic observables of z = 0 galaxies. Besides the
obvious advantage of having thousands of simulated galaxies in-
stead of the three studied in Zavala et al. (2008), the main analysis
in the present study is based on a benchmark simulation with a
fixed baryonic physics implementation calibrated to certain global
observables as mentioned above, rather than in simulations with
the same initial conditions but with different feedback implemen-
tations as was done in Zavala et al. (2008). Although in Section 5,
we indeed do the exercise of comparing a set of simulations in the
EAGLE project with the same initial conditions but with a varying
stellar feedback efficiency. Our goal is to establish whether or not,
despite the complexities of baryonic physics, there is a prevalent
connection between the provenance and assembly of the dark halo
and the destiny of the galaxy it hosts, in terms of specific angular
momentum evolution and present morphology.

This paper is organized as follows. In Section 2 we provide a
brief description of the simulation we use, define the different com-
ponents of the galactic/halo system that we analyse, and establish a
simple dynamical method of morphological classification. In Sec-
tion 3, we analyse the specific angular momentum evolution of the
different components of the galactic/halo system, while in Section 4
we discuss the connection between specific angular momentum loss
and morphology (among the different components). In Section 5 we
discuss how our results depend on the efficiency of stellar feedback.
Finally, in Section 6 we present a discussion of our results and give
our conclusions.

2 THE EAGLE SIMULATION

We use one of the main simulations of the Virgo Consortium’s
EAGLE project (Schaye et al. 2015; Crain et al. 2015) to per-
form our analysis. This simulation is labeled Ref-L100N1504 and
was performed in the context of a Planck cosmology (Planck
Collaboration XVI 2014) with parameters: Q, = 0.307, Q, =
0.04825, Q4 = 0.693, h = 0.6777, o3 = 0.8288 and n, = 0.9611;
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where Qp,, 2, and 2, are the contribution from matter, baryons
and the cosmological constant to the mass/energy density of the
Universe, respectively, 4 is the dimensionless Hubble parameter at
redshift zero, o is the rms amplitude of linear mass fluctuations in
8 h~! Mpc spheres at redshift zero, and n is the spectral index of the
primordial power spectrum. The simulation has a box size of 100
comoving Mpc on a side and follows the evolution of 1504° dark
matter particles and an initially equal number of baryonic particles.
The dark matter particle mass is 9.7 x 10® M, while the initial gas
particle mass is 1.81 x 10° M. The gravitational softening length
(Plummer-equivalent) was fixed in comoving units for z > 2.8 (¢ =
2.66 kpc) and in proper units thereafter (¢ = 0.70 kpc).

EAGLE was run using a modified version of the GADGET 3 code
(last described in Springel 2005). It uses a set of numerical meth-
ods, referred to as ANARCHY (Dalla Vecchia, in preparation; see also
Schaller et al. 2015, and appendix A of Schaye et al. 2015) with
its core hydrodynamics based on the pressure-entropy formulation
of smoothed particle hydrodynamics (SPH; Hopkins 2013), and the
time step limiters of Durier & Dalla Vecchia (2012). The bary-
onic physics implementation includes element-by-element cool-
ing, and heating from the photo-ionization by a spatially uniform
time-dependent UV/X-ray background (Wiersma, Schaye & Smith
2009a), stochastic star formation with a star formation rate that de-
pends explicitly on pressure (Schaye & Dalla Vecchia 2008; with
a star formation density threshold that is metallicity dependent;
Schaye 2004),! a Chabrier IMF, time-resolved stellar mass-loss
(Wiersma et al. 2009b), thermal energy feedback associated with
star formation (Dalla Vecchia & Schaye 2012), and the growth of
black holes. The latter grow from initial seeds of 10°h~! Mg via
mergers and Bondi gas accretion, with a modification for angular
momentum of the surrounding gas (Rosas-Guevara et al. 2015), and
AGN feedback (thermal and stochastic). See Schaye et al. (2015)
for a complete description of the physical modelling in EAGLE,
and Crain et al. (2015) for information on the calibration of the
reference simulation we use here (EAGLE Ref-L100N1504).

Haloes and galaxies are identified in EAGLE using the SUBFIND
algorithm (Springel et al. 2001; Dolag et al. 2009), first identifying
haloes with the Friends-of-Friends (FoF) algorithm (with a linking
length of 0.2 times the mean interparticle separation), then creating
a hierarchy of gravitationally self-bound substructures for each FoF
halo. The most massive subhalo of this hierarchy is the main or
distinct halo that hosts a central galaxy, while some of the most
massive subhaloes host satellite galaxies.

2.1 The lagrangian components

We aim to track the temporal evolution of the population of cen-
tral galaxies identified at z = 0. For this purpose we examine the
3928 most massive main haloes (and their central galaxies) in the
EAGLE Ref-L100N1504 simulation. These correspond to haloes
with a virial mass® Mag > 2 x 10'! M, and central galaxies with
a stellar mass M, > 4 x 108 M. For our analysis we define three
Lagrangian components that determine the galactic system at z =0
(following Zavala et al. 2008).

(1) The whole dark matter halo: comprised of all dark matter
particles within the virial radius of the FoF halo.

!'See the last paragraphs of Section 2.2 for a discussion on the treatment in
EAGLE of the unresolved multiphase ISM, and the impact of this treatment
on this work.

2 Defined as the enclosed mass at the radius within which the mean density
is 200 times the critical density of the Universe.

MNRAS 460, 4466-4482 (2016)

(ii) The inner dark matter halo: comprised of all dark matter
particles within 10 per cent of the virial radius of the FoF halo.

(iii) The galaxy: vomprised of cold baryons within the inner dark
matter halo: all star particles and gas particles with p, > 7 x
102"g cm ™ (an overdensity threshold with respect to the cosmic
baryon density of ~1.7 x 10%).3

At all epochs, this set of particles represents the Lagrangian re-
gion that will eventually become the galaxy (halo) at z = 0. Notice
that due to the particle-based nature of the SPH implementation in
EAGLE, a star particle at z = 0 represents a fully evolved stellar
population that, as it is tracked back in time, is transformed into
a progenitor gas particle. This process can be followed unambigu-
ously since each star particle carries a unique identification number,
which is inherited from the gas particle from which it formed. Due
to stellar mass-losses, the masses of the Lagrangian star/gas parti-
cles are not conserved during the evolution. Unless stated otherwise,
when we refer to any of the galactic components in any given epoch,
we are always referring to the Lagrangian set of particles identified
atz =0.

2.2 Morphological classification based on kinematics

We use a ‘morphological’ classification of the galaxies at z = 0
based on the kinematics of the galaxy (today’s cold baryons). Specif-
ically, we use the distribution of circularities €, of the baryons in
the galaxy as a proxy for morphology:

Jz

jcirc(E ) '
where j, is the specific angular momentum of each particle projected
in the direction of the total angular momentum of the cold baryonic
component, and j.i(E) is the specific angular momentum corre-
sponding to a circular orbit with the same binding energy E of the
particle. The positions and velocities of the particles are measured
with respect to the centre of mass frame of the cold baryons.

The presence of a rotationally supported disc and/or a dispersion-
supported bulge in a given galaxy is easily identified by examination
of the distribution of circularities. The stars comprising the bulge
are distributed about € ~ 0, while those of the disc exhibit much
higher values (¢ ~ 1). An example of the spatial distribution and
circularities of one of the EAGLE galaxies we analyse is shown in
Fig. 1. The presence of both stellar components is evident in this
galaxy; a cold gaseous disc is clearly visible as well. Thus, we define
a simple kinematic measure of morphology by defining the mass of
the spheroid component to be Myge = 2M(€ < €pear), Where €pear
is the peak near € = 0 (Abadi et al. 2003).*

Having defined the total (stars + cold gas) mass in the spheroid
(bulge), a total bulge-to-total mass ratio (B/T) can be assigned to

ey

3 This is a density threshold that was chosen to select the radiatively cooled
(T~ 10* K) dense gas. Since we are only considering the gas within 0.1r200,
most of the gas is in the condensed and cool regime. The specific value of
this threshold does not impact our results in any significant way.

#1n the cases where it is difficult to separate the peaks corresponding to the
bulge and the disc, we explored the suggestion of Martig et al. (2012) to
disentangle the peaks using the circularity of only the central stars, within
~2 per cent of the virial radius. The latter corresponds to just a few times
the softening length for the lowest mass haloes we analysed, which are thus
affected by resolution at these small scales. We therefore extend this central
radius and explored the inner regions between 2-5 percent of the virial
radius, but at the end, we found that this step does not make a significant
difference in our results compared to the case where we simply define the
spheroid using €peak ~ 0. We therefore keep the latter simpler definition.
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Figure 1. Example of one of the galaxies analysed from EAGLE Ref-L100N1504. Left-hand panel: the image (60 kpc on a side) was created with the radiative
transfer code skirt (Camps & Baes 2015, Trayford et al., in preparation). It shows the stellar light based on monochromatic u, g and r band SDSS filter means,
and accounting for dust extinction. Only a subset of the particles shown in the image were analysed for this paper (see Section 2.1). Right-hand panel: orbital
circularities of the cold baryons (stars in red, gas in cyan, stars + gas in black) for the galaxy shown on the left. A simple bulge disc decomposition based on
kinematics can be performed by defining the bulge mass as twice the mass to the left of the circularity peak (i.e. the bulge is a left-to-right reflection around

~zero circularity).

each galaxy. We repeat the previous procedure but using only the
stars in the galaxy, starting from the definition of circularity, i.e.
using the specific angular momentum vector of the stars, as op-
posed to that of the baryons, as the axis of rotation. This defines
a stellar bulge-to-total mass ratio (B,./T,). We found that using
a simple cut in the bulge-to-total stellar mass ratio divides the
galaxy population into bulge-dominated (B, /T, > 0.5) and disc-
dominated galaxies (B, /T, < 0.5), with a morphological mixture
of 55 percent/45 percent for all galaxies with M, > 10" Mc.
This is a mixture that has perhaps too many bulge-dominated
galaxies according to observations, which at these high stel-
lar masses have a morphological mixture with a range between
~20 per cent/80 per cent (Fisher & Drory 2011 from alocal volume-
limited sample with ~100 galaxies) and ~45 per cent/55 per cent
(Gadotti 2009 from a volume-limited sample of ~1000 local galax-
ies); see the top right panel of Zavala et al. (2012) for a comparison
of these observational samples. We remark however, that our kine-
matic morphological classification is not directly related to observa-
tional classifications, which are based on surface brightness profile
fitting. Indeed, Scannapieco et al. (2010) found that kinematical
classifications typically overestimate the B/T ratio by large factors
relative to the one found with photometric decompositions.
Despite this important caveat, the angular-momentum-mass-
morphology connection is shown in the left-hand (right-hand) panel
of Fig. 2 were we plot the total specific angular momentum of the
stars (cold baryons) as a function of stellar (cold baryons) mass for
our sample of bulge- and disc-dominated galaxies (red and blue,
respectively) in EAGLE at z = 0. We show the median (thick line),
and the 10-25 percent, 25-75 per cent and 75-90 per cent regions
that divide each distribution (hashed areas). The observational data
presented in Fall & Romanowsky (2013) are shown in the left di-
vided according to morphological type as shown in the legend (see
Romanowsky & Fall 2012 for details on how the specific angular
momentum is estimated from observations for the different galaxy
types). The dashed line on the left-hand panel shows the obser-
vationally inferred relation j, o« M2 for the discs of spirals and
ellipticals (Fall & Romanowsky 2013). This scaling agrees well with
the theoretical analysis by Catelan & Theuns (1996a). The simu-

lated galaxies follow this scaling and seem to be within the observed
distributions as a whole, although there is a vertical offset indicating
a larger specific angular momentum for the observed galaxies at a
fixed stellar mass. This offset is there despite the fact that the bary-
onic physics implementation in the reference EAGLE simulation
we analyse was calibrated taking into account galaxy sizes at z =
0 (see Crain et al. 2015), which could indicate the importance of
looking into a broader class of morphological observables during
model calibrations. Our kinematic morphological classification (al-
beit simply divided in two broad galaxy types) seems to separate
the galaxies in a way that is consistent with observations, i.e. disc-
(bulge-)dominated galaxies corresponding roughly to the region of
morphological types Sc—Sa (E). We remark that, for a fixed stel-
lar mass, a higher value of j, naturally results in a low value of
B, /T,, since we define the bulge-to-total mass ratio according to
the distribution of circularities. In this way, the separation in two
broad populations that we see in Fig. 2 partially arises naturally.
‘We note that Genel et al. (2015) have also recently reported a good
agreement between observations and their simulated galaxies from
the Illustris project in this angular-momentum-mass-morphology
relation (see also Pedrosa & Tissera 2015; Teklu et al. 2015).

The right-hand panel of Fig. 2 shows the baryonic relation (stars
plus gas), which shows similar correlations although there is a clear
drop of specific angular momentum at lower masses (Mp,, < 5 X
10° M, also visible but less clearly for bulge-dominated galaxies
in the left-hand panel). This is likely related to the more prominent
role of gaseous discs for low-mass galaxies, which might suffer
from limited resolution. Numerical artefacts could be important at
low masses,’ although galaxies with M, ~ 10'° Mg have ~5 x
103 star particles, which should be enough to sample the circularity
distributions. More important is the fact that in EAGLE, the cold

3 For instance, Furlong et al. (2015) found that the fraction of galaxies in
EAGLE with specific star formation rate below 0.1 Gyr~! (passive) artifi-
cially rises below M, < 3 x 10° M. This is a consequence of inadequate
sampling of the star formation rate, which can indirectly impact morphol-
ogy as well since without a good sampling, is not possible to form stars in
a well-defined disc.

MNRAS 460, 4466-4482 (2016)
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Figure 2. Specific angular momentum as a function of mass at z = 0 (stars on the left, cold baryons on the right). The sample of simulated galaxies has
been divided in two types according to the value of the bulge-to-total mass ratio (defined from the circularity distributions of the stars in the left and from all
cold baryons in the right): red (bulge-dominated, B/7 > 0.5) and blue (disc-dominated, B/T < 0.5). The thick lines show the medians of the distributions of
each type whereas the hashed areas encompass the 10-25 per cent, 25-75 per cent and 75-90 per cent regions. The symbols on the left-hand panel show the
observations presented in Fall & Romanowsky (2013) separated in different morphological types. The dashed line on the left shows the approximate scaling
of the observed relation that the discs of spirals and ellipticals follow, j, oc M%¢ (Fall & Romanowsky 2013).

star-forming gas phase is not resolved or followed. For the warm
interstellar medium (ISM), T ~ 10*K and ny ~ 0.1cm™3, thus,
the Jeans length is A, (ISM) ~ 1 kpc, whereas for the cold ISM,
the temperatures (densities) are typically 100 times lower (higher)
implying a Jeans length of the order of 40 pc (larger if the pressure is
dominated by turbulence). With a softening of 700 pc, the simulation
we use is only able to marginally resolve the warm ISM but it cannot
resolve the cold ISM.

To circumvent this, the EAGLE project uses a star formation
threshold, which is imposed exactly at the density above which a
cold ISM phase is expected to form, and a temperature floor given
by an effective equation of state T o< p'/3. Stars are formed from gas
with a density above this metallicity-dependent density threshold
and with temperatures near this temperature floor. The latter intro-
duces a thermal pressure with a corresponding Jeans length that
varies as: A; o< (T/p)'/? o p~!/3. The weak scaling with the density
implies that even for high-density gas in star-forming discs in the
simulation, the Jeans length associated with the temperature floor
is not far from that of the warm ISM A;(ISM) ~ 1 kpc. Gaseous
discs with a characteristic scale . < A; will be strongly affected
(they become broader) by this ‘subgrid’ thermal pressure, which is
required due to the final resolution of the simulation. Examination
of fig. 7 of Crain et al. (2015) indicates that most of the stars in
the simulation are formed from gas with densities above the peak
of the distribution shown in that figure (7 ~ 0.3 cm™3) and below
ny = 100 x ny(ISM) = 10 cm ™. Only ~25 per cent of the stars
are born with even higher densities. Therefore, we expect that the
bulk of the stars in the simulation will have a ‘subgrid’ pressure
with associated Jeans length somewhere in the range 0.4 kpc < A
<14 kpc.6 Since the median half-mass radius of M, ~ 10'° Mg

6 We note that the effective pressure in the real ISM will be of similar
order, since real discs are also in near vertical hydrostatic equilibrium. So

MNRAS 460, 4466-4482 (2016)

galaxies is ~3 kpc (see fig. 3 of Crain et al. 2015), galaxies with
lower masses are expected to have their stellar orbits affected by
an artificial velocity dispersion, which potentially impacts the cir-
cularity distributions (i.e. the B/T ratios), and also the total specific
angular momentum. Instead of making a full analysis of the im-
pact of this physical resolution limit in our work, we have tested
whether our main results (statistical in nature) change significantly
in the galaxies with the lowest stellar masses. We have found that
galaxies with M, < 7.5 x 10° M show some departures in the
correlations we present in this work (most significantly in Fig. 10),
which is roughly the stellar mass threshold where we anticipated
resolution issues, given the discussion above. Therefore, henceforth
we only consider galaxies above this threshold, which reduces our
sample to 2488 galaxies.

3 SPECIFIC ANGULAR MOMENTUM
EVOLUTION OF THE LAGRANGIAN
COMPONENTS

The particles that define the three different (Lagrangian) galac-
tic components at z = 0 are tracked into earlier epochs to follow
their specific angular momentum evolution. For each snapshot in
the simulation, we compute the total specific angular momentum
and, as a measure of size, the total median radius (relative to the
time-dependent centre of mass of the Lagrangian particles) for all
particles in each component (both in physical units). We remark that
the specific angular momentum of a given component is computed
with respect to the centre of mass of that component. We remark
also that in the case of the star and gas particles, the Lagrangian par-
ticles at any given epoch are only those which can be traced to z = 0.

the subgrid pressure in EAGLE takes into account unresolved sources of
‘pressure’ such as turbulence.
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Figure 3. Evolution of the median radius (top) and the specific angular momentum (bottom) of the Lagrangian set of particles that define the three galactic
components at z = 0 (see Section 2.1): dark matter halo (black filled), inner dark matter halo (green dashed) and the galaxy (cold gas + stars, blue). The
thick lines show the median of the distributions whereas the hashed areas cover the 10 regions. The galaxy sample is divided into disc-dominated (left) and
bulge-dominated (right) galaxies according to their z = 0 stellar bulge-to-total mass ratios as shown in the legends. The dot—dashed lines show the prediction
of specific angular momentum growth according to the linear tidal torque theory before turnaround (White 1984; Catelan & Theuns 1996a).

Thus, when the specific angular momentum evolution is computed,
a smaller (larger) number of star (gas) particles are used at higher
redshifts compared to z = 0, since star particles are continuously
being born from gas particles.

At each epoch, we therefore have a distribution of sizes and total
specific angular momentum for all the galaxies in our sample; from
these distributions, we compute the median and 10 regions. This
is shown in Fig. 3 with the sample of galaxies divided according
to their stellar bulge-to-total mass ratio at z = 0: bulge-dominated
(B,./T, = 0.5) galaxies to the right and disc-dominated (B, /T, <
0.5) galaxies to the left. We note that this plot looks qualitatively
similar if, instead of splitting according to B,/ T, we split the galaxy
population according to stellar mass at z = 0 with a dividing value of
3 x 10'h~" M. This is because this stellar mass roughly marks
the transition between the dominion of disc-dominated (at lower
masses) and bulge-dominated (at higher masses) central galaxies
observationally (e.g. see fig. 3 of Hopkins et al. 2009). In order to
ease the comparison between disc- and bulge-dominated galaxies,
we overplot in Fig. 4, the median of the distributions shown in the
left-hand and right-hand panels of Fig. 3, with solid and dashed
lines, respectively.

The evolution of the size for the dark matter halo (as given by
the median of the physical distance of all its particles relative to
the centre of mass) in Fig. 3 follows closely the expectation from
the spherical collapse model, with the system expanding, reaching a
maximum and then collapsing to form the virialized halo today with
a physical size roughly half of that at maximum expansion. Notice
that the inner halo, having a higher overdensity than the whole halo,
collapses earlier and shrinks to a size a factor of ~4-5 smaller than
at maximum expansion.

The evolution of the specific angular momentum of the whole
dark matter halo follows the behaviour predicted by tidal torque
theory until turnaround (White 1984; Catelan & Theuns 1996a,
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Figure 4. The same as Fig. 3, but showing both galaxy types, disc-
dominated (solid lines) and bulge-dominated (dashed lines). For clarity,
we only show the median of each distribution.

dot—dashed line). Afterwards, the specific angular momentum is
approximately conserved. The relatively small loss of specific an-
gular momentum is related to the arbitrary boundary set by the
virial radius. During the assembly of the halo, redistribution of an-
gular momentum can actually place high angular momentum ma-
terial outside the virial radius (D’Onghia & Navarro 2007). If the
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Lagrangian region of the whole halo is extended to ~3r,, then the
specific angular momentum losses after turnaround are minimal. On
the other hand, the inner dark matter halo loses 290 per cent of its
specific angular momentum after turnaround. This significant loss
is a consequence of the transfer of angular momentum that takes
place between the dark matter clumps that form the inner halo and
the outer halo (first noted by Frenk et al. 1985, see also Zavala et al.
2008).

Today’s cold baryons follow closely the dark matter halo until
turnaround but then lose a significant fraction of their specific an-
gular momentum, although not as much as the inner dark matter
halo. Bulge-dominated galaxies (B,/T. > 0.5) have lost most of
their specific angular momentum since turnaround (~80 per cent
for the median) and track the inner dark matter halo more closely
(right-hand panel of Fig. 3). Disc-dominated galaxies on the other
hand, lose 50percent of their specific angular momentum (me-
dian) and track the behaviour of the whole dark matter halo more
closely. Fig. 3 seems to confirm the general expectation that disc-
dominated galaxies today (predominant among low mass isolated
central galaxies) were assembled with a lower relative loss (since
turnaround) of specific angular momentum than bulge-dominated
galaxies (predominant among massive isolated galaxies).

We remark that the specific angular momentum values in
Fig. 3 are unnormalized. This plot then shows clearly that be-
fore turnaround, the different components occupy very similar La-
grangian regions (the inner halo and the galaxy being more concen-
trated), and are being torqued by the environment in a very similar
way (this is clear in a statistical sense, but see Section 3.1). In the fol-
lowing we concentrate on the evolution of the galactic components
after turnaround.

In Fig. 5 we compare the specific angular momentum of the stars
and of the inner dark matter halo at two different epochs: at z = 0
and at the epoch of turnaround for the inner dark matter halo. For the
latter epoch, the specific angular momentum has been multiplied by
50 to show both epochs in the same plot without overlap. Recall that
although at two different epochs, the star (dark matter) particles are
defined by the Lagrangian components identified at z = 0. For dark
matter, exactly the same particles appear at any given epoch, but
for the stars, only a fraction of those identified at z = 0 have formed
at turnaround, the rest are still gas particles, and are thus absent from
this plot. Therefore, at turnaround, Fig. 5 shows the progenitor stars
that are already in place at that epoch.

The sample of 2488 central galaxies has been reduced to 2005
to include only those galaxies that have at least 500 star particles at
turnaround so that the specific angular momentum measurements
are less affected by poor particle sampling. Discreteness effects bias
the measurement of the specific angular momentum upwards (e.g.
Bett et al. 2007). Thus, the threshold of 500 particles removes a
tail of high- j, systems with low j (inner DM) (since these are typi-
cally the low-mass haloes affected by resolution, due to the natural
mass-angular-momentum correlation).” The galaxies are shown in
Fig. 5 according to their morphological classification at z = 0 (us-
ing the stars only), which we described in Section 2.2, disc- and
bulge-dominated galaxies shown in open blue and filled red circles,
respectively.

As anticipated, there is a strong one-to-one correlation between
the specific angular momentum of the stars and that of the inner
dark matter halo at the epoch of turnaround (the Spearman’s rank

7 We note that our threshold is slightly more conservative than that of Bett
et al. (2007), who suggest removing haloes with fewer than 300 particles.
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Figure 5. Correlation between the specific angular momentum of the stars
and that of the inner dark matter halo (Lagrangian components) at two
different times: today (z = 0) and at the time of turnaround of the inner
dark matter halo. For the latter epoch, the specific angular momentum is
multiplied by 50 to avoid overlap between both epochs in the plot. The
sample of galaxies is divided into two galaxy types according to present-
day morphology: bulge-dominated galaxies (B, /T, > 0.5; filled red), and
disc-dominated galaxies (B,/T, < 0.5; open blue). The Spearman’s rank
correlation coefficient, s, is shown for each epoch.

correlation coefficient is ry = 0.9), albeit with a considerable dis-
persion at low j values. At that time, there is also no clear separation
between the progenitor stars of the galaxies that will eventually
become discs/spheroids. Deviations from this one-to-one relation
become significant after turnaround. At z = 0, the galaxies exhibit
a more dispersed relation (v, = 0.5) that is, as expected, clearly
separated in disc- and bulge-dominated galaxies, with the former
having higher j, relative to the latter for a fixed j (inner DM). We
focus now on understanding the main physical mechanisms govern-
ing the evolution of the specific angular momentum from the epoch
of turnaround until today, and how the different evolutionary paths
taken by the stars in disc- and bulge-dominated galaxies lead to the
evolution in the dispersion of the relation seen in Fig. 5.

3.1 The provenance of spheroids and discs

Fig. 6 shows two representative galaxies that illustrate the connec-
tion between the evolution of the specific angular momentum (top
panel) of the different Lagrangian components with the morphology
of galaxies today (bottom panel). As we previously established (see
Fig. 5), prior to the epoch of turnaround for the inner dark matter
halo (at the peak of the dashed line in the top panel of Fig. 6), all
galactic components share a very similar specific angular momen-
tum evolution; the evolutionary tracks are typically parallel to each
other. There are however, some notable differences in the normaliza-
tion of these tracks during the expansion phase. Before turnaround,
the gas dominates the total specific angular momentum of today’s
cold baryons (compare cyan and blue lines in the top panel of Fig. 6)
and is typically higher in magnitude than the entire dark matter halo
for most galaxies. The stars are subdominant during this time and
have evolutionary j, tracks that are quite noisy, mostly because of
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Figure 6. Examples of galaxies that today are bulge-dominated (left) and disc-dominated (right). Top panels: evolution of the specific angular momentum for
the different Lagrangian components: dark matter halo (filled black), inner dark matter halo (dashed black), stars (red), cold gas (cyan), and stars + cold gas
(blue). Before the epoch when the inner dark matter halo reaches turnaround, most components track each other (typical behaviour for all galaxies). Afterwards,
the correlation between the stars and the inner dark matter halo remains strong for the bulge-dominated galaxy, while for the disc-dominated galaxy, the specific
angular momentum of the stellar component increases after z = 1.5 since young stars are being born from high angular momentum gas, which is uncorrelated
with the inner dark matter halo. In many cases, like in these two examples, the gas follows the specific angular momentum of the whole dark matter halo
relatively closely. Bottom panel: circularity distributions (at z=0) for the galaxies shown above (stars in red, cold gas in cyan).

poor particle sampling; the most massive galaxies are an exception
since they can have a significant fraction of their stars already in
place before turnaround.

After turnaround the evolution changes drastically and is qualita-
tively different for galaxies that end up with different morphologies
today. For the elliptical galaxy shown on the left of Fig. 6, the
bulk of the stars that define the galaxy today have already formed at
turnaround, and are locked in the merging subclumps of dark matter
that will assemble the inner dark matter halo. Thus, they co-evolve
sharing the same fate of transferring their orbital angular momen-
tum to the outer halo. The similarity between the red (stars) and
black (inner dark matter halo) dashed curves is remarkable. For the

disc-dominated galaxy (right-hand panels of Fig. 6), the situation is
quite different. Although the old stars and the inner dark matter halo
track each other before and near turnaround, a dominant gaseous
disc is already in place shortly after turnaround, which fosters the
formation of a stellar disc of young stars, born with high specific
angular momentum. It is this gaseous disc that is shaping the stel-
lar morphology of this galaxy today (see bottom right panel of
Fig. 6).

Notice that for both galaxies, today’s cold gas follows the spe-
cific angular momentum evolution of the whole dark matter halo
relatively closely (for the elliptical galaxy there is a significant de-
cline of specific angular momentum in the last stages since a large

MNRAS 460, 4466—4482 (2016)
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Figure 7. Normalized distribution of the ‘timeline mismatch’ (Q, equa-
tion 2) between the specific angular momentum evolution of the different
Lagrangian components measured after turnaround (of the inner dark matter
halo): cold gas—dark matter halo (solid cyan), stars—dark matter halo (solid
red), cold gas—inner dark matter halo (dashed cyan), and stars—inner dark
matter halo (dashed red). Recall that the Lagrangian components are defined
at z = 0 and tracked back in time (see Section 2.1). For most galaxies, the
distribution of today’s cold gas is more akin to the whole dark matter halo
than to the inner dark matter halo, while the opposite is true for today’s stars.

fraction of the gas is being funnelled into the centre in a small burst
of star formation).

3.2 Correspondence between the assembly of the central halo
and today’s cold baryons

Although many galaxies fall within the categories of the examples
shown in Fig. 6, not all show correlations as tight and clean as
illustrated there. To quantify how closely the baryonic components
trace either of the dark matter components, we define the following
measure of ‘timeline mismatch’:

1

=i Z (G (@) = (G 6 > fum ()
where j|(#;) and j,(z;) are the specific angular momenta of the two
components to be compared at a given time f; for the different
snapshot outputs of the simulation. We only consider epochs after
turnaround () of the inner dark matter halo of a given galaxy.
Thus, N(t; > tym) is the number of snapshots we have for a given
galaxy after turnaround. Defined in this way, Q is similar to a
goodness of fit test. If the two components track each other Q ~ 0.

Fig. 7 shows the distribution of Q values between: cold gas—dark
matter halo (solid cyan), stars—dark matter halo (solid red), cold
gas—inner dark matter halo (dashed cyan), and stars—inner dark
matter halo (dashed red). The figure clearly shows that, for most
galaxies, today’s cold gas follows more closely the specific angular
momentum evolution of the whole dark matter halo, while the stars
follow the inner dark matter halo. This confirms that the trends
hinted at in Fig. 6 are statistically significant and it strongly indicates
that the inner dark matter halo and the stars lose specific angular

MNRAS 460, 4466-4482 (2016)
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Figure 8. Distribution of the ‘timeline mismatch’ (Q,, equation 2) be-
tween the specific angular momentum evolution of the Lagrangian compo-
nents measured after turnaround (of the inner dark matter halo): stars—dark
matter halo (solid), and stars—inner dark matter halo (dashed). The stellar
(Lagrangian) component at z = 0 has been split according to the stellar for-
mation (lookback) time relative to the turnaround epoch: old stars (light red)
and young stars (blue). The top (bottom) panel shows those galaxies that
are classified as disc-dominated (bulge-dominated) today. Each distribution
is normalized to the total number of disc-dominated, Nt (DD), or bulge-
dominated, No((BD), galaxies in the top and bottom panels, respectively.

momentum through a very similar process (at least for an important
fraction of the galaxy population).

This conclusion is supported by the fact that it is primarily the
older stars that most closely trace the specific angular momentum
evolution of the inner dark matter halo. This is shown in Fig. 8 where
we have taken subsamples of the stellar Lagrangian component ac-
cording to the time when stars were born, relative to the epoch of
turnaround of the inner halo 7. Fig. 8 is split into two panels ac-
cording to the morphology of galaxies today: disc-dominated (top
panel) and bulge-dominated (bottom panel). The old stars, defined
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as those born at lookback time #; > t; (turn), exhibit a similar dis-
tribution of Q values to that of the whole stellar population (Fig. 7),
but their similarity to the inner dark matter halo is stronger (light
red dashed lines, particularly for disc-dominated galaxies), while
that with the whole dark matter halo is weaker (light red solid
lines), particularly for bulge-dominated galaxies. This is expected
in a formation scenario where the old stars are already bound to
the dark matter subclumps that subsequently form the inner dark
matter halo, and therefore share their fate of suffering strong spe-
cific angular momentum losses. Fig. 8 demonstrates that, in most
galaxies, these stars have little affinity with the evolution of the spe-
cific angular momentum of the whole dark matter halo, compared
to the whole stellar population in Fig. 7. The blue histogram in
Fig. 8 shows the distribution of young stars with 7, < 7, (turn)/2.
The situation is quite different from that of the older stars: the affin-
ity with the whole dark matter halo is more evident, particularly for
disc-dominated galaxies where the young stars inherit the ‘timeline
mismatch’ between the cold gas and the whole dark matter halo.
In the case of the bulge-dominated galaxies, this affinity is weaker,
which might indicate that an important fraction of the young stars
are born from gas that is already bound to the merging dark matter
subclumps. In short, Fig. 8 points to a scenario where the old stars
and the inner dark matter halo have a common origin/evolution in
bulge-dominated galaxies, while the young stars, cold gas and the
whole dark matter halo relaxed in a similar way in disc-dominated
galaxies, having a coupled specific angular momentum history.

Fig. 8 shows that the age of today’s stars (older/younger relative
to the time of turnaround) is an important factor in determining
the ‘timeline mismatch’ between the specific angular momentum
evolution of the stellar and dark matter components. Nevertheless,
it is still instructive to study the stellar population as a whole and
attempt to establish a connection between this ‘timeline mismatch’
and the morphology of galaxies today. Fig. 9 shows the distri-
bution of the ratios Qwar, innerom)/ Q(bar, DM)8 for bulge-dominated
(B./T, = 0.5; red) and disc-dominated (B, /T, < 0.5; blue) galax-
ies. The bulge-dominated galaxies clearly dominate the population
of galaxies where the specific angular momentum of the baryons
and of the inner dark matter halo are more closely related. To the
right of 102(Q bar, innerdM)/ Qevar, pMy) = 0 in the plot, the situation is
less clear, with both samples having similar distributions, although
disc-dominated galaxies tend to be more correlated with the whole
dark matter halo. The reason why disc-dominated galaxies do not
show a stronger ‘timeline mismatch’ to the whole dark matter halo
in this plot is that young and old stars have been combined. As is
evident from the top panel of Fig. 8, the former are linked to the
whole dark matter halo, while the latter are not. In any case, Fig. 9
indicates that a large fraction of today’s bulge-dominated galaxies
lost their angular momenta in a similar fashion to their host dark
matter haloes’ inner region.

4 SPECIFIC ANGULAR MOMENTUM LOSS
AND GALAXY MORPHOLOGY

In search of a clearer connection between the specific angular mo-
mentum evolution of galaxies and their present-day morphology,
we show in Fig. 10 the stellar bulge-to-total mass ratios for our

8 From equation (2), where the subscripts refer to: ‘bar’, today’s cold baryons
(stars 4 gas), ‘inner DM, inner dark matter halo, and ‘DM’, the whole dark
matter halo.
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Figure 9. Normalized distribution of the ratio of Q values (equation 2)
between the galaxy (stars + cold gas) and the inner dark matter halo
QO (bar, innerdM)» and between the galaxy and the whole dark matter halo
O(bar, DM)» both measured after turnaround (of the inner dark matter halo).
The simulated galaxies have been split into bulge-dominated (B, /T, > 0.5;
red) and disc-dominated (B, /T, < 0.5; blue) according to their circularity
distributions today. Each histogram is normalized to the total number of
galaxies (both bulge- and disc-dominated). Although there is substantial
overlap between the distributions, the evolution of specific angular momen-
tum in most bulge-dominated galaxies is more strongly correlated with that
of the inner dark matter halo than with the whole dark matter halo, while
the opposite is true for disc-dominated galaxies.
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Figure 10. Correlation between the z = 0 stellar bulge-to-total mass ratio
(defined from the circularity distributions) and the maximum loss of specific
angular momentum for the stars in the simulated galaxies. The maximum
loss is defined between the time when each component reached its maximum
and today (equation 3). The thick line shows the median of the distribution
whereas the hashed areas encompass the 10-25 per cent, 2575 per cent and
75-90 per cent regions. The Spearman’s rank correlation coefficient is 0.7
and the root mean square deviation over the median is 0.18.
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sample of simulated galaxies at z = 0 as a function of their relative
maximum loss of specific angular momentum:

AMo5s = Mv (3)

Jo

where jn,y is the maximum specific angular momentum of a given
component (the stars in the case of Fig. 10) during the evolution,
and j is its specific angular momentum at z = 0.° Fig. 10 shows a
clear strong correlation (with a Spearman’s correlation coefficient
ry ~ 0.7): the systems with the greatest loss of specific angular mo-
mentum end up having the greatest B, /T, values. Since the bulge-
to-total mass ratios are computed from the circularity distributions,
there is naturally a correlation between B, /T, and j,, but the cor-
relation seen in Fig. 10 is not driven purely by this connection. To
check this, we performed a statistical test using the Akaike Infor-
mation Criterion (AIC) to compare two models: one where B, /T is
described by a polynomial (of degree 3) with only one variable, jo,
and one adding an extra variable, j.x. The Residual Sum of Squares
of the latter model is smaller than the former by 27 per cent, and
we find that the latter model is significantly preferred with a bias
corrected AIC difference of Axice ~ 900 (the relative likelihood
between models is exp(—Aaicc/2), e.g. see Seghouane 2011).

Although the correlation in Fig. 10 is clear and shows that the
specific angular momentum loss and the B,/T. value today are
linked, the dispersion is large. The root mean square deviation,
RMSD over the median is 0.18. We find a similar correlation (albeit
with more scatter), if we use the baryonic component (stars +
today’s cold gas) instead of the stars only.

Fig. 10 shows the advantages and limitations of using a single
number, AM,qs, as a ‘measure’ of the morphologies of galaxies
today, based exclusively on the specific angular momentum at two
epochs. Itis a very simple quantity that can only pinpoint the B, /T,
values with limited accuracy since it cannot fully describe the whole
specific angular momentum evolution. Since we have shown in
previous sections that there is a connection between the evolution
of the specific angular momentum of the galaxy and that of the
inner dark matter halo (particularly for bulge-dominated galaxies),
we now investigate to what extent this connection prevails using a
single quantity: the maximum specific angular momentum loss.

Fig. 11 shows the correlation between the loss of specific angular
momentum of the baryons (i.e. stars and cold gas) and of the inner
dark matter halo (both relative to the time of turnaround of the
inner dark matter halo) for the simulated galaxies. Although there
is a correlation, the dispersion is large with baryons preferentially
losing less specific angular momentum than the inner dark matter
halo (as illustrated by the reference one-to-one dashed line). The
dispersion is a reflection of the deviations between the detailed
evolution of specific angular momentum of both components: the
residuals of the one-to-one relation anti-correlate strongly (r; =
—0.66) with the ‘timeline mismatch’ ratio Qar, innerbM)/ Q(bar, DM)»
i.e. the larger the deviation from the one-to-one relation, the larger
the difference between the evolutionary tracks of the cold baryons

9 We notice that, because of the way we define the Lagrangian components,
at the time where jmax is computed, a smaller number of star particles is
present compared to those at z = 0 used to compute jo. This deficit is caused
by the fact that some star particles where gas particles at earlier times,
which, by definition, do not contribute to the specific angular momentum
of the stars. We note that if we take all particle progenitors (stars and
gas) of the star particles at z = 0 to define the specific angular momentum
loss of stars in equation (3), then the main correlations we find in Figs 10
and 12 remain similar but with slightly more scatter.
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Figure 11. Correlation between the loss of specific angular momentum of
the baryons (i.e. stars and cold gas) and the inner dark matter halo (both
relative to the time of turnaround of the inner dark matter halo) for the
simulated galaxies. The thick line shows the median of the distribution
whereas the hashed areas encompass the 10-25 per cent, 25-75 per cent and
75-90 per cent regions. The one-to-one relation is shown as a dashed line.
The Spearman’s rank correlation coefficient is 0.54.

and the inner dark matter halo. This indicates that the loss of specific
angular momentum in the inner dark matter halo and in the baryons
are only correlated for a subsample of the galaxy population. This
is something already hinted at by the results of Section 3.2 (see
Fig. 7).

Remarkably, and despite this complication, there is a reasonably
tight correlation between the maximum loss of specific angular mo-
mentum of the stars and the inner dark matter halo (see equation 3),
which is shown in Fig. 12. The thick black line shows the median of
the distribution whereas the hashed black areas encompass the 10—
25 per cent, 25-75 per cent and 75-90 per cent regions. Notice that
the median is very close to the one-to-one relation (dashed line).
The correlation is even stronger if we consider only those galaxies
for which the specific angular momentum history of the stars and the
inner dark matter halo track each other closely (Q . inneromy < 0.7,
green lines encompassing 10-90 per cent of the distribution in this
reduced sample). Still, the dispersion remains large (the RMSD from
the one-to-one relation is ~0.35). Below we comment on some of
the physical quantities behind this dispersion. We notice that bulge-
dominated galaxies (having lost most of their angular momenta)
are located mostly in the upper-right of the distribution (as can be
seen in the projected distribution in the Y axis shown by the red
histogram to the right of Fig. 12), while disc-dominated galaxies
populate the lower-left (shown by the blue histogram). Combining
Figs 12 and 10, we have a way to connect (statistically) the stellar
bulge-to-total mass ratios (at z = 0) and the loss of specific angular
momentum of the inner dark matter halo. Fig. 13 shows this relation
directly for the whole sample of galaxies (in black) and for those
where Q. innerpmy < 0.7 (in green). Although the statistical trend is
clear, the correlation is weaker and the dispersion is larger than in
Fig. 10. As expected, the correlation is stronger for those galaxies
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Figure 12. Correlation between the maximum loss of specific angular mo-
mentum of the stars and of the inner dark matter halo for the simulated
galaxies. The thick black line shows the median of the distribution whereas
the hashed black areas encompass the 10-25 per cent, 25-75 per cent and
75-90 per cent regions. The 10-90 per cent distribution of those galaxies for
which the specific angular momentum evolution of the stars and of the inner
dark matter halo is close (Q s, innerbm) < 0.7) is bracketed by the solid green
lines. The Spearman’s rank correlation coefficients and the (logarithmic)
root mean square standard deviation are shown in the legend, for each case.
The green subsample is further divided according to the morphology of the
galaxies today, disc- and bulge-dominated. Their respective projected dis-
tributions in the Y-axis (A M)ogs(stars)) are shown in blue and red to the right
of the plot.

where the specific angular momentum evolution of the stars and the
inner dark matter halo track each other more closely.

Regarding the issue of limited sampling of stars for the smallest
galaxies in the simulation we use, and its connection with the physi-
cal resolution limit (see discussion at the end of Section 2.2), we did
not find a systematic effect in our main result if we discard the small-
est galaxies (M, < 7.5 x 10° M¢@). That is, the correspondence be-
tween the specific angular momentum loss of the inner dark matter
halo and that of the stellar component shown in Fig. 12 is also valid
for these galaxies The changes to the Spearman’s rank correlation
coefficient and the RMSD are at the percent level when we dis-
card the smallest galaxies. We also applied a Kolmogorov—Smirnov
(K-S) test to the unbinned AM,(stars) distributions of two
subsamples of the low-mass galaxies split by their stellar mass. The
first sample with M, < 7.5 x 10° Mg and the second sample with
7.5 x 10° Mp <M, <15x 10'0 M@, with 468 and 529 galaxies,
respectively. We found a K-S statistic of D = 0.06 with a probabil-
ity of 0.24. Repeating the same test but for A Mjys(innerDM), we
found D = 0.03 with a probability of 0.89. The test is inconclusive
for the stars while for the inner dark matter halo, the high proba-
bility indicates that the low-mass and high-mass subsamples likely
originate from similar distributions. The lower probability in the
case of the stars however, might indicate an imprint of the physical
resolution limit since the collisionless dark matter is not subject to
the subgrid pressure of the imposed temperature floor in EAGLE,
which indirectly impacts the stars since they are formed from the
gas. One must remember however, that there is also a physical ef-
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Figure 13. Correlation between the z = 0 stellar bulge-to-total mass ratio
(defined from the circularity distributions) and the maximum loss of specific
angular momentum for the inner dark matter halo in the simulated galaxies
(compare to Fig. 10). The maximum loss is defined between the time when
each component reached its maximum and today (equation 3). The thick line
shows the median of the distribution whereas the hashed area encompass the
25-75 per cent regions. The dashed lines bracket the 10-90 per cent regions
of the distributions. The sample including all galaxies is shown in black,
while those galaxies for which the specific angular momentum evolution
of the stars and of the inner dark matter halo is close (Qinerbm) < 0.7)
is shown in green. For the former (latter), the Spearman’s rank correlation
coefficient is 0.47 (0.57) and the root mean square deviation over the median
is 0.22 (0.19).

fect associated with the stronger prominence of cold gas at lower
stellar masses, from which the stellar component would then tend
to inherit higher specific angular momentum. This creates a slight
mass dependence in the median of the AM)u(stars) distribution.
This physical effect also impacts the interpretation of the K-S test.

Nevertheless, as stated before, our main result (Fig. 12) is not
significantly altered by limited sampling. On the other hand, this
seems to be an issue in the correlation between the B, /T.(z = 0)
and A Ms(stars) shown in Fig. 10. The galaxies with M, < 7.5 x
10° M@ would appear uncorrelated in this plot, which seems to ver-
ify the concerns regarding the physical resolution in the simulation
we analysed, and expressed at the end of Section 2.2. In particular,
the stellar bulge-to-total mass ratios seem to be strongly affected by
this issue, which is the reason why we decided to exclude galaxies
below this stellar mass threshold from most of our results.

4.1 Additional drivers of specific angular momentum loss

We have searched thoroughly for a third parameter that reduces the
scatter in Fig. 12 but we have not been able to find one among the
dark matter quantities that is statistically significant. We explored
the formation time of the inner dark matter halo, the specific angular
momentum loss of the whole dark matter halo, and the misalighment
of the specific angular momentum of the inner dark matter between
turnaround and today. The (logarithmic) Residual Sum of Squares
(RSS,, from the best linear fit) is reduced by less than 3 per cent in
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all cases, and since we are adding one variable to the multivariate
regression fit, this reduction is not significant.

Instead, we have found that the scatter in Fig. 12 correlates more
strongly with the properties of today’s cold baryons. In particular,
the deficit between the total mass of the Lagrangian gas compo-
nent that is transformed into stars between turnaround and today,
AMyg = Mgy(Zoum) — Mgas(z = 0), and the net mass gain of the
stellar component during this time, AM, = M.(z = 0) — M. (Zwm)-
The ratio AM,, / A My, anti-correlates with the residuals of the cor-
relation in Fig. 12 with r; ~ —0.43. This mass deficit is partially
related to the baryons that are lost during stellar feedback (i.e. the
mass-loss in the simulated stellar particles during stellar and su-
pernovae winds), AM,/AMgy,, < 1, and are not present in the La-
grangian components at z = 0. The larger the deficit, the stronger the
loss of specific angular momentum of the stellar component: galax-
ies below (above) the one-to-one relation in Fig. 12 have a mean
and standard deviation for AM,./AM,, : 0.72 £ 0.1(0.63 £ 0.27).
This can be interpreted as follows. During an episode of stellar
mass-loss caused by a supernova-driven galactic wind, energy and
momentum are deposited into the immediate neighbourhood of the
star. In particular, the gas particles around the star particle are pushed
by the pressure gradient, which eventually have a dynamical (gravi-
tational) impact on other nearby star particles. Several episodes like
this tend to, on average, isotropize the orbits of the star particles,
causing a net loss of the total specific angular momentum of the
stellar component. This also impacts the dark matter particles, but
to a lesser extent since they tend to have (near the halo centre) more
isotropic orbits than the stars to begin with. This effect is more no-
ticeable when this stellar mass-loss (and subsequent loss of specific
angular momentum) is not compensated by new stars being born
from gas with high specific angular momentum, i.e. when the stellar
mass deficit AM, /A M,y is high.

Of similar significance for the scatter seen in Fig. 12, is the relative
loss of specific angular momentum in today’s cold gas (see equa-
tion 3). This variable correlates with the residuals of the correlation
in Fig. 12 with ry ~ 0.40 (adding this as a third parameter reduces
RSSy,y from the best linear fit by 16 percent). This is clearly a
consequence of the young stars inheriting the high specific angular
momentum of the gas they are born from. The lower the loss of
specific angular momentum of the gas, the more likely it is that
the stellar component that is being fed by this gas will have lower
specific angular momentum losses.

5 DEPENDENCE ON STELLAR FEEDBACK
MODELLING

Our results have been so far based on the reference implementation
used in EAGLE to account for stellar feedback. This implementation
adopts the stochastic thermal feedback scheme of Dalla Vecchia &
Schaye (2012) and is described in detail in Schaye et al. (2015).
Effectively, the feedback efficiency is regulated by the fraction of
the energy budget that is available for feedback, fi,. A constant value
of fi,, = 1 corresponds to a fixed injected energy per stellar mass
formed, corresponding to the energy available from Type II SNe
resulting from a Chabrier IMF (assuming that stars with masses in
the range 6-100 My are the progenitors, and that each SN releases
10°! erg). The calibration of the subgrid physics in EAGLE to a set
of observations is presented in Crain et al. (2015). In particular, a
variety of models with different feedback efficiency are explored,
and a model in which fi, depends on the local gas density and
metallicity, the reference model, is found to match observations
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Figure 14. Specific angular momentum of the stellar component as a func-
tion of stellar mass at z = 0 for the reference stellar feedback implementation
in EAGLE (100 Mpc box, dashed blue line, and 25 Mpc box, solid blue line),
and for the cases where the effective feedback efficiency function fi, is scaled
by 0.5 (Weak FB, green) and 2 (Strong FB, red). The thick lines show the
medians of the distributions of each case whereas the hashed areas encom-
pass the 25-75 per cent regions (not shown for the Ref100 case). Ref100 is
shown as a reference since it is the benchmark simulation we have analysed
throughout this work. It corresponds to the simulation data shown in Fig. 2
but for all galaxies regardless of their B, /T values.

(see Section 3.1, and in particular equation 14 and fig. 1 of Crain
et al. 2015).

To explore the effects of variations in the feedback model, we
repeat our analysis using three additional simulations from the
EAGLE suite with the same resolution as we have explored so
far, but with a smaller simulation box (25 Mpc with 376> particles
in both the baryonic and dark matter components): (i) one simula-
tion with the same feedback model (Ref), (ii) one with the function
i scaled by a factor of 0.5 (Weak FB), and (iii) one with the func-
tion f, scaled by a factor of 2 (Strong FB). See table 1 of Crain
et al. (2015) for more details on these simulations. Note that only
the reference model provides a good match to observations. The
advantage of using this set is that it is based on the same initial
conditions, so differences between individual galaxies caused by
the stronger (weaker) feedback implementations can be assessed
directly. The disadvantage is that the number of galaxies analysed
decreases by a factor of ~64 due to the smaller box size. This is
however not important for the comparison we make in this section.
In the following we report on the key differences we found between
these simulations.

Fig. 14 shows the specific angular momentum of the stars as a
function of stellar mass at z = 0 for the 25 Mpc box simulations with
different feedback efficiencies, weak (strong) feedback shown with
green and red colours, respectively, while the reference feedback
is shown with a blue colour. For comparison purposes, we show
the result of the benchmark simulation we have used so far in this
work (reference feedback in a 100 Mpc) with a dashed blue line.
As expected, both reference simulations (Ref and Ref100) are in
good statistical agreement (shown with the solid and dashed blue
lines in Fig. 14, which are the medians of the distributions of these
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simulations, respectively). This is true except for galaxies at the
high-mass end, which are severely undersampled in the 25 Mpc
simulations.'” Statistically, over the whole sample of galaxies, the
weak FB simulation shows a lower specific angular momentum
than the Ref simulation, at a fixed stellar mass. Galaxies with
M, < 3 x 10° My in the strong FB simulation on the other hand,
have an average higher specific angular momentum than in the Ref
simulation. This agrees with the finding of Crain et al. (2015), where
at a fixed stellar mass, galaxies in the weak (strong) FB simulation
have smaller (larger) stellar half-mass radii (see their fig. 10), i.e.
they are more compact (extended). We note however, that in the
case of the strong FB simulation, we only see larger values of j,
than in the Ref simulation for galaxies with M., < 3 x 10° M.

Since we have the opportunity to compare a set of galactic systems
that share the same initial conditions, and that only differ in the
strength of the stellar feedback, we can take a closer look at the
impact that feedback has on the specific angular momentum of
the simulated galaxies. Instead of looking at the statistical trends
shown in Fig. 14, we can directly compare the change in j. and
M, across the different simulations. We take the ratio of stellar
masses (upper panel), stellar specific angular momenta (middle
panel), and cold-gas-to-stellar mass ratio (fg,s), all at z = 0, between
pairs of matched galaxies in the Weak FB and Ref simulation (in
green) and between the Strong FB and Ref simulation (in red).
Fig. 15 shows the normalized distribution of these ratios. Relative
to the Ref simulation, weaker stellar feedback does not necessarily
imply a higher stellar mass: the distribution in the top panel (green)
is divided roughly in half at M./M,[Ref] ~ 1, although with a
longer tail towards higher values. There is however, a clear deficit
of cold gas in the Weak FB simulation, with the majority of the
galaxies having considerably less cold gas than in the Ref simulation
(bottom panel). These trends are understood in the context of a self-
regulation scenario where galaxies form stars by keeping a balance
between gas inflow (accretion and cooling) and outflow (due to
feedback from massive stars and black holes). This is explained in
greater detail in section 4.2.3 of Crain et al. (2015). Since in the
Weak FB simulation, the stellar feedback is suppressed, black holes
need to be more massive in order to compensate and achieve self-
regulation (since the Weak FB and Ref simulation use the same AGN
feedback efficiency). Thus, in the Weak FB simulation, galaxies
consume their star-forming gas earlier, reducing the reservoir of
cold gas present today, while at the same time, AGN feedback
is capable of suppressing their stellar mass growth. In the Strong
FB case on the other hand, self-regulation is dominated by stellar
feedback and hence star formation is highly suppressed at earlier
times leaving a large reservoir of gas today. This explains why
galaxies in the Strong FB simulation have lower (higher) stellar
masses (fgs) than in the Ref simulation.

The middle panel of Fig. 15 shows that the distribution of stellar
specific angular momenta between matched pairs is quite similar
between the Weak FB and Ref simulations (green) and between
the Strong FB and Ref simulations (red), although slightly skewed
towards galaxies having lower specific angular momentum than
their counterparts in the Ref simulation. We argue that this result
is the effect of self-regulation during the evolution of the specific
angular momentum, with two very different implications for the
Weak FB and Strong FB simulations. In the former, the late time

10 Although not shown, the scatter in Fig. 14 is of similar magnitude for Ref
and Ref100, with the exception of galaxies with M, > 2 x 1010 M@ where
the Ref100 simulation has more scatter.
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Figure 15. The upper panel shows the normalized distribution of the ratio
of the stellar mass (at z = 0) in pairs of galaxies matched in the Weak FB
and Ref simulations, and in the Strong FB and Ref simulations, in green
and red, respectively. The middle (bottom) panel shows the corresponding
distribution for the stellar specific angular momentum (cold-gas-to-stellar
mass ratio). The matched galaxies correspond to the same halo in a given pair
of simulations since the initial conditions are the same. The vertical dashed
line in the bottom panel divides the distribution in matched galaxies that
have a higher gas fraction (to the left) than in the case of the Ref simulation.
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Table 1. The Spearman’s rank correlation coefficients and the logarithmic root mean square standard deviation
(in parentheses in each entry) are shown for the correlation between the maximum loss of specific angular
momentum of the stars (cold gas) and the inner dark matter halo in the top (bottom) row. The columns show the
values corresponding to each simulation we analysed: the Ref and Ref 100 simulations have the same feedback
implementation, while in the Weak (Strong) FB simulations, the fraction of the energy budget that is available for

stellar feedback decreases (increases) by a factor of 2. See Section 5 for details.

Correlation/simulation Ref100 Ref Weak FB Strong FB
AMjgss[stars] — AMgss[innerDM] 0.65(0.50) 0.65(0.63) 0.61(0.55) 0.30(0.81)
AMgss[stars] — AMjgss[coldgas] 0.50(0.56) 0.43(0.71) 0.27(0.58) 0.58(0.64)

deficit of star-forming gas ties the evolution of today’s stars more
closely to the evolution of the inner dark matter halo, while for
the Strong FB simulation, today’s stars are more influenced by the
large reservoir of star-forming gas at late times. A way to show this
clearly, is to look at the strength (and dispersion) of the correlations
between the maximum loss of specific angular momentum of the
stars, the inner dark matter halo, and the cold gas, which are listed
in Table 1.

For the reference and Weak FB simulations, there is a clear
connection between AMq[stars] and AMys[innerDM]. For the
100 Mpc simulation with the reference feedback, this connection
was thoroughly discussed earlier in this work (see Fig. 12), and we
confirm that it is maintained in the 25 Mpc simulation. We find
that the same correlations is present with a similar strength and
dispersion in the Weak FB simulation. This is understood in the
self-regulation scenario we have described earlier, in the Weak FB
case, galaxies form their stars earlier, mostly within the dark matter
clumps that will constitute the inner dark matter halo at z = 0. As
we have described earlier in this work, this situation facilitates the
drain of specific angular momentum due to the intense merging
activity that the inner dark matter halo is subject to. Therefore, the
co-evolution of the stars and inner DM halo we have explored in this
work is retained under the less efficient stellar feedback scenario,
compared to the one we have mainly studied in this paper. On the
other hand, such co-evolution is strongly weakened in the strong
FB simulation, where the strong stellar feedback suppresses star
formation at earlier times so efficiently, that it effectively decouples
today’s stars from the specific angular momentum history of the
inner dark matter halo. We find that instead, in the strong FB case,
today’s stars are more intimately related to the evolution of today’s
cold gas than in any of the other feedback implementations.

6 DISCUSSION AND CONCLUSIONS

Using a state-of-the-art hydrodynamical simulation from the EA-
GLE project (labelled Ref-L100N1504, Crain et al. 2015; Schaye
et al. 2015), we have investigated the connection between today’s
galaxy morphologies and the evolution of the specific angular mo-
mentum (in physical units) of the Lagrangian components that con-
stitute the galaxy today. These components are the dark matter halo
(with the virial radius as its boundary), the inner dark matter halo
(within 10 per cent of the virial radius) and the cold baryons (stars
and radiatively cooled dense gas). See Section 2.1 for a descrip-
tion of these components and how they are traced back in time. In
particular, our analysis follows the methodology of Zavala et al.
(2008) in defining the galaxy at z = 0 and tracing back in time its
progenitor particles, rather than defining the galaxy independently
at each time. In this way, we can follow the history of the gain/loss
of the specific angular momentum of the matter that comprise a
galaxy today.

MNRAS 460, 4466-4482 (2016)

We use a sample of nearly 2500 simulated central galaxies from
the EAGLE project with M,(z =0) > 7.5 x 10° M@, and classi-
fied them according to their stellar bulge-to-total mass ratios B, /T,
computed using the circularity distribution of their stars today (see
Section 2.2). From this sample,!" we draw the following main
conclusions.

(1) Our kinematical classification splits the galaxies in two types,
bulge-dominated (B./T, > 0.5) and disc-dominated (B./T, <
0.5), which are separated in the j, — M, plane in a way that is
roughly consistent with what is observed (see Fig. 2). Neverthe-
less, the simulated galaxies are slightly offset from observations,
having lower values of j, for a fixed M,. This offset is prevalent
despite the fact that the EAGLE simulation we use was calibrated
taking into account galaxy sizes at z = 0. This highlights the cur-
rent challenges in fine tuning feedback implementations in current
simulations in order to match the morphological diversity of the
galactic population.

(ii) Prior to the epoch during which the inner dark matter pro-
tohalo reaches its maximum expansion and begins to collapse
(turnaround), all galactic components follow the expectations from
the spherical collapse model and the classical tidal torque theory.
They occupy a similar Lagrangian region and acquire angular mo-
mentum from environmental torques at the same rate. They reach
their maximum specific angular momentum around this turnaround
epoch (see Fig. 3).

(iii) After turnaround, the specific angular momentum evolution
of the different components diverges: whereas the whole dark matter
halo conserves most of its specific angular momentum, the inner
dark matter halo loses ~90 per cent (see Fig. 3), presumably as a
consequence of angular momentum transfer to the outer halo during
its assembly (dominated by mergers of dark matter subclumps). This
confirms the results first noted by Frenk et al. (1985) and explored
in detail in Zavala et al. (2008).

(iv) On the other hand, the morphology of galaxies today is
strongly correlated with the loss of specific angular momentum
after turnaround (see Fig. 10). Bulge-dominated galaxies, which
we define as those with B, /T, > 0.5, have lost 80 per cent (me-
dian) of their maximum specific angular momentum (attained near
turnaround), while for disc-dominated galaxies (B, /T, < 0.5), the
median loss is 50 per cent (see Fig. 3).

(v) We find remarkable links between the specific angular mo-
mentum evolution of the dark and baryonic components. We find

"' We note that, in order to avoid poor particle sampling, our results from
Fig. 5 onwards are actually based on a smaller subsample of 2005 galaxies,
which have at least 500 particles at the time of turnaround of the inner dark
matter halo (see Section 3, particularly the text related to Fig. 5). On the
other hand, the results shown in Fig. 2 were obtained from our original larger
sample of 4000 galaxies with M,(z = 0) > 4 x 108 M@, in order to show
the low-mass end of this plot.
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that the specific angular momentum history of the cold gas (stars)
of today’s galaxies is statistically strongly correlated with the his-
tory of the whole (inner) dark matter halo (see Fig. 7, and also
Fig. 6 for examples that illustrate this behaviour). The connection
between the stellar and dark components depends on the ages of
the stars: the older stars (those formed before turnaround) track
closely the specific angular momentum of the inner dark matter
halo, while the younger stars (those formed after turnaround) are
indirectly correlated with the whole dark matter halo since they are
born from recently accreted gas, which carries high specific angular
momentum and has an affinity with the whole dark matter halo (see
Fig. 8).

(vi) We therefore obtain the striking result that the assembly of
the inner dark matter halo and its history of specific angular momen-
tum loss is linked to the morphology of galaxies today. In particular,
we have found that there is a nearly one-to-one correlation between
the loss of specific angular momentum of the stellar component and
that of the inner dark matter halo (see Fig. 12). This agrees well
with the finding that the distribution of stars is much better aligned
with the inner dark matter halo than with the whole dark matter halo
(Velliscig et al. 2015). Although the dispersion in this correlation
is large, the result implies that we can infer (statistically) the as-
sembly history of the inner dark matter halo indirectly through the
morphology of the galaxy it hosts (via the loss of specific angular
momentum of the stars).

(vii) Our main results have been obtained using the reference im-
plementation of stellar feedback used in EAGLE. In Section 5 how-
ever, we explore the impact of the feedback efficiency by analysing
a set of additional simulations (sharing the same initial conditions)
from the EAGLE project where the efficiency is effectively scaled
up/down by a factor of 2. We have found that the strong link between
the specific angular momentum of the inner dark matter halo and
the stellar component in today’s galaxies is maintained in the case
where the feedback is weaker. This joint co-evolution is effectively
erased in the stronger feedback simulation where star formation is
highly suppressed at earlier times. This result suggests that the cal-
ibration of the feedback implementation taken place in Crain et al.
(2015), which takes into account observables related to morphol-
ogy (galaxy sizes at z = 0), determines the physical scenario of
co-evolution between the specific angular momentum evolution of
the dark and baryonic components that we have explored in this
work.

Our results highlight that in a physical model of the formation and
evolution of galaxies (as represented by the reference EAGLE sim-
ulation we use), the histories of star formation efficiency in the
galaxy and assembly of the inner dark matter halo, work in synergy
to create a common evolution of the specific angular momentum
of the stars and of the inner dark matter halo. The morphology of
galaxies today is intimately connected to this common evolution.
We notice also that the correlation in Fig. 12 is, to our knowledge,
the strongest link reported between galaxy morphology (albeit indi-
rectly through Fig. 10) and a global property of dark matter haloes
in recent hydrodynamical simulations. For instance, Sales et al.
(2012) made a careful exploration (using the GIMIC simulations
Crain et al. 2009) of different correlations between galaxy morphol-
ogy and diverse global properties. One of their conclusions was that
the morphological features of galaxies at z = 0 were very poorly
correlated with their halo properties. Although statistically weak,
they did however find that spheroids today tend to have stronger
misalignments than discs between the specific angular momentum
measured at the time of turnaround and today; particularly when

the misalignment is measured in the inner regions of the halo at
these different times (see their fig. 8). They then suggested that *...it
might be possible to use the angular momentum properties of a dark
matter halo at turnaround to ‘predict’ the morphology of its central
galaxy at z = (... We agree with this conclusion, but instead of
basing it on the coherent alignment of angular momentum during
the assembly of the galaxy, we derive it directly from a strong cor-
relation connecting the specific angular momentum loss of the stars
and the inner dark matter halo between turnaround and today. We
emphasize that finding this correlation was only possible by the use
of a methodology that tracks the evolution of the Lagrangian region
that defines the galactic system today.
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