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1 INTRODUCTION

The formation of galaxies can be

many physical mechanisms interacting simultaneouslyrsgews
by|Baugh 2006; Benson 2010). Notwithstanding all that piaén
complexity, early studies of galaxy formation stressedithgor-
tance of three quantities to describe galaxies: magsangular
momentum,/, and energyF (Peebles 1969; Doroshkevich 1970;
Fall & Efstathiou 1980; White 1984); or alternatively, orencde-
fine the specific angular momentum,= J/M, which contains
information on the scale length and rotational velocity ystems.

It is therefore intuitive to expect the relation betweeand M to

contain fundamental information.

Studies such as Fall & Efstathiol (1980), White & Frenk
(1991),/ Catelan & Theuhs (1996a) and Mo et al. (1998), showed
that many properties of galaxies,

ABSTRACT

We use theEAGLE cosmological hydrodynamic simulation suite to study thec#iic angu-
lar momentum of galaxieg, with the aims of (i) investigating the physical causes bdhi
the wide range of at fixed mass and (ii) examining whether simple, theoretiwadlels can
explain the seemingly complex and non-linear nature of thwugion of j. We find that;

of the stars;jsars, and baryonsjy,,,, are strongly correlated with stellar and baryon mass,
respectively, with the scatter being highly correlatechwitorphological proxies such as gas
fraction, stellar concentration, (u-r) intrinsic colostellar age and the ratio of circular veloc-
ity to velocity dispersion. We compare with available olva¢ions at: = 0 and find excellent
agreement. We find that,., follows the theoretical expectation of an isothermal qudiag
halo under conservation of specific angular momentum tamvith50%, while the subsample
of rotation-supported galaxies are equally well descried simple model in which the disk
angular momentum is just enough to maintain marginallyletdisks. We extracted evolu-
tionary tracks of the stellar spin parameteeaiGLE galaxies and found that the fate of their
Jstars @t z = 0 depends sensitively on their star formation and mergeoihést. From these
tracks, we identified two distinct physical channels behowd j;...s galaxies at: = 0: (i)
galaxy mergers, and (ii) early star formation quenchinge THitter can produce galaxies with
low jsars @nd early-type morphologies even in the absence of mergers.

Key words: galaxies: formation - galaxies : evolution - galaxies: fangntal parameters -
galaxies: structure

ter (CDM) framework ifj of baryons is similar to that of the halo
and is conserved in the process of disk formation (althowgiser-
vation does not need to be strict, but within a factorof2; |Fal
1983). The situation is of course different for the mass aretgy

of galaxies, which can vary significantly throughout theiletion
due to accretion, star formation and dissipative processeh as
galaxy mergers. Theoretical models of hgwf halos evolves in a
CDM universe predicj o< A M?/3, where\ is the spin parameter
of the halo (e.g._ White 1984; Catelan & Theuns 1996a; Mo let al.
1998). If j of baryons is conserved throughout the formation of
galaxies, then a similar relation should apply to galaxEsese
models generally assume that halos collapse as their sphevier-
density reaches a threshold value, and in that sense naggtegérs.
Due to the dissipative nature of the latter, one would expigytifi-

) cant changes in the relation betweeand M of halos and galaxies
such as flat rotation e,raed (Zavala et al. 2008; Sales etlal. 2012; Romanowsky &(Fall[2012

a highly non-linear procesth

the Tully-Fisher relation could be obtained in the Cold Distixt-

* E-mail: claudia.lagos@icrar.org

Hydrodynamic simulations used to suffer from catastrophic
loss of angular momentum, producing galaxies that were ¢oo-c
pact and too lowy compared to observations (Steinmetz & Navarro


http://arxiv.org/abs/1609.01739v2

2 Claudia del P. Lagos et al.

1999; Navarro & Steinmetz 2000). This problem was solvedipy i
proving the spatial resolution and including efficient feack (e.g.
Kaufmann et all 2007; Zavala et al. 2008; Governato et al0201

Guedes et al. 2011; Danovich et al. 2015). A new generation of

simulations have immensely improved in spatial resolytiani-
ume and sophistication of the sub-grid physics includelbwal
ing the study of angular momentum loss in galaxies stasiyic
For example, simulations such asGLE (Schaye et al. 2015), II-
lustris (Vogelsberger et al. 2014) and Horizon-AGN (Duletigl.
2014) achieve spatial resolutions=f700 pc (physical units), vol-
umes of(100 Mpc)?, and include models for metal cooling, star
formation and stellar and active galactic nucleus (AGN}fsek.
These simulations contain thousands of galaxies withestelasses
> 100 M.

Observationally, Fall (1983) presented the first study efrtt
lation betweery of the stellar componenys:ars, and stellar mass.
Fall (1983) found that both spiral and elliptical galaxiesidw
a relation that is close tg o M?/3, but with spiral galaxies
having a normalisation= 5 times larger than elliptical galaxies.
Recently, this was extended by Romanowsky & Fall (2012) and
Fall & Romanowsky|(2013) in a sample ef 100 galaxies. These
studies confirmed that the power-law index of the relatios elase
to 2/3 for their entire galaxy population and that ellipticalsayaés
had significantly lowey than spiral galaxies at a given mass.

Obreschkow & Glazebrook (2014) presented the most accu-

rate measurements gfin the stellar, neutral gas and total baryon
components of galaxies out to large radit (10 times the disk
scale length) in a sample @6 late-type galaxies of the HI Nearby
Galaxy Survey (THINGS; Walter etial. 2008) and found (i) gala
ies follow a relation close tguwars o< M2, andjpar o« M2,
where Mgars, Mbar @nd juae are the stellar mass, baryon mass
(stars plus neutral gas) and baryon specific angular momergu
spectively, (2) the scatter in thRar-Mpar and jstars-Mstars re-
lations is strongly correlated with the bulge-to-totalllstemass
ratio and the neutral gas fraction (neutral mass divideddyydn
MasSs; feas neutral). BY fixing the bulge-to-total stellar mass ratio,
Obreschkow & Glazebrook (2014) found that, o« Mpar. Us-
ing thel Toomre|(1964) stability model, surface density & tjas

in galaxies and a flat exponential disk, Obreschkow et all620
found that the atomic gas fraction in galaxiesi$ jvar /Miar) ' 2.
Obreschkow & Glazebrook (2014) argued that under the assump
tion that bulges in spiral galaxies form through disk ingtab
ities, one could understand the relation between.s, stellar
mass and bulge-to-total stellar mass ratio from the modeveb
Stevens et ali (2016a), using a semi-analytic model, shaneaid
disk instabilities play a major role in regulating thgars —
Msiars SEQUENce for spiral galaxies, consistent with the pictéire o
Obreschkow & Glazebrook (2014).

To measure;j accurately in galaxies, requires spatially
resolved kinematic information. The pioneering work of the
SAURON (Bacon et all_2001) and ATLAS (Cappellari et al.
2011a) surveys, on samples of galaxies that compigecdearly-
type galaxies in total, showed that the stellar kinematius @is-
tributions of stars are not strongly correlated, and thuspimal-
ogy is not necessarily a good indicator of the dynamics aixjab
(Krajnovic et all 2013a). Based on these surveys, Emsedteat
(2007/2011) coined the termsfowandfastrotators, and proposed
the \r parameter, which measures how rotationally or dispersion-
dominated a galaxy is and is closely connectegiig, as a new,
improved scheme to classify galaxies. Naab et al. (2014ysto
later that such a classification is also applicable for gakin hy-
drodynamic simulations. Unfortunately, accurate meamergs of

4 have only been presented for a few hundred galaxies. Theefutu
however, is bright: the advent of integral field spectrosc@pS)
and the new generation of radio and millimeter telescopesizes

a revolution in the field.

Currently, the Sydney-AAO Multi-object Integral field spec
trograph (SAMI; | Croom et all 20012) survey is observing
3,200 galaxies for which resolved kinematics will be available
(Bryant et al.| 2015). Similarly, high-resolution radio eéstopes,
such as the Square Kilometre Array (SKA), promise to coliect
formation that would allow the measurement jofor few thou-
sand galaxies during its first years (Obreschkow gt al.|2GlHEYy
revolutionising our understanding of the build-up of amguio-
mentum in galaxies. Cortese et al. (2016) presented thenfizat
surements of th@stars-Mstars relation for297 galaxies in SAMI,
and found that, for the entire sample and for a relation of the
form jstars ¢ M&ars, @ = 0.7, close to the theoretical expec-
tation of 2/3, but when studied in subsamples of different mor-
phological typesxy varies from0.69 for elliptical galaxies td.97
for spiral galaxies. Cortese et al. found that the disparsibthe
Jstars — Mstars relation is correlated with morphological proxies
such as Sérsic index and light concentration. These neultses
have not yet been examined in simulations.

In this paper we explore two long-standing open questions of
how j evolves in galaxies: (i) how doesdepend with mass, and
what are the most relevant secondary galaxy properties(ignd
how well do simple, theoretical models explain the evolutid; in
a complex, non-linear hydrodynamical simulations. In quinmn,
EAGLE is the ideal testbed for this experiment due to the spatial
resolution achieved, the large volume that allows us tassizlly
assess these relations and also the growing amount of eedeat
the simulation produces a realistic galaxy population.ifstance,
EAGLE reproduces well the relations between star formation rate
(SFR) and stellar mass (Furlong etlal. 2015b; Schaye et 46)20
the colour bi-modality of galaxies (Trayford et al. 20151&D, the
molecular and atomic gas fractions as a function of stellassn
(Lagos et al. 2015; Bahé etial. 2016; Crain et al. 2016), hadto-
evolution of stellar mass, SFR and gas (Lagos et al.|2016).

So far, simulations have been used to test theoretical model
for the evolution of angular momentum. For instance, Zaeakl.
(2016) presented a study of the build-up of angular momermttim
the stars, cold gas and dark mattergnGLE, and showed that
disks form mainly after theurnaround epoch (epoch of maxi-
mum expansion of halos, after which they collapse into lisgal
structures, approximately conserving specific angular erdgom)
while bulges formed before turnaround, explaining why bslg
have much lowey.|Zavala et al.[(2016) also compared the.s-
Miars relation for EAGLE galaxies atz = 0 with the observa-
tions ofilRomanowsky & Fall (2012) and found general agreemen
Teklu et al. [(2015) and Pedrosa & Tissera (2015) also fouadl th
that the positions of galaxies in thgars-Mstars relation is corre-
lated with the bulge-to-total stellar mass ratio in the Matipum
and Fornax simulations, respectively. Similarly, Genalle(2015)
presented an analysis of the effect of baryon processe®gn th-
Mstars relation in the lllustris simulation and confirmed previous
results that feedback is a key process preventing catéstrop-
gular momentum loss. Here we investigate several galaxyepro
ties that have been theoretically and/or empirically pegabto be
relevant for the relationship betwegmand mass iEAGLE, and ex-
tend previous work by exploring a larger parameter spacelaiky
properties that could determine the positions of galaxiethe j-
mass relation of different baryonic components of gala¥ésalso
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Table 1. Features of the Ref-L100N1504 simulation used in this pafres and photoheating, (ii) star formation, (jii) stellar eviotun and en-
row list: (1) comoving box size, (2) number of particles, {3i}ial parti- richment, (iv) stellar feedback, and (v) black hole growth active
cle masses of gas and (4) dark matter, (5) comoving gravitatisoftening galactic nucleus (AGN) feedback (see S15 for details on hese
length, and (6) maximum physical comoving Plummer-eqeivalgravita- are modelled and implementeddnGLE). In addition, the fraction
tional softening length. Units are indicated in each rewGLE adopts (5) of atomic and molecular gas in gas particle is calculatedoist-p
as the softening length at> 2.8, and (6) atz < 2.8. processing following Lagos etlal. (2015).

The EAGLE simulations were performed using an exten-
sively modified version of the paralleV-body smoothed parti-
Property Units Value cle hydrodynamics (SPH) codeaDGET-3 (Springel et al. 2008;
Springell 2005). Among those modifications are updates to the

8; iparticles [eMpc] ;OXO 15043 SPH technique, which are collectively _referred tp as ‘Ahgic
(3) gas particle mass Mo] 1.81 x 106 (seel Schaller et al. 2015 for an analysis of the impact ofethes
(4) DM particle mass Mo] 9.7 % 106 changes on the properties of simulated galaxies comparstarne
(5) Softening length [ckpc] 2.66 dard SPH). We use SUBFIND (Springel etlal. 2001; Dolag et al.
(6) max. gravitational softening [pkpc] 0.7 2009) to identify self-bound overdensities of particleshivi halos

(i.e. substructures). These substructures are the gala@&aGLE.

perform the most, to our knowledge, comprehensive comparis 2.1  Calculation of dynamic and kinematic properties of
between hydrodynamic simulations and observationstofdate. galaxiesin EAGLE

This paper is organised as follows. $2 we give a brief ) o )
overview of the simulation, and describe how the dynamic and Here we describe how we measure velocity dispersion of te;st

kinematic properties of galaxies used in this paper areutztted. specific angular mome_ntum and the stellar, neutral gas (at@mna _
In §@we give a theoretical background that we then use to irgerpr  Molecular gas mass, in both components herogen plus helium
our results. Ir;@we explore the dependencejain galaxy proper- and total baryon components; rotational velocity; aadparam-

ties atz = 0 and present a comprehensive comparison with obser- eters. We measure these properties in apertures ;hat remge f
vations. In§[Ewe analyse in detail the evolution pbf the different 3 PkpC 10500 pkpc in all galaxies withVsears > 107 Me. We
baryonic components of galaxies, and identify averageugieol- also calculate the half-mass radius of stars, which we usero

ary tracks OUstars/Mft/;s- Here we also compare the evolution of put_ej c_)f the stellar componentin a physw_;ally meanu_qgful apexntur
which is also comparable to those used in observations.

j in EAGLE with simple, theoretical models to study how closely . : e !
We calculate thé-dimensional velocity dispersion of the stars

these models can reproduce the trends seeadLE. We discuss ) - ) ] -
our results and present our conclusions 6. In AppendiXA we perpendicular to the midplane of the disk. We do this by datowg
the velocity relative to the centre of mads; =| ¥ — vcom |-

present ‘weak’ and ‘strong’ convergence tests (terms duced by - . . ! ¢
Schaye et al. 20115), and in Appenflik B we present additiart s Here,v; anddcowm are the velocity vectors of thieth particle and

ing relations between the specific angular momentum of stads that of the centre of mass, with the latter being calculatdguall
baryons and other galaxy properties. the particles of the subhalo (DM plus baryons). We then take t

component of the velocity vector above parallel to the tetallar
angular momentum vector (i.e. using all the star partiatethe

sub-halo),Lssars, and compute:
2 THE EAGLE SIMULATION

m; (Awv; cos(6))?
Zi mj .

Here,cos(6;) = AVi - Letars/ | A¥i || Letars |. We calculate the
rotational velocity of a galaxy from the specific angular neortum

of the baryons (star and gas particles with a non-zero regésa
fraction), jbar, as:

The EAGLE simulation suitd (described in detail by Schaye et al. oD (1) = \/Zi @
2015, hereafter S15, and Crain et al. 2015, hereafter Cisjists

of a large number of cosmological hydrodynamic simulatiaith
different resolutions, cosmological volumes and subgrinbets,
adopting the_Planck Collaboration (2014) cosmologicalapee-
ters. S15 introduced a reference model, within which thepar
eters of the sub-grid models governing energy feedback &tams
and accreting black holes (BHs) were calibrated to ensureod g v _ | Foar(r) | 5
match to thez = 0.1 galaxy stellar mass function and the sizes of ™ (r) = r ’ )
present-day disk galaxies.

In Tabld1 we summarise the parameters of the simulation used
in this work, including the number of particles, volume, tiide
masses, and spatial resolution. Throughout the text we kise p
to denote proper kiloparsecs and cMpc to denote comovingmeg
parsecs. A major aspect of tHaGLE project is the use of state-of-
the-art sub-grid models that capture unresolved physiles.slib-

We do not include ionised gas in the calculationjigf. because its
angular momentum is negligible compared to the stellar aodral

gas components, and because it makes it easier to compdre wit
observations, in which this is measured from the stars, iditdn
(e.g/ Obreschkow & Glazebrdok 2014). We calcujptes

> mi (7i — Feom) X (T — Toom)

grid physics modules adopted BAGLE are: (i) radiative cooling J= > ma ’ @)
where7; and7cow are the position vectors (from the origin of the

1 gee http://eagle.strw. | ei denuniv. nl and box) of particlei and the centre of mass. To calculgtef _the stars,

http: // ww. eagl esi m or g/ for images, movies and data products. Neutral gas and baryons, we use star particles only, gaslpathat

A database with many of the galaxy properties BAGLE is publicly have a non-zero neutral gas fraction only, and the lattertyyes

available and describedlin McAlpine ef al. (2015). of particles, respectively.
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To calculatej(r), o1p(r) and Viei(r), We use particles en-
closed inr. This way we avoid numerical noises due to the small
number of particles that could be used if we were instead uneas
ing these quantities in annuli. However, when we measure\the
parameter, first introduced by Emsellem etlal. (2007), wel iee
calculate these quantities in annuli as defined in Naab (2@l4).
This parameter measures how rotationally supported agaax

ZN(T) My ,i Ti ‘/rot('r )
~ .
z (f) Mx,iTi \/ rot + UlD *(T‘)

Here, the sum is over all the radial bins from the inner one,to
N(r) is the number of radial bins enclosed within and m., ;

is the stellar mass enclosed in each radial bin. This meaats th
this quantity depends on the chosen bins. Here we choosebins
3 pkpc of width, to be comfortably above the resolution limiiat
we tested that the higher resolution simulations returrilaime-
lations betweesiars — Mstars — Ar. Values ofAg close to zero
indicate dispersion-supported galaxies, while valuesectol in-
dicate rotation-dominated galaxies. Typically, in obs¢ions Agr
has been measured within an effective radius (that encleésf
the light of a galaxy), and thus we uag measured within a half-
mass radius of the stellar componert;. From Eq[#%, one would
expect a correlation betwegp,, and \r, given thatj,.. appears
in the nominator of Ed.]14.

Throughout the text we denote the specific angular momen-
tum of stars ags:ars and that of the neutral gas gs.utra1, Unless
otherwise stated, these are calculated with all the pastiglithin
rs0. The latter is a3-dimensional radius, rather than a projected
one. This choice is made to be able to compare with obsengtio
that usually measurgwithin r59. When we use ‘(tot)’, for example
Jstars (tot), we refer to the measurementsjahade using all of the
particles of that class that belong to the sub-halo hostiagalaxy.

In addition and unless otherwise stated, we impagse> 1 pkpc
(above the spatial resolution of the simulation), to avaicherical
artifacts.

In AppendiX 8 we analyse the resolution limits of the simula-
tion used here by comparing with higher resolution runsagLE,
focusing ONjstars, Jneutral 8NdJjbar, @s a function of stellar mass,
neutral gas mass and baryon mass, respectively. We place-a co
servative limit in stellar, neutral gas and baryon mass alyavich
Jstarss Jneutral @Nd Jbar are well converged (either by measuring
within rso or within a fixed aperture). These limits aldstars =
1095 Mg, Mpar = 10%° Mg and Myeupar = 1085 Mg for the
simulation used here (Tallé 1). Throughout the paper we shew
sults down to stellar and baryon masseslot My, and neutral
masses of0® M, but show these conservative resolution limits to
mark roughly when the results become less trustworthy.

Throughout the paper we study trends as a function of stel-
lar, neutral gas and baryon mass. Neutral gas corresponitie to
atomic plus molecular gas mass, while the baryon mass isedefin
as Mypar = Mstars + Miueutral (N€re we neglect the ionised gas).
The latter definition is close to what observations considée the
baryon mass of galaxies (Obreschkow & Glazebrook 2014). Fol
lowing S15, all these properties are measured-simensional
apertures 080 pkpc. The effect of the aperture is minimal as shown
bylLagos et al.[(2015) and S15. Once these quantities areedefin
we calculate the neutral gas fraction as:

Mncutral
(Mneutral + Mstars)

Note that mass measurements are clogeta masses, while

Ar(r) =

4)

®)

fgas,ncutral =

j is measured in an aperture which is a functionref. We do
this because in observations masses are calculated fradiiand
photometry, in the case of stellar mass, and from emissias i

in the case of HI and Hmasses, that enclose the entire galaxy,
which means that observations recover masses that aretaltuse
tal masses. However, whehis measured, high quality, resolved
kinematics maps are usually required, which are in manysoasgy
present for the inner regions of galaxies, such as within

3 THEORETICAL BACKGROUND

To interpret our findings iEAGLE, it is useful to set a theoretical
background first, with the expectations of simple modelshimw
j evolves in galaxies under given circumstances, such agnes
tion of specific angular momentum. With this in mind, we iclnce
here the predictions of the isothermal collapsing halo rh(\faite
1984 Catelan & Theuins 1996a; Mo et al. 1998) and of the mere re
cent model of Obreschkow & Glazebrook (2014) which conngcts
with the stability of disks and the grow of bulges.

In the model of an isothermal collapsing halo with negligibl
angular momentum losses, there is a relation betyeemass and
spin parameter of the hala, This relation is given by:

V2G3
(10 H)1/3

where ji, and M, are the halo specific angular momentum and
mass, respectively7 is Newton’s gravity constant anff is the
Hubble parameter (Mo et ial. 1998). Under the assumptionseref ¢
servation ofj, one can writej,. = Jjn, and we can replace
My, by the baryon mass, using the baryon fraction in each halo,
Myar = fiu My. In § 2.3 we introduced the\g parameter, and
based on Emsellem et al. (2007), we can relate the halo spin wi
AR @S AR 10 A via assuming that galaxies are 10 smaller
than their halo, thafhaio ~ Jstars and a fixed mass model (so that
the relation between the gravitational and effective rafijjalaxies

is flxetﬂ) Kravtsov (2013) found thatso ~ 0.015 rha1,, Where
Thalo 1S the halo virial radius. Obreschkow & Glazebrook (2014)
showed in local spiral galaxies that:..s and jr., converge at
re & b — 6750, and since here we care about the tgtale take

re =~ 0.17ha10 @s the relevant galaxy size. Using the approxima-
tions above, we can rewrite Hd. 6 in terms of the baryon compbn

VEGS

Jn = AM3, (6)

~
~

L 2/3
Jbar ~ 10 (10 H)l/S AR Mbar ) (7)
which we evaluate as

. 2/3

Jbar 5 ,—2/3 Myar
— 8 ~4.2 1 A s . 8
pkpckms—1 6> 107" 1y R ( Mg ) ®)

Eq.[8 is similar to Eql15 in |IRomanowsky & Fall|(2012), except
that here we write it in terms of the baryon content ard If for
example we were to assume ttfgtis constant and equal to the Uni-
versal baryon fraction measured by Planck Collaborafidi 42,
fo = 0.157, then Eq[8 becomes,

)2/3

2 Thisis a very drastic simplification, given the wide variefynass distri-
butions found in galaxie$ (Jesseit et al. 2009). In additikmvtsov (2013)
shows that theo scatter around that relation of the size of galaxies and
their halo is large, i.e. of 0.5 dex.

Mbar
Mo

jbar
pkpckms—1!

A~ 1.46 x 107* A\g ( 9)



In §[5.3 we compare EqE] 8 ahH 9 with thoseafLE.

In the model of stability of disks, Obreschkow et al. (2016)
showed that by assuming a flat exponential disk that is maltgin
stable, a relationship betwe@é, .., jr.r and the atomic gas frac-

tion of galaxies is reached:
. o 1.12
— min [1,2.5 (jg‘T:) } .(10)

Here, M.iom IS the atomic gas mass (hydrogen plus helium)
and og.s is the velocity dispersion of the gas in the interstellar
medium of galaxies. In this modgl..m is a good predictor ofyar

in galaxies, but saturates in gas-rich systems. Obresckkaiv
(2016) showed that local, isolated galaxies follow thigtieh very
closely.

We therefore study as a function of mass, neutral gas fraction
and spin parameter. In addition, previous studies by F&I83]),
Romanowsky & Fall [(2012), Fall & Romanowsky (2013) argued
that the morphology of galaxies is a key parameter correhaith
the positions of galaxies in thgmass plane, so we also study
j as a function of several morphological indicators, suchtek s
lar concentration, central stellar surface density, gbtolour and
stellar age. The latter have been connected to morphology an
guenching of star formation by several observational andrti-
cal works (e.g._Shen etial. 2003; Lintott etlal. 2008; Berhetrdl.
2010; Woo et al. 2015; Trayford etlal. 2016). We define thdastel
concentration as the ratio between the radii contairtiog and
50% of the stellar mass:o/r50. The latter is close to the observa-
tional definition which uses the Petrosian radii in the S@Sfand
containing50% and90% of the light (e.gl Kelvin et al. 2012). In
the case of the central stellar surface dengity..s, observers have
used the value withid pkpc (Woo et al. 2015). However, since the
resolution ofEAGLE is very close to that value, we decide to choose
a slightly larger aperture of pkpc to measur@s;ars. Unless oth-
erwise statedussars IS always measured within the inneépkpc of
galaxies. We study as a function of the intrinsic (u-r) colours of
galaxies(u* —r*), and the mass-weighted stellar agegestars)-
The latter properties were taken from theGLE public database,
described in_ McAlpine et al. (2015).

f _ Matom
atom —
(Mneutral + Mstars)

4 THE SPECIFIC ANGULAR MOMENTUM OF
GALAXIESIN THE LOCAL UNIVERSE

The top left panel of Fig[ll shows the correlation between
Jstars (T50) @Nd Misars for galaxies withMiars > 10° Mg atz =

0 in EAGLE. We find a moderately tight correlation betwegn..s

and Mstars, With a scatter (i.e. standard deviation)~ef0.6 dex at
fixed stellar mass. Galaxies witl)® Mg < Mgtars S 10196 Mg
display an increasingiars With increasingV/s;ars, While for higher
stellar mass galaxiegstars flattens. This is related to the transi-
tion from disk-dominated to bulge-dominated galaxieEAGLE at

z = 0 (Zavala et al. 2016) and to the occurrence of galaxy mergers.
The latter is shown in Fi]2, which shows the..s — Mstars rela-
tion for galaxies that have had no mergers, at least one meg
successively up to at leaStmergers. We identified mergers using
the merger trees available in thBaGLE database (McAlpine et al.
2015). Here we do not distinguish mergers that took placentic

or far in the past, but just count their occurrence. At fixesl-st
lar mass, galaxies with a higher incidence of mergers hayréfsi
cantly lowerjsiars. For example, aM/giars =~ 10%7 Mg, galaxies
that had never had a merger h@vg dex higherjsi..s than galax-
ies that suffered more thanmergers in their lifetime. We present
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Figure 2. jstars(r50) as a function of stellar mass, at= 0, for galax-
ies with Mstars > 109 M in EAGLE. We show this relation for galax-
ies selected by the number of mergers they suffered thraugheir his-
tory, as labelled. Lines show the median relations, whike shaded re-
gions show thel6®® — 84th percentile range, but only for the cases of
Nmergers = 0, > 1, > 2, > 3. For reference, the vertical line shows a
conservative stellar mass limit above whigh.,s is well converged for
the resolution of the simulation (see Appenflik A for dejailNote that
here we only consider as galaxy mergers those with a baryongs ra-
tio > 0.1. Mass ratios below that are considered to be below the résolu
limit (Crain et al! 2016).

a comprehensive analysis of the effect of mergergsons in an
upcoming paper (Lagos et al. in preparation).

In EAGLE we find that several galaxy properties that trace mor-
phology are related tdr andjstars (Fig.[B1), and thus the scatter
of thejstars — Mstars relation is also expected to correlate with these
properties. Indeed we find clear trends with all these ptagsein
the middle and right panels of Flg. 1. To remove the trend betw
these properties and stellar mass, we coloured pixels hyéugan
value of each property in each pixel divided by the mediarhén t
stellar mass bin. We name this ratioesessGalaxies with lower
feas neutral, redder optical colours and higher stellar concentrations
have lowerjsiars. We do not find a relation between the scatter in
the jstars — Mstars relation with pgsears This is interesting, as re-
centlylWoo et al.|(2015) suggested that..s is a good proxy of
morphology. This is not seen BAGLE as there is very little cor-
relation between being rotationally- or dispersion-dcsiea and
Istars- WE cannot rule out at this point that the lack of correlation
could be due tqustars being measured here in apertures that are
much larger than what observers use/$. 1 pkpc).

We find that the scatter of th@stars — Mstars relation
is most strongly correlated with th&./ostars ratio and the
gas fraction excess (top left and middle panels of Elg. 1e Th
trend with Viot /ostars iS Obtained almost by construction, given
that Viet o jbar @and atz = 0 jstars ~ Jbar due to the
low gas fractions most galaxies have (note that the latter is
not necessarily true for very gas-rich galaxies). Galaxigth
log1o (fzas,neutral xcess) < —0.5 haver 1.5 dex lower jstars
than those withogio (fzas neutral excess) > 0.3, at fixed stellar
mass. We do not find any differences between central anditatel



6 Claudia del P. Lagos et al.

erclostars(rso) lOQIO(fgas,neutral eXCGSS) lleO(rQO/rSO excess)
2.40 2.00 1.60 1.20 0.80 0.40 0.00 0.60 0.40 0.20 0.00 -0.20 -0.40 -0.60 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
4\‘\\\\0\"\\d|\\1\\\\\\‘\\\\\\\\\‘\\\\‘\\\\:\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\7\‘\\\\:\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\7
axies p .
9 - - -50'005<fgas,neutral<0'01 - = -Er90/r50<3
- = ~Vc|rc/cstars(r50)<0 4

— —Vcwc stars(r50)>l 2 — —50'3<fgas,neutral<o'4

 _Teolrs>3

loglo(jstars(rSO)/pkpC km Shl)
N

1f : n
r z=0 :
: grh .
O:\‘\\\\1\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\‘\\\\é\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\‘\\\\i\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\
9 10 11 12 9 10 11 12 9 10 11 12
lOglo(Mstars/ M(Q lOglo(Mstars/ M(Q lOglo(Mstars/ M(Q
1090 (Mstars €XCESS) (u*-r*) excess log,o(<ageg,s> excess)
[ S — |
-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 -0.70 -0.47 -0.23 0.00 0.23 047 070 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
4\‘\\\\0\ \\\1\\\\\\‘\\\\\\\r|‘\\\\‘\\\\:\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\7\‘\\\\:\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\7
all gallaies UF - <15 — _ <ageyys> <TGyr
- = ﬁustars<2X107 ! |
— —Hears>7X10° (. LT — —(u*r1)>2.2 — —<agey,s> >9.5Gyr
: ! Ly : : s
:/ N
7

w
L e e R

loglo(jstars(rSO)/pkpC km Shl)
N

/
Al
z=0 ..- L

‘\\\\A\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\

.-

Lot b bvv e e

‘ Ll i L1l ‘ I Y ‘ I B ‘ L1l
9 10 11 12 9 10 11 12 9 10 11 12
lOglo(Mstars/ M(Q lOglo(Mstars/ M(Q lOglo(Mstars/ M(Q

o

Figure 1. The specific angular momentum of the stars, measured witheaparticles withinsg, as a function of stellar mass at= 0 for all galaxies with
Mstars > 10° M. In each panel, thgssars (r50) — Mstars plane is colour coded according to the medias: (r50)/ostars (50) (top-left panel), neutral
gas fraction (top-middle panel)so /9o (top-right panel) ustars (Measured within the inn& pkpc; bottom-left panel), (trr*) colour (bottom-middle panel)
and mass-weighted stellar agegestars) (bottom-right panel), in pixels witt: 5 objects. Here excess is defined as the ratio between the miedihe
2-dimensional bin divided by the median at fixed stellar masshat negative (positive) values indicate galaxies todbew (above) the median at fixed stellar
mass. In each panel the solid line and error bars indicatsétian and 6" to 84t percentile range ofstars(750) at fixed stellar mass, while the short and
long-dashed lines show two subsamples of galaxies (adddldaleach panel). Bins witkt 10 galaxies are shown as thinner lines. For reference, theatert
dotted line shows a conservative stellar mass limit abovietwhicars is well converged for the resolution of the simulation.

galaxies, which is not necessarily surprising given thatahgular colour, we find that red galaxiesu™ — r*) > 2.2, have0.3 dex
momentum of the stars follows the angular momentum of therinn  lower jstars than their bluer counterpartéu™ — r*) < 1.5, at
DM halo, rather than the total hal016), dns it fixed stellar mass (bottom middle panel of Fig. 1). A similér d

is less likely to be strongly affected by galaxies becomigliites ference is found between galaxies that have mass-weigtebars
and any associated stripping of their outer halo. ages(agestars) > 9.5 Gyr, and their younger counterparts with
We find thatEAGLE galaxies with large values afgo /750 (agestars) < 7 Gyr, at fixed stellar mass.
have lowerjs:ars at fixed stellar mass (see for example the short- A major conclusion that can be drawn from Fig. 1 is that
and long-dashed lines in the right panel of fily. 1). If we east EAGLE reproduces the observational trends of late-type galaxies
measurejstars OUt t0 5 timesrso, the relation between the scat- having much largerjsia,s than early-type galame@ 83;
ter of the jetars — Mesars relation androg /150 mostly disappears  |Romanowsky & Falll 2012 Fall & Romanowsky 2013). This is
(not shown here), indicating that this correlation arisely if we seen in most of the morphological indicators we use. In afdit

look at the central parts of galaxies. As for the intringi¢ — r*) IZavala et al.[(2016) showed that this trend is also obtainezhi
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Figure 3. jueutral, measured withirrsg, as a function of the neutral gas
massz = 0 for galaxies withMsars > 10° M. The solid line with
error bars indicate the median angf?-84" percentile range, respectively.
Pixels with more tharb galaxies are coloured by the normalised median
feas,neutral, s indicated by the colour bar at the top. The dashed lirte wit
error bars show the median andt"-84t" percentile range, respectively,
of the relation betweep, cytra1, Measured withirs x 750, and the neutral
gas mass.

GLE using the distribution of circular orbits as a proxy for mioop
ogy. In Fig[B1 we show the correlation between the morphiokdg
indicators used here and the parameter, which is widely used in
the literature to define slow and fast rotators.

Very similar correlations to those shown in Fig. 1 are find in
the jbar — Mpar plane (shown in FigiB3). The most important
difference is that we do not find a strong correlation betwien
scatter in thepar — Mya, relation andrgg /50.

Interestingly, in th€,eutral — Mneutral relation, FigCB shows
that galaxies with higlfzas neutral lie belowthe median. This trend
remains when we studjeutra1 OUt to larger radii. We interpret this
trend as due to two factors: (i) as gas is consumed in stafoom
galaxies move to the left of the diagram, and (ii) stars pesfeally
form from low-jheutrar 9as, so by taking some of this loyvout,
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Figure4. Thejstars (150) — Mstars relation atz = 0in three bins of\g, as
labelled in each panel. Lines and shaded regions show thexmadd16t"
to 84*h percentile ranges, respectively. Bins with less tharobjects are
shown as dotted lines. Symbols show the observations ofA Survey
(Cortese et al. 2016), and are shown in the different pamelshk same

the jneutral Of the remaining gas increases, and hence galaxies alsobins of Az as adopted iIrEAGLE. We also show the observational result

move up on the diagram.

4.1 Comparisonsto observations

Here we compare the predictions &AGLE with four sets

of observations: the Romanowsky & Fall (2012) sample, the

ATLAS®P survey (Cappellari et al._2011a), the SAMI survey
(Croom et al! 2012) and the THINGS survey (Walter et al. 2008
Obreschkow & Glazebrook 2014). Below we give a brief ovesvie
of how jsars Was calculated in the four datasets used here.

e [Romanowsky & Fall (2012)This corresponds to a sample of

of IRomanowsky & F&ll|(2012) (RF12) for bulges in the top pafstlort-
dashed line), and disks in the bottom panel (long-dashe (ifig. 14 in

Romanowsky & Fall 2012). For reference, the vertical dotieels show a
conservative stellar mass limit above whigh..s is well converged for
the resolution of the simulation. We find a very good agree¢mséth the

measurements of SAMI.

these measurements are considered totaéstellar specific angu-
lar momentum.

e ATLASP. In order to calculate the stellar angular momen-
tum within the effective (half-light) radius of the ATLAS early-

~ 100 galaxies. Unlike the other observational samples we use type galaxies (ETGs), we retrieved the stellar kinematios f
here, measurements from_Romanowsky & Fall (2012) were not all 260 objects derived ir_Cappellari etlal. (2011a). Following

done using resolved kinematic information, but insteaq thee
long-slit spectroscopy and the HI emission line. This mehas

Obreschkow & Glazebrook (2014), we correct the projected ve
locity observed in each spaxel of the IFU for inclination ks a
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Figure 6. Left panel:jstars, measured withirs times the half-mass radius of the stellar component, asaifumof stellar mass, for galaxies at= 0 with
Mstars > 109 Mg, (no restriction in\g is applied here). The solid line and shaded region show tiliamand1 6t to 84t percentile range, respectively.
We also show the median aié*? to 84*" percentile range of the relation for the subsample of getawiith f..s neutral > 0.15 and feas neutral < 0.05,

as lines with error bars. Bins that with 10 objects are shown as dotted lines. Observational results |fdbreschkow & Glazebrook (2014) using the
THINGS survey are shown as star symbols. We also show thenattiemal result of Romanowsky & Fall (2012) for disks. Fefarence, the vertical line
shows a conservative stellar mass limit above whigh,s is well converged for the resolution of the simulatidtiddle panel:As in the left panel, but here
we show the neutral gas fractiofiyas neutral, @S @ function Ofjstars/Mstars. The relation for the subsample of galaxies wih > 0.6 is shown as the
dot-dashed line with error bars (median ar@® to 84" percentile range, respectivelyRight panel:SDSS gri face-on images d@f EAGLE galaxies with
Mstars = 10193 — 100197 Mg and fgas neutral > 0.15 (top images) off gas neutral < 0.05 (bottom images), constructed using the radiative transfer
codeSKI RT (Baes et &l. 2011) (Trayford et al. in preparation). The iesagre60 pkpc on a side and the positions of these galaxies, A, B, C and en t
left and middle panels are shown with the correspondings@&fmages are publicly available from theGLE database (McAlpine et al. 2015). The figure
shows that gas-rich galaxies have significantly highest.s and agree better with the THINGS observations. These galappear visually to be similar to

the late-type galaxies observed by THINGS.

suming a thin disc model for each object, with the position an
gle derived inl_Krajnovic et al.| (2011) and the inclinatiororh
Cappellari et dl.|(2013). Spaxels very close to the minos afi
the galaxy were blanked, to avoid numerical artefacts. Fiwase
de-projected velocities we calculatg..s within the effective ra-
dius (taken from Cappellari et lal. 2011a) following the eres in
Obreschkow & Glazebrook (2014). We note that a thin disk rhode
may not be appropriate for ETGs, which can have significalgebu
components. As ATLA% have shown thats 86% of these ob-
jects are fast rotators (Emsellem ef al. 2011), with embea:dtidlar
discs (Krainovic et al. 2013b,a) and axisymmetric rotatinrves
(Cappellari et al. 2011b), we do not expect this procedungetial
significant bias. In addition, Naab et al. (2014) showed fdwsttro-
tators in simulations have velocity moments that are coesisvith
disks. However, results for slow rotators should be treafme-
fully, as this approximation is likely to be inappropriate that
regime. Measurements in ATLAS were done in circularised ef-
fective radii. The latter is~ 1.4 times smaller than for example
the ones used in SAMI (described below) at fixed stellar masg (
for the same morphological type). Thus, to compareLE with
ATLAS®P we therefore need to produce a similar estimate of a
circularised, 2-dimensional projecteg, and then measurfiars
within that aperture. We call the latter raditt, circ-

measure'so in EAGLE and thus we can directly compare the results
presented ir§[4 with SAMI.

e THINGS. In the case of the THINGS survey,
Obreschkow & Glazebrook | (2014) presented a measurement
of the jstars-Stellar mass relation, wherg..s was measured
within ~ 10 times the scale radius, which for an exponential disk,
corresponds tex 5 times the half-mass radius. These represent
the most accurate measurementg®f.s and .. to date, owing
to the very high resolution and depth of the dataset used by
Obreschkow & Glazebrook (2014). These measurements are not
comparable to those of ATLAS and SAMI, given that the latter
only probej within 5.

In Fig.[4 we present thgsars (50)-Stellar mass relation in
three bins of\g, < 0.3, 0.3 — 0.5 and> 0.5. The predicted rela-
tions here are much tighter than the one shown in the top mdnel
Fig.[d, with a scatter ofz 0.15 — 0.3 dex, which is a consequence
of the limited range of\r studied in each panel.

The top panel of Figll shows galaxies willx < 0.3 in
both simulation and observations. SAMI galaxies are shoan a
symbols.EAGLE is in broad agreement with SAMI, although with
a slightly smaller median than that of SAMI galaxies. The-pre
dicted 1o dispersion inEAGLE is also similar to the one mea-
sured in SAMI, which isx 0.26 dex (Cortese et &l. 2016). Here we
also show the approximate location of the observationalltesf

e SAMI.|Cortese et al.| (2016) presented the measurements ofRomanowsky & Fall|(2012) for bulges and found that they are on

the jstars — Mstars relation for galaxies of different morpholog-
ical types and different values ofg, in the stellar mass range
10%° Mg < Mgtars < 104 Mg,. Cortese et al. measurga,s
within an effective radius from the line-of-sight velocityeasured
in each spaxel, and following the optical ellipticity andsfimn
angle of galaxies. These measurements are then correctad fo
clination. Note that here the effective radius is similahtov we

the upper envelope of both SAMI agAGLE. This is not surprising
given that Romanowsky & Fall (2012) presented measurenzénts
the totaljstars. In the middle panel of Figll4 we show galaxies with
0.3 < Ar < 0.5. The observations of SAMI show that the increase
in normalisation once highetr galaxies are selected is very sim-
ilar to the increase obtained BERGLE. The bottom panel of Fif]4
shows galaxies withhg > 0.5. Here, SAMI galaxies lie slightly
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Figureb. jstars @s a function of stellar mass for galaxie€iRGLE atz = 0
With Mstars > 102 M and withsSFR < 0.01 Gyr—? (solid line with
shaded region) or witfu* —r*) > 2 (dashed line). The selections in SSFR
and(u* — r*) colour are chosen to select passive objectsAGLE which

is an effective way of selecting early-type galaxies. Hgtg.s in EAGLE

is measured within the circularised half-mass radit,ci.c. The lines
show medians and the shaded region show the median Gifdto 840
percentile range for the sSFR-selected sample. The séattére colour-
selected sample is very similar and thus for clarity is not@hhere. Circles
show individual ATLAS® observations, while the long-dashed and thin
solid lines show the median and the" to 84t percentile range of these
observations in bins witk: 10 galaxies.

above theeAGLE galaxies aMssenar = 10'%7 Mg, although well
within the 1o dispersion in both samples. Also shown is the approx-
imate location of the observational results of Romanowskyas:
(2012) for disks. The slope of this sample is slightly steghan
what we obtain foEAGLE galaxies. The results of Fifgl 4 are con-
sistent withEAGLE and SAMI galaxies spanning a continuous se-
guence in thggars-Stellar mass plane, that go from Igialow Agr-

oW Viot /Ostars 10 highj-high Ar-high Viot /ostars.

To compare with ATLASP® we measurejqi... inside the
circularised, 2-dimensional half-mass radius of the atetiom-
ponent,rso circ. We do this by taking the projected stellar mass
map on ther — y plane and measuring the half-mass radius in
circular apertures. In addition, we select galaxie€GLE that
are passive, which would match well the properties of ATERS
ETGs (mostly passive, except for a couple of galaxies). We us
two selections: (1EAGLE galaxies with a specific SFR (sSFR)
< 0.01 Gyr~*, which would select galaxies below the main se-
quence in th&SFR — Mg;ars plane (Furlong et al. 2015a), and (2)
EAGLE galaxies with(u® — r*) > 2, which selects galaxies in the
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ATLAS?P galaxies with very lowjsiars measurements. These are
the slow rotators, and it is likely that our estimates ardesysti-
cally lower in these objects because our disc assumptiaot igatid

in this regime.

In the left panel of Figll6 we show thgiars — Mstars re-
lation with jstars NOW measured withirb rs, for galaxies with
Matars > 10°Mg at z = 0 in EAGLE. Individual measure-
ments from_Obreschkow & Glazebrook (2014) are shown as sym-
bols. Here we show again the approximate location of theruhse
tional results of Romanowsky & Fall (2012) for disks. The @bs
vations of_ Obreschkow & Glazebraok (2014) are well withie th
scatter of the relation of akkAGLE galaxies, but the median of
the simulation is systematically offset by 0.2 dex to lower val-
ues Ofjstars. At Magars > 10'%% M, EAGLE galaxies systemat-
ically deviate from the observations|of Obreschkow & Glanekl
(2014) and Romanowsky & Fall (2012). To reveal the cause @®f th
offset, we divide theEAGLE sample into gas-richf{as neutral >
0.15) and gas-poor fzas,neutral < 0.05) galaxies, and present
the median and scatter of those sample as dot-dashed aretldash
lines with error bars, respectively. The subsample of gatawith
feasneutral > 0.15 shows no flattening of th@stars — Mstars
relation and the median is shifted upwards to highet,s. The
sample ol Obreschkow & Glazebrook (2014) is characterised b
a median fgasneutral =~ 0.22, meaning that it should be com-
pared to theeAGLE sample With fgas neutrar > 0.15. By do-
ing this, we find excellent agreement betweeaGLE and the
THINGS observations. Thus, thg.ars — Mstars relation found by
Obreschkow & Glazebrook (2014) is not representative obtres-
all galaxy population at fixed stellar mass, but only of tHatieely
gas-rich galaxies.

To help visualise how gas-rich vs. gas-poor galaxies of the
same stellar mass look like, we show SDSS gri face-on images
of four EAGLE galaxies with stellar masses in the rangg®> —
10" Mg, and fgasneutrat > 0.15 (galaxies A and B, top im-
ages) Offgasneutral < 0.05 (galaxies C and D, bottom images).
These images were created using radiative transfer siimusaper-
formed with the codeSKI RT (Baes et dl. 2011) in the SDSS g, r
and i filters {(Doi et all 2010). Dust extinction was implenmezht
using the metal distribution of galaxies in the simulatiand as-
suming40% of the metal mass is locked up in dust gralns (Dwek
1998). The images were produced using particles in sphepes-
tures of30 pkpc around the centres of sub-halos (see Trayford et al.
2015, and in preparation for more details). It is clear thelbgr
ies that look like regular spiral galaxies BERGLE correspond to
those havingfgasneutrat 2, 0.15, while gas-poor galaxies look
like lenticulars or early-type galaxies. Galaxies C and veha
Ar(rs0) = 0.45, which would be classified observationally as fast
rotators early-type galaxies in the nomenclature of the A"
survey (Cappellari et al. 2011a). The positions of thesaxjas in
the jstars-Mstars plane are shown in the left and middle panel of
Fig.[8 with the corresponding letters. We visually inspdcté0
galaxies randomly selected(( in the gas-rich and0 in the gas
poor subsamples), and found the differences presented(bere

red sequence (Trayford et al. 2016). We compare the above sub tween galaxies A-B and C-D) to be generic.

samples with ATLASP in Fig.[3. We find that both subsamples of

We further characterise the relation betwegh.s, Stellar

EAGLE galaxies agree very well with the measurements, albeit with mass andfsas neutra1 in the middle panel of Fidl6, that shows

EAGLE possibly predicting a slightly shallower relation. Howgve
the difference is well within the uncertainties. The saatieEA-
GLE is slightly larger than that found in ATLA® (0.6 vs.0.4 dex,
respectively). This may be due to the lack of a true morphelog
cal selection of galaxies iBAGLE which would require a visual
inspection of the synthetigr: images. In addition, there are some

feasneutral VS. Jstars/Mstars fOr EAGLE galaxies atz = 0 with
Matars > 10%° Mg. In EAGLE galaxies that are more gas rich,
also have a highejsars /Mstars. The scatter is slightly reduced
if we select galaxies in narrow ranges xf (see dot-dashed line
with error bars in the middle panel of F[g. 6). The obsenvatiof
Obreschkow & Glazebrook (2014) fall within ther scatter of the
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Figure 7. The specific angular momentum of the stars measured witheall t
particles within the half-mass radius of the stellar congdras a function
of stellar mass at = 0, 0.5, 1.2, 1.7 and 3, as labelled, for all galaxies
with Mggars > 10° Mg andrrms0 > 1 pkpce in EAGLE. Lines show the
median relations, while the shaded regions shovi @i to 84" percentile
ranges, and are only shown fer= 0, 1.2. For reference, the vertical dot-
ted line shows a conservative stellar mass limit above whighs is well
converged for the resolution of the simulation, and theigtttesolid lines
show the scalingg o< M, j o« M2/3 andj o< M'/3, as labelled.

relation inEAGLE, which shows that the simulation captures how
the angular momentum together with the gas content of gedaxi
are acquired.

The agreement between the simulation and the observations
is quite remarkableeAGLE not only reproduces the normalisation
of the jsiars-Stellar mass relation, which may not be so surpris-
ing given thateAGLE matches the size-stellar mass relation well

(Schaye et al. 2015; Furlong et al. 2015a), but also the $rerith

AR and fgas neutral s identified by observations.

5 THEEVOLUTION OF THE SPECIFIC ANGULAR
MOMENTUM OF GALAXIESIN EAGLE

Here we analyse the evolution fifa.s andjncutra1 as a function of
galaxy properties and attempt to find those properties teanare
fundamentally correlated to them.

5.1 Theevolution of the j-massrelations

Fig.[d shows th@tars (T50) — Mstars relation in the redshift range
0 < 2z < 3 for galaxies wWithMsiars > 10° Mg andrso > 1 pkpc

in EAGLE. Galaxies have lowefstars(750) at fixed stellar mass at
high redshift. Interestingly, betweén< = < 0.5 the normalisation
of the jstars (750) — Mstars relation evolves weakly. The strongest
change experienced by galaxies islak z < 3 (of = 0.2 —
0.35 dex). The stellar mass above which theus(rs0) — Mstars
relation flattens has a small tendency of increasing withesesing
redshift. Atz ~ 1.2 the flattening is seen above 10'°% Mg,
while at z = 0 the flattening starts at0'%-®> M. There are no
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Figure 8. As in Fig.[4, but here we shoycuira1 @s a function of neutral
gas mass. At fixed mass, galaxies at high redshift have Igwegk, . than

thez = 0 counterparts.
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Figure 9. As in Fig.[2, but here we shoyy,, as a function of baryon mass
(stars plus neutral gas).

available observational measurementsj@f.s(rs0) at high red-
shift yet, but there are measurements of how the effectiiegsand
the rotational velocity of galaxies evolve, van der Wel ¢(2014)
showed that galaxies at fixed stellar mass=aré.9 times smaller
at z = 1 compared tez = 0, while in the same redshift range

. @) showed that galaxies increase theitiatal ve-

locity by ~ 1.3. If one assumes thgtsars ~ 50 Viot, then these
observations imply a decrease @fars at fixed stellar mass from
z=0toz =10of = 1.4 — 1.5, very similar to the magnitude of
evolution injsiars We obtain fromeAGLEat0 < z < 1.2.
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Figure 10. Evolution of jstars (750) for central galaxies iEAGLE in two bins of stellar mass, as labelled in each panel, andratgal into active (top panels)
and passive (bottom panels) galaxies. The latter classiiicas made based on their position with respect to the meguence. Look-back time is shown
at the top. The line and shaded region shows the mediar @ffd— 84" percentile range Ofstars(750), respectively. Only bins withe 10 galaxies are
shown. Thej of the host DM halojpa (Rvir) (scaled by—0.8 dex) is shown as dot-dashed lines. We also show the evolaofitialf-mass radius of the
stellar component;so, plus1.5 dex to match the normalisation gfars (median and 6t — 84" percentile range shown as dashed line with shaded region,
respectively). In each panel we show for reference the maxirgravitational softening length of the simulation (plus dex) as horizontal dotted line (at

z > 2.7 it decreases afl + z), but for clarity we do not show that here). The vertical segmmehow roughly the turnaround epoch of the host halos. In
addition, we show as dotted line (using an arbitrary norsatitin) the prediction of Catelan & Thelihs (1996a) of how.s grows with time before and after
the turnaround epoch. The latter is only for reference, &iodlsl not be taken as a test of the theoretical predictiamenghat here we are not tracing galaxy
progenitors, but instead selecting similar galaxy poputet at different redshifts. This figure shows that galaxgsievolve much more strongly thgfiars

at fixed stellar mass, and that star-forming galaxies ekhibtronger increase ifdtars than passive galaxies.

The flattening of thgssars (750) — Mstars relation at high stel-  of Robotham & Obreschkaow (2015) we find that the best fit power-
lar masses is mostly driven by galaxy mergers (Eig. 2). In[Big  law index atz > 1 in the stellar mass range above~is).77.
we also show for comparison the scalingsx M, j o« M?/3
andj o« M3 A scalingj o M is expected in the model

! With Mitars > 10° Mg andrso > 1 pkpe atd < z < 3 in EAGLE.
OfIQ—b—e—sﬁ—o—&ﬁ—Le—b—Qb_ reschkow & Glazebr L@dl4),l/\{here galaxies are well d 5 axies evolve significantly in this plane, havirg3 — 5 times
scribed by the relatio) o jstars M,

. o 53  Mtars (1 — faas neural) 0, lower jneutral at z ~ 3 than they do at = 0 at fixed Myeutral-
while a relationj oc M?/3 is predicted in a CDM universe un- By fitting the juewtral — Mnoutral Felation usingHYPER- FI T we
der the assumption of conservationjof§ [3). Galaxies with stel- 4 that the best fit power-law indexs 0.5 — 0.6, with the exact

!ar masses pelow the ;"g“e”'”g and z.atN 1 fo”?‘” a scal value depending on the redshift. Thus, on average, thitoelés
ing close tojstars o M., While at higher redshifts the rela-  ¢|ose to the theoretical expectationjokc M2/3.

tion becomes steeper, which is most evident in the mass range - h hei lation f laxi
104 My < Mytars < 1010 M. By fitting the jatars (rs0) — In Fig.[3 we show the., (r50) — M., relation for galaxies

. 5 .
Mytars relation using a power-law and thyPER- FI T R package ~ With Mbar > 10" Mg andrso > 1 pkpc atd < = < 31in EAGLE.
There is little evolution of thgpar — Mpar at Mpar S 107 Me.

~

Fig.[8 shows th@necutral(T50) — Mueutral relation for galaxies
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Figure 11. The specific angular momentum of the stars measured at dif- gg 2 } -
ferent redshifts as a function of the stellar mass galaxé@® latz = 0. :

In the case ofj, we measure it at = 0, 0.5, 1.2, 1.7 and3, as labelled, o L ===
with all the particles within the half-mass radius of thdlatecomponent at g 3.0 - FEHCT
the redshift. We show the relation for all galaxies withars > 10° Mg = F ;F
atz = 0 in EAGLE. Lines show the median relations, while the shaded 8 251 1
regions show tha 6t to 84t" percentile ranges, and are only shown for ‘\é_ F i
z = 0, 0.5, 1.2. Bins with < 10 objects are shown as thin lines. This 5207 -
figure shows that progenitor galaxies typically have loywéhan their de- O; ]
scendants. For reference, the vertical line shows a coatdenstellar mass § 1.5 4

limit above whichjssars is well converged for the resolution of the simula- »
tion. 100 . ..
0.3 05 1 2 3 45 10 15

r/re,

10" M®<Mstars(zzo)<10ll M@
. . P

Galaxies with10" Mg < Mpar < 10 Mg, display a modest
evolution of j.; at1 < z < 3 of &~ 0.2 dex, with little evolution
belowz ~ 1. Galaxies withMy,., > 10 Mg havejpa: (r50) de-

Figure 12. jstars measured within- as a function of- in units of r5g at
different redshifts, as shown by the color bar, for galawiéh = = 0 stellar

. . . . . mass in three bins, as labelled in each panel. Solid lines i median,
creasing at fixed stellar mass. The latter is due to galasiesrhing while the error bars show thest? to 84" percentile ranges. The latter

increasingly ga; poor, 3jnd thus going frgea. be'“g dominated are only shown foe = 0, 1, 1.7. Dotted lines show the extrapolation of
BY jncutral t0 being dominated bys:ars. The former is almost al- the profiles towards radii that are beldwpkpc (approximately the spatial
ways higher than the latter. Note that the power-law indethef resolution ofEAGLE). The vertical dotted lines shows= r59. The range
Jjwar-baryon mass does not change significantly with redshift and span by the y-axis changes in each panel to better cover tremdy range
is always close tes 0.6, although noticeable differences are seen 0f jstars in €ach stellar mass bin. This figure shows thats(r50) evolves

with stellar mass, at fixed redshift. more strongly thanstars measured at larger apertures.

. - . . . for z < 2 andlogio(sSFRiim/Gyr™') = —1 for z > 2 (see
5.1.1 evolution in active and passive galaxies — m

Jstars P d [Eurlong et all 2015b for details).
Fig.[10 shows the evolution oftars(750) for active and passive Once the stellar mass is fixefdiars (r50) evolves very weakly
central galaxies in two bins of stellar mass. We select eegaiax- in passive galaxies 0.2 dex betweerd < z < 3) and slightly

ies to enable us to compare wifBw (Rvix), Which is calculated more strongly in star-forming galaxies:(0.3 — 0.4 dex between
with all DM particles within the virial radius of the friends-of- 0 < z < 3). We show the evolution ofpm (Rvir) 0f the halo host-
friends host halo. For comparison, we also show the evalutio ing the galaxies shown in Fig. 110, to stress the fact thattbkigon
of rs0. We separate galaxies into active and passive by calculat- of jstars ~ jpwMm, t0 Within ~ 50% (i.e. thelo scatter around the
ing the position of the main sequence at each redshift, aad th constant of proportionality isz 0.18 dex). We remind the reader
computing the distance in terms of sSFR to the main sequence,that we are not studying the evolution of individual galaxiere,

sSFR/(sSFRums). Galaxies withsSFR/(sSFRys) < 0.1 are but instead howj evolves at fixed stellar mass and star formation
considered passive, while the complement are active. Thitéiquo activity, as defined by the distance of galaxies to the majnesece
of the main sequencéSFRus), is calculated as the median sSSFR  of star formation. The selection of galaxies in Figl 10 rdygtor-
of all galaxies at a given redshift that hav®FR > sSFRiim, responds to halos of the same mass at different redshift$ixett

wheresSFRyi, is defined agogio (sSFRiim/Gyr™') = 0.5z — 2 mass, halos also show a slight increasgsfx with time due to ha-



LBT/Gyr

0 7.9 10.5

no mergers

§_ -451 -
[O] L _
=3 n |
“.'(n L - i
§ = vy
I3 '50 . :;7
o - ]
X
= | 2 -
< 55 i
g | —<agey,(z=0)>=[26] -
i ———- <agestars(zzo)>:[6’9] ]
i ——- <agestars(zzo)>:[9110] ]
-6.0 I } —_— - <a}geslars(zzo)>}:[lov13]} b
- Nmergers>0 -

55— —

10936(Xsiars/PKPC km s (M) ?°)

'60 ‘ L L L
1 2 3 4
1+z

Figure 13. The value of\}, .. = Jstars(r50) /Mft/:;s as a function of
redshift, for EAGLE galaxies selected in different bins of mass-weighted
stellar age at = 0, (agestars), as labelled (with numbers in the figure
being in Gyr), and that havé/stars(z = 0) > 10°> M. Look-back
time is shown at the top. Lines show the median relations, te@dhaded
regions show th&5*" to 75t percentile ranges, and for clarity we only
show this for the lowest and highe§tgestars) bins. In the top panel we
show the subsamples of galaxieszat= 0 that had not suffered galaxy
mergers, while the bottom panel shows the complement. Tinmesat in
both panels show the median of the selected galaxy populatio = 0,
while the dotted lines show the average evolutionary tratk@ble[2.

los at lower redshift crossing turnaround at increasingtgn times,
which imply that they had longer times to acquire angular r@om
tum. The similarity seen betwegf.s(rs0) andjpm (Rvir) means
that to zeroth order any gastrophysics is secondary wheamies
to the value oOfjsars in galaxies, showing how fundamental this
guantity is. However, when studied in detail, we find thatgads
undergo a significant rearrangement of thgis,s radial profile that
is a result of galaxy formation. This rearrangement is discause
of jpm evolving much more weakly thaficars (150), particularly
in star-forming galaxies. We come back to thig{6.2.

The evolution 0ofjstars(r50) at fixed stellar mass iEAGLE
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Figure 14. Top panel:Evolution of the mediarjstars(rs0) (solid lines)
and jstars (tot) (dashed lines) for two samples of galaxies selected by
their mass-weighted stellar age at = 0, as labelled in the bottom
panel. jstars (tot) is measured with all the star particles in the sub-halo,
while jstars(r50) only with those withinrsg. Lines show the medians,
while the shaded regions and error bars show2ti& to 75" percentile
ranges. The dotted lines (using an arbitrary normalispsbow the predic-
tion of [Catelan & Theuhs (19964,b) of haivgrows with time before the
turnaround epochyj( ¢1/3), and the upper limit for the time dependence
of the specific angular momentum of infalling material aftemaround

(7 o t). The latter could therefore be considered as an upperfiamtiow
fastjstars (tot) can increaseBottom panelEvolution of the median stellar
mass of the galaxies shown in the top panel. This figure shuastgalaxies
throughout their lifetimes go through a significant reagement of their
Jstars iN @ way that young galaxies have inngtars growing faster than
the total value, while old galaxies at< 1, have innerjstars decreasing,
while their totaljstars Shows little evolution.

mostly occurs at 2 1, before the turnaround epoch of the ha-
los hosting the galaxies of the stellar mass we are studyémg, h
atz = 0, which isz ~ 1. This epoch corresponds to the time of
maximum expansiathat is followed by the collapse of halos, after
which jpyr is expected to be conserved (Catelan & Theuns 1996a).
Before turnaround halos continue to acquire angular monneais
they grow in mass. Turnaround epochs of the 0 host halos are
shown in Fig[ID as vertical segments. On the other hand atfie h
mass radius of the stellar component growszhy).7 — 0.9 dex
over the same period of time and at fixed stellar mass. Thigés-i
esting since in Fig._10 we focus gnmeasured withinso, which
implies that the radial profiles gf:..s in galaxies grow inside out.
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By studying the cumulative radial profiles ¢f...s of the galaxies
in Fig.[10 we find that typically galaxies have profiles beaagni
steeper with decreasing redshift, and that at 1 the inner re-
gions of galaxies evolve very weakly, while the outer regiadis-
play a fast increase gt:.rs (NOt shown here). These trends result
in jstars(r50) NOt evolving or only slightly increasing (in the case
of star-forming galaxies) at < 1, even thoughjstars(r), With
r < 6 pkpc, decreases in the same period of time. The former is
therefore a consequencesgf rapidly increasing with time.

Catelan & Theuns (1996a) predicted from linear tidal torque
theory in a CDM universe that a halo collapsing at turnarobiasl
an angular momentum df o« M°/3 /3, where the time depen-

dence comes from how the collapse time depends on halo mass,

and thus at fixed halo masg,.i., o« M?/3 /3 at the moment of
collapse. Catelan & Theuns (1996a) also showed that in egtetin
de Sitter universe, the angular momentum of material fgliimo
halos hasL « t, which means that material falling later brings
higher L. Underj conservation, one could assume that,s fol-
lows a similar behaviour. We show in Fi{g.]10, using an arbjtra
normalisation, how these time scalings compare with théuéen

of EAGLE galaxies juiars (rs50) closely follows the scaling of'/?
before the turnaround epoch while after turnaroygg:s(rso) is
mostly flat (except for massive star-forming galaxies, tuattinue
to displayjstars (750) increasing), whilg,eutral (750) €volves close
to o t. The latter is expected if the neutral gas is being freshby su
plied by gas that is falling into halos. The comparison wité &x-
pected time scalings of Catelan & Theluns (1996a) shouldkenta
as reference only, given that here we are not tracing thegpitags
of galaxies, and thus the evolution seen in Eid. 10 does noéco
spond to individual galaxies. 5.2 we study hows:.,s developed
in individual galaxies, selected at= 0.

5.2 Tracing the development of j in individual galaxies

Until now we have studied the evolution pat fixed mass through-
out time, but mass is also a dynamic property, and thus injthe
M plane both quantities are evolving in time. To quantify how
much j changes in a given galaxy, we look at all galaxies with
Mstars > 10°Mg at z = 0 and trace back their progenitors.
By doing so we keep the mass axis fixed fat= 0). We show
in Fig.[11 the growth ofjsars at fixed Mgars @t 2 = 0. Jstars
is measured withimso at different redshifts. Galaxies with stellar
masses< 10'° Mg, at z = 0 gain most of theiz = 0 fsgars (7'50)
atz < 1. Betweenl0'®Mg < Mgars < 10'%7 Mg, there is
a transition, in a way that galaxies witl s > 10'°7 Mg at
z = 0 show the opposite behaviour, with most of thgir..s hav-
ing been acquired at 2 1. The latter display a rapid growth of
Jstars at 1.2 < z < 3 of & 0.3 — 0.5 dex, followed by a much
slower growth ab.5 < z < 1.2 of & 0.15 dex. Atz < 0.5 these
massive galaxies havé:ars(rs0) even decreasing, due to the inci-
dence of dry mergers (those Wiffdas neutral S 0.1; Lagos et al.
in preparation). Galaxies with stellar masses at 0 in the range
1011 — 10'%7 M, are the ones experiencing the largest increase
in jstars (Fig.[11). These galaxies grow thgik..s by ~ 0.7—1 dex
from =~ 3 to z = 0. We find thatj,a. (r50) evolves very similarly
to what is shown in Fid.11.

Fig.[12 shows the evolution of the cumulative profilegof.s
for galaxies selected by their = 0 stellar mass, in the redshift
ranged < z < 3. We find thatjstars in the inner regions of galaxies
evolves faster than in the outer regions. This is partityinamatic
at the highest stellar mass bin shown in gl 12, where thed tot
jstars (Measured with all the star particles of the sub-halo) inses

Table 2. Average evolutionary tracks of.,, . = jstars(TSO)/Mi/a%s for
galaxies that never had a merger, or those that have hadsat lezerger,
and divided into galaxies with mass-weighted stellar agesr < 9 Gyr.
The units of\’,, . arepkpc km s~. These evolutionary tracks are shown
as dotted lines in Fig._13. We also show in parenthesis theeptage of

z = 0 galaxies WithMgtars(z = 0) > 10%3 Mg andrso(z = 0) >

1 pkpc inEAGLE that roughly follow each evolutionary path.

No mergers
<agestars> > 9Gyr A;tars =10"49
(=~ 2%)
(agestars) < 9Gyr  ALq = 1049, ifz>1.2

(= 10%) 107455 q,if 2 < 1.2

Nrncrgcrs >0

(agestars) = 9Gyr Al = 10*‘59,r if 2>1.2
(~~ 47%) 1075154707 if 2 < 1.2
(agestars) < 9Gyr Al q = 10—4-85 if z>1.2
(= 41%) 10747604 if 2 < 1.2
by ~ 0.5 dex fromz = 3 to z =~ 0.8, followed by a decline of

~ 0.1 down toz = 0, while withinrsg, jstars increases by 1 dex
from z ~ 3t0 2z = 0.8, followed by a decrease ef 0.2 dex down
to z = 0. In the smallest mass bin the effect is subtle and there is
only ~ 0.1 dex difference between the evolutionfa.s (rs0) and
Jstars(tot) at0 < z < 3, while atz < 0.8 the innerjssars iNCreases
faster than the total:ars by a factor ofx~ 1.4. The latter effect is
even stronger when young galaxies are considered [(Eig.vid).
will come back to this point i§[5.2.1. The effect described here is
partially due torso increasing with time, which causgsars(rs0)
to also increase, but also due to an evolution in kigws is radially
distributed in galaxies.

EAGLE shows that in addition to the totgl:.,s Of galaxies
evolving, they also suffer from significant radial rearramgnt of
their jstars throughout their lifetimes.

5.2.1 Evolutionary tracks of/M?/3

There are two dominant effects that determine the valug:efs
at any one time in a galaxy’s history: (i) whether stars fairbe-
fore turnaround or after; those formed before tend to haweio
Jstars than those formed after, and (ii) whether galaxies have un-
dergone dry galaxy mergers; these systematically lgugrs in
galaxies. We define the spin parameter of the stafs,. =
Jetars (T50)/M22 . (as on averagars (rs0) o< M2L3 . in EAGLE),
and show the evolution ofl;,,, for galaxies that have different
mass-weighted stellar ageszat= 0 in Fig.[13. We name this pa-
rameter as\.,, to distinguish it from the dimensionless spin pa-
rameter, defined i§[8 We separate galaxies that never suffered a
galaxy merger (top panel) from those that went through st leee
galaxy merger (bottom panel). Here galaxy mergers are dkéine
those with a mass ratip 0.1, while lower mass ratios are consid-
ered to be accretion (Crain etal. 2016).

The top panel of Fig. 13 shows that galaxies WitBestars) =
9 Gyr have roughly constank.,,,, over time, albeit with large
scatter. Most of the stars in these galaxies were formedéde
epoch of turnaround. On the other hand, galaxies {iflestars) <

~

9 Gyr show a significant increase in theif,,., atz < 1.2, after

>



turnaround. The extent to which the latter galaxies in@dasir
Aicars IS Very similar, despite the wide spread in ages.

In the subsample of galaxies that had at least one galaxy

merger during their formation history (bottom panel of Eig), the
effects of mergers are apparent. Galaxies Wilgestars) = 9 Gyr
show a significant reduction of thell,,,, atz < 1.2 where most
of the mergers are dry. Galaxies withigestars) < 9 Gyr that had
mergers still show an increase of theif,.s atz < 1.2 but to a
lesser degree than the sample without mergers.

From Fig[13, we extract average evolutionary tracks.ef,..
These are presented in Table 2, along with the percentage-di
galaxies that followed each evolutionary path, and are shasv
dotted lines in Fig_1l3. A powerful conclusion of Fig.]13 arat T
ble[2 is thatgalaxies can have lowsars €ither by the effects of
mergers or by simply having formed most of their stars eanly o
The simple picture from_Fall (1983) invoked only mergers xe e
plain the low jsiars Of early-type galaxies. Here we find a more
varied scenario. The latter statement holds regardledsechper-
ture used to measurgars, however, the exact evolutionary tracks
obtained are sensitive to the aperture used, as we deselitg. b

Fig.[B2 shows examples of these average tracks compare to

/

the evolution of\;,,< in galaxies selected in bins of their host halo
mass, and show that the they describe their evolution velgtivell
and that the variations with halo mass are mild.

The tracks we identified inEAGLE are partially driven
by jstars(rs50) evolving more dramatically than the totgliars
in galaxies. This is shown in Fig. 14 where the evolution of
Jstars(7'50), Jstars (tot) and Msars are shown for galaxies in two
bins of (agestars). The selection inagestars) Yields to two clear
bins in stellar mass, which is due to the positive relatiotwken
(agestars) and stellar mass. In the case of old, massive galax-
ies, we find that before turnaround & 1.2 for these galaxies)
Jjetars(tot) increases approximately as /3, consistent with the
theoretical expectations of Catelan & Theuns (1996a) dsediin
§[5.3), while in the same period of tinye.ars (r50) increases faster.
After turnaround,jstars (tot) shows very little evolution, while
Jstars(r50) decreases by 0.3 dex due to the effect of galaxy
mergers (Lagos et al. in preparation). On the other handhgen
low-mass galaxies, havg:ars(rs0) increasing very rapidly after
turnaround, whilgjstars (tot) mostly grows before turnaround, and
flattens after. The latter trends influence the evolutionargks of
Misars Presented in Tablg 2; i.e. the power-law indices change if we
instead examingstars (tot). Nonetheless, given that good quality
kinematics is mostly available for the inner regions of geda, we
consider the tracks presented here useful to test the pedicof
EAGLE. In addition, jstars CONVErges tgscars (tot) at~ 5rso, im-
plying that good quality kinematic information is requireg to
that radii to carry out reliable measurementg®f.s(tot).

The evolutionary tracks described here are connected to the pkpckms—!

variety of formation mechanisms of slow rotator€inGLE. In EA-

GLE we find that= 13% of galaxies in the mass rang@®>® My <
Mgtars < 10'°Mg atz = 0 that have not suffered galaxy mergers
have\r < 0.2. This percentage increases3® in galaxies of
the same stellar masses but that had had mergers. Note, drpwev
that galaxies that are slow rotators6AGLE and that never had a

merger have exclusively low stellar masskfars < 101°Mg.
= ®
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Figure 15. The ratio betweery,,,, measured withirbrso, and the pre-
diction of the isothermal sphere model assuming a Univdyagjon frac-
tion (Eq.[9; long-dashed line), and using the baryon fractialculated for
the individual subhalos where galaxies reside (Bq. 8; sttashed line),
for galaxies INEAGLE With Miej1ar > 10%-° M, (above the resolution
limit; see Fig.[Al) andrsp > 1 pkpc. Also shown is the ratio between
Jvar(5750) and the predictions of the stability model of Obreschkowlet a
(2016) (EqID; solid line). Lines show the median, while #reor bars
show thel 6t to 84" percentiles. For reference, the horizontal thick solid
line shows identity, whilex2 above and 2 below identity are shown as
horizontal thin solid lines.

sible (see alsb Feldmann etlal. 2011). Here we confirm thidtres
with a much more statistically significant sample.

5.3 Comparison with theoretical models

In § @ we introduced the expectations of two theoretical models,
the isothermal collapsing halo with zero angular momenunssés,
and the marginally stable disk model. Here we compare those e
pectations with our findings iBAGLE.

First, we wuse the HYPER-FIT R package of
Robotham & Obreschkow! (2015) to find the best fit between
the propertiesj,, Ar and My, with the former two being
measured withird r59. We find the best fit to be:

Mbar

0.77
Mg ) .

We can compare this fit with EqE] 8 ahdl 9, which correspond
to the prediction of the isothermal collapsing halo with ayva
ing baryon fraction and a Universal one, respectively. We sze
that the best fit of Eq_11 is similar to the function of Ed. 8,
with the best fit ofeAGLE having a slightly stronger dependency
on both A\g and My.,. The result of the isothermal collapsing
halo model is compared to the tryg,. value of EAGLE galax-

Jb N

2.1 x 107" A" < (11)

The results presented here open up more complex formationies in Fig.[Ib, as long-dashed (Univershl) and short-dashed

paths of slow rotators than it has been suggested in theiter
ture (e.g. Emsellem etil. 2011), which has been mostly ftus
on galaxy mergers as the preferred formation scenario. Beal

(2014) showed int4 simulated galaxies that this was indeed pos-

lines (varying fv). In the case of the Universal,, we adopted
the value of__Planck Collaboration (2014), while in the case o
varying f,, we use the one calculated for each subhalo, where
fo = (Mstars + Mneutral)/Mzot, WhereM: is the total mass of
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the subhalo. This simple model gives an expectationjfer that
can differ from the trugy., by up tox 50%, on average (i.e. devi-
ations from equity areS 0.18 dex, although théo scatter around
the median can be as large @8 dex). There is a clear trend in
which the model overestimates the trjyg, at high redshift, and
underestimates it at low redshift. Despite this trend, timepke
isothermal sphere model is surprisingly successful gihemtany
physical processes that are include@#GLE but not in the model.
The implications of this result are indeed deep, since thésum
that to some extent the assumptions made in semi-analytieiso
to connect the growth of halos with that of galaxies (White @ik
1991;/ Cole et al. 2000; Springel et al. 2001) are not far fraw h
the physics of galaxy formation works in highly sophistezhtnon-
linear simulations. Stevens et al. (2016b) discuss how sherap-
tions made in semi-analytic models of galaxy formation fithivi
the results oEAGLE.

We also studied in detail the subsample of galaxies with
Ar(rso) > 0.6 (rotationally supported galaxies) at< z < 3
to compare with the theoretical model of Obreschkow et &11¢
based on the stability of disks. As expected, we find that theia
gas fraction becomes an important property, so that thefivext
Jvar(5750) becomes

Jbar (B 750)

N —4

0.44 (Mbar (12)

0.6
atom M@ ) .

Here, the scatter perpendicular to the hyper plane,is= 0.19,
while the scatter parallel tgy., is o 0.26. In EAGLE we
find a much weaker dependencejgf; (5 r50) on both fatom ) and
M., compared to the theoretical expectation (Ed. 10). We com-
pare the predictions of this model jg.. of EAGLE galaxies with
Ar(rs0) > 0.6 in Fig.[I8. To do this, we require a measurement of
the velocity dispersion of the gas BEnGLE galaxies (Ed_10). We
measure the 1-dimensional velocity dispersion of the fetaning
gas iNEAGLE, o1p,sr, using Eq[]L and all star-forming gas parti-
cles within5rs0. The model of Obreschkow etlal. (2016) describes
reasonably well, within a factor of 1.5, the evolution ofjy,; in
galaxies with\g > 0.6 atz < 2. At higher redshifts it signifi-
cantly deviates fromina: (5750) of EAGLE galaxies. There could be
several causes. For example, the model assumes thin, extgdne
disks, whileEAGLE galaxies have increasingly |ow&fot /ostars
with increasing redshift, and thus we do not expect them twdle
described by thin disk models. In addition, the dependehd¢e.om

on jrar becomes weaker in the gas-rich regime, typical of high-
redshift galaxies, and thus the gas fraction becomes agdsirrgly
poorer predictor Ofpar-

6 CONCLUSIONS

We presented a comprehensive study of hiafthe stellar, baryon
and neutral gas components of galaxies, depend on galagpgmpro
ties using theeAGLE hydrodynamic simulation. Our main findings
are:

e In the redshift range studied, < z < 3, galaxies having
higher neutral gas fractions, lower stellar concentratigmunger
stellar ages, bluefu™ — r*) colours and highe¥,ot /ostars have
higher jstars @ndjpa, Overall. All the properties above are widely
used as proxies for the morphologies of galaxies, and thusame
comfortably conclude that late-type galaxie€#GLE have higher
Jstars @Ndjnar than early-type galaxies, as observed.

e We compare withe = 0 observations and find that the trends

seen in thej-mass plane reported by Romanowsky & |Fall (2012),
Obreschkow & Glazebrook (2014), Cortese etlal. (2016) ana-me
sured here for the ATLA® survey, with stellar concentration,
neutral gas fraction andlz, are all also present IBAGLE in a way
that resembles the observations very closely. These tetrmgthat
galaxies with lower\r, lower gas fractions and higher stellar con-
centrations, generally have lowgk..s andjya. at fixed stellar and
baryon mass, respectively. Again, the trends above aremires-
gardless of the apertures used to meagure

e j scales with mass roughly gsx M2/ for both the stellar
and total baryon components of galaxies. This is the casalfor
galaxies withM.re > 10° Mg at0 < z < 3. In the case of the
neutral gas we find a different scaling closeytQ.ra1 o Mjc/‘ftral,
which we attribute to the close relation betwegh,t.1 and; of
the entire hald (Zavala etlal. 2016) and the poor correldt&ween
the neutral gas content of galaxies and the halo properties.

e We identified two generic tracks for the evolution of the stel
lar spin parameter\. s = Jjetars(rs0)/M2.2., depending on
whether most of stars formed before or after turnaround dwhi
occurs atz ~ 0.85 for galaxies that at = 0 have Mstars >
10%° Mg). In the absence of mergers, galaxies older thatyr
(i.e. most stars formed before turnaround) show little etioh in
their juears /MZ2.2., while younger ones show a constant,,, un-
til z ~ 1.2, and then increase a$;,.; x a. Mergers reduce; .,
by factors of~ 2 — 3, on average, in galaxies older thayr,
and the index of the scaling betwegfy ... and the scale factor to
~ 0.4 in younger galaxies. We find that these tracks are the result
of two effects: (i) the evolution of the total:.,s of galaxies, and
(ii) its radial distribution, which suffers significant rgangements
in the inner regions of galaxies at< 1. Regardless of the aperture
in which jstars is measured, two distinct channels leading to low
Jstars IN galaxies ak = 0 are identified: (i) galaxy mergers, and
(ii) early formation of most of the stars in a galaxy.

o \We explore the validity of two simple, theoretical models-pr
sented in the literature that follow the evolution pin galaxies
usingEAGLE. We find that on averageAGLE galaxies follow the
predictions of an isothermal collapsing halo with negligibngu-
lar momentum losses within a factor ef 2. These results are
interesting, as it helps validating some of the assumptibas
go into the semi-analytic modelling technique to determjrend
sizes of galaxies (e.g. White & Frenk 1991 ; Kauffmann €t @93
Cole et al. 2000), at least as a net effect of the galaxy faomatro-
cess. We also test the model of Obreschkow et al. (2016), ichwh
the stability of disks is governed by the disk’s angular motae.

In this model, fatom < (jbar/Mbar)'**. We find that this model
can reproduce the evolution ¢f.. to within 50% atz < 2, but
only of EAGLE galaxies that are rotationally-supported.

One of the most important predictions that we presented here
is the evolution ofjstars (750 ) In passive and active galaxies, and the
evolutionary tracks ol%;,... The advent of high quality IFS instru-
ments and experiments such as the SKA, discussgd,iwill open
the window to measurg at redshifts higher thad, and to increase
the number of galaxies with accurate measuremenjsgfone to
two orders of magnitude. They will be key to study the co-etioh

of the quantities addressed here and teseawLEpredictions.
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TESTS
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Table Al. EAGLE simulations used in this Appendix. The columns list: (1) tizene of the simulation, (2) comoving box size, (3) numberadtiples, (4)
initial particle masses of gas and (5) dark matter, (6) cdmpgravitational softening length, and (7) maximum phgkicomoving Plummer-equivalent
gravitational softening length. Units are indicated betbe name of each columBAGLE adopts (6) as the softening lengthzat: 2.8, and (7) atz < 2.8.
The simulation Recal-L025N0752 has the same masses oflparéind softening length values than the simulation R&5ND752.

(1) (2 (3) (4) (%) (6) (7)

Name L # particles  gas particle mass DM particle mass  Softeningtfen max. gravitational softening
Units [cMpc] Mo] Me] [ckpc] [pkpc]

Ref-L025N0376 25 2 x 3763 1.81 x 106 9.7 x 106 2.66 0.7

Ref-L025N0752 25 2 x 7523 2.26 x 10° 1.21 x 108 1.33 0.35
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Figure Al Thejstars-Stellar mass relation at three redshifts= 0, 0.5 1.2, for the Ref-L025N0376, Ref-L025N0752 and Recal-LO25ND3Bnulations, as
labelled. We show the relation withtars measured within the half mass radius of the stellar compiofhefih panels) and within a fixed aperture T pkpc.
Lines show the median relations, while the shaded regions #he 16t — 84" percentile ranges. The latter are presented only for bitis wil0 galaxies.

Bins with fewer objects are shown as thin lines.

calibration diagnostic (in the case BAGLE, thez = 0.1 galaxy
stellar mass function and disk sizes of galaxies).

S15 introduced two higher-resolution versions BAGLE,
both in a box of 25 cMpc)® and with2 x 752% particles, Ref-

L025N0752 and Recal-L025N0752 (Table]A1 shows some details

of these simulations). These simulations have better mabsjza-
tial resolution than the intermediate-resolution simolad by fac-

comparing with this simulation is a strong convergence tegiile
the simulation Recal-L025N0752 hdsparameters whose values
have been slightly modified with respect to the referenceusim
tion (and therefore comparing with this simulation is a weak-
vergence test).

Here we compare the relation betwegn,s and stellar mass
at three different redshifts in the simulations Ref-L0283¥6, Ref-

tors of 8 and 2, respectively. In the case of Ref-L025N0752, the LO025N0752 and Recal-L025N0752. F[g. ALl shows thers —

parameters of the sub-grid physics are kept fixed (and theref

Miars relation, with jsiars measured in two different ways: (i)
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Figure A3. As in the left panels of Fig. A1 but here we show theuiral-
neutral gas mass relation.

with all the star particles within a half-mass radius of thel-s
lar component (this is what we do throughout the paper; lefi-p
els), and (ii) with all the star particles at a fixed physicpédure
of 10 pkpc (right panels). For the measurementj@f.s(rs0) we
find that the simulations Ref-L025N0376 and Ref-LO25NO7&2 p
duce a very similar relation in the three redshifts analyséthin
0.15 dex), z = 0, 0.51.2. On the other hand, the Recal-
LO25N0752 simulation produces jaars (150) — Mstars relation
atz = 0 in very good agreement, but that systematically deviates
with redshift. We find that this is due to the difference in pve-
dicted stellar masss, relation between the different simulations.
This is clear from the right panels of Fig. A1, where we conapar
now the jstars (10 pkpc) — Matars relation. Here we see that the
three simulations are generally consistent throughouwthiftd One
could argue that the intermediate resolution run, Ref-INIZ%/6,
which corresponds to the resolution we use throughout the pa
per, tends to producgstars(10 pkpc) slightly smaller than the
higher resolutions runs Ref-L025N0752 and Recal-L0O25N&75
Metars < 10%5 M. However, the effect is not seen at every red-
shift we analysed, and thus it could be due to statisticaatians
(note that the offset is much smaller than the actual scattemd
the median). In order to be conservative, we show in the figafe
this paper the limit ofMgars = 10°° Mg, above which we do
not see any difference that could make us suspect resollition
tations.

In Figs.[AZ2 and_AB we study the convergence of the relation
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Figure B1. The stellar concentratiomso /790 (top panel), neutral gas frac-
tion (second panel), stellar age (middle panel), centrebasea density of
stars (fourth panel) anfi* — r*) SDSS colour (bottom panel) as a func-
tion of Ag, measured withimrsg (solid lines) and 75 (dashed lines), for
galaxies iNEAGLE at z = 0 with 1010 Mg < Mgtars < 3 x 1010 Mg.
The lines show the medians with errorbars encompassingtftfeto 84th
percentile ranges.

Jbar — Mpar @NJjneutral — Mneutrar @Nd conclude that the former
is converged ab/y,.. > 10%° Mg, while the latter is converged at

~

Mneutral Z 108‘0 MG)-

APPENDIX B: SCALING RELATIONSBETWEEN THE
ANGULAR MOMENTUM OF GALAXY COMPONENTS

Here we present additional scaling relation betwggnk ai, jstars,
stellar mass and other galaxy properties.

In EAGLE we find that several galaxy properties that trace mor-
phology are related tar, which is used to define slow and fast ro-
tators in the literature (Emsellem etlal. 2007). Eigl B1 shivat at
a given stellar mass, the neutral gas fraction, the stedlacentra-
tion, stellar age, an@u™ — r*) colour are correlated withg. The
latter is directly proportional tgs:.rs and thus it is expected that
all these quantities correlate wilx.rs. We do not find a relation
betweenustars andAr, and indeedistars is poorly correlated with
the positions of galaxies in thigcars-stellar mass plane.
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Figure B3. Top panelsAs Fig.[d but forj,.. (r50) as a function of the baryon mass (stars plus neutral gas)ya6. Middle panels:As in the top panels but
for jpar (5750). Bottom panelsAs Fig.[d but forjstars (5750)-
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Figure B2. The value of\,, .. = Jstars(T50) /Mst/a?rs as a function of
redshift in EAGLE, for individual central galaxies hosted by halos in the
mass ranges labelled in the figure (in unitsMfy) at z = 0, and in
two bins of (agestars) @tz = 0, (agestars) < 9 Gyr (black lines) and
(agestars) > 9 Gyr (green lines). The top panel shows the subsample of
the galaxies above that never suffered a galaxy mergerevitithe bot-
tom panel we show those that had a leasherger. The shaded regions
show 25t — 75th percentile ranges, but only for the halo mass range
10118 Mg < Mpao < 10123 Mg. The evolutionary tracks of Fif1L3
are shown as dotted lines.

We test how much the average evolutionary tracks identified
in § 521 are mass-independent by replicating the experimfent o
Fig.[13 but for galaxies in bins of halo mass. In Kigl B2, wevsho
the evolution of\}, .., for galaxies hosted in halos of different mass
rangesz = 0, separated into galaxies that never suffered a merger
(top panel), and that has at least one merger (bottom pdmel.ch
panel we show the subsamples with a mass-weighted stekar ag
{agestars) < 9 Gyr (solid line) and{agestars) > 9 Gyr (dashed
line). In addition, as dotted lines we show the average ¢oviary
tracks found in§ £.2.3. We find that, although some trends can
be noisy, these tracks are a reasonable description of grage
behaviour observed for the different halo mass bins.

In the top panels of Fig. B3 we study thg.. — Mpar re-
lation, and how the scatter correlates Wifld; /osars, feas,neutral,
(u*—r*) and mass-weighted stellar age. We find that there is a pos-
itive correlation betweefiya, and My, at 10°° Mg < Mpar <
10'°7 M, with a slope that is close to the theoretical expectations
of j o« M?/® in a CDM universe (se§ 3). However, at higher
baryon masses, the relation flattens. The flattening is mdniten
by galaxy merger activity, which is seen from the relatin.s
andji., With stellar mass for galaxies that have undergone differ-
ent numbers of galaxy mergers (Fig. 2). This will be discdsge
detail in an upcoming paper (Lagos et al. in prep.). We fintl tthe
scatter in thgpa:- Mya, relation is well correlated with;ot / ostars,
Saasneutral, (0" —1*) and(agestars ). We did not find any clear cor-
relation between the positions of galaxies in jhg — M. plane
and the stellar concentratiomy /750, or the central surface density
of stars, and thus we do not show them here. The middle pahels o
Fig.[B3 show thejbay — Mya, relation withj,,, measured within
5 X 350, for galaxies withMiars > 10° Mg atz = 0 in EAGLE.

We again find here that the trends seen in Eig. B3 are preserved
even if we measurg out to large radii.

The bottom panels of Fif, B3 show thg.,s —
lation with jstars Measured withind x rso, for galaxies with
Mstars > 10°Mg at z = 0 in EAGLE. We colour the plane by
the mediam\g (5 rs0) (left panel), feas,neutrar (Middle left panel),
(u*-r¥) colour (middle right panel) and mass-weighted ktehge
(right panel). Here we see that the trends analysefdrare also
found when we perform the study out to large radii. The main di
ference with Fig[lL is that the trend withias neutral iS Stronger
when we measurfars Within 5 x rso.

stars €=
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