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1 INTRODUCTION

ABSTRACT

We report the alignment and shape of dark matter, stellat,hert gas distributions in the
EAGLE and cosmo-OWLS simulations. The combination of theisge-of-the-art hydrody-
namical cosmological simulations enables us to span falgrsrof magnitude in halo mass
(11 < log1o(Mago/[h~ 1 Mg)) < 15), a wide radial range<{2.3 < log1o(r/[h~! Mpc]) <
1.3) and redshift® < z < 1. The shape parameters of the dark matter, stellar and haigras
tributions follow qualitatively similar trends: they baoe more aspherical (and triaxial) with
increasing halo mass, radius and redshift. We measure g&ignment of the baryonic com-
ponents (hot gas and stars) of galaxies with their host ledofanction of halo mass, radius,
redshift, and galaxy type (centralssatellites and earlysslate-type). Overall, galaxies align
well with the local distribution of the total (mostly dark)atter. However, the stellar distribu-
tions on galactic scales exhibit a median misalignment ofiad5-50 degrees with respect to
their host haloes. This misalignment is reduced to 25-30ad=gin the most massive haloes
(13 < log1o(Mago/[h~t My)]) < 15). Half of thedisc galaxies in the EAGLE simulations
have a misalignment angle with respect to their host habvget than 40 degrees. We present
fitting functions and tabulated values for the probabiligtidbution of galaxy-halo misalign-
ment to enable a straightforward inclusion of our results models of galaxy formations
based on purely collisionless N-body simulations.

Key words: cosmology: large-scale structure of the Universe, cosgyltheory, galaxies:
haloes, galaxies: formation

of the latter. Specifically, galaxies reside in dark matelohs and
trace them in terms of their positions and, to first orderghmis of

The topology of the matter distribution in the Universe idlvde-
scribed as a web-like structure comprising voids, shedaséints
and haloes. This so-calletbsmic webarises naturally from the
gravitational growth of small initial perturbations in tlensity
field of an expanding cold dark matter dominatédCOM) Uni-
verse. The evolution of the properties of the large-scakmio
web is governed by the dominant components, i.e. dark erzrdy
dark matter, while baryons are expected to trace the digiip
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their shapes and mutual alignment, albeit in a biased fasthie
to the dissipative processes they experience during gdarya-
tion. Theoretical studies of thigalaxy biashave been ongoing for

several decades (elg. Kalser 1984; Davis &t al.|1985).

It has become apparent that when galaxies are used to infer
the properties of the underlying dark matter distributibis con-
venient to bisect this investigation into two steps: thatieh be-
tween galaxies and haloes and the relation between haldebh@n
underlying density field. The latter can be studied direcifycos-
mological N-body simulations, whereas the former is a faremo
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complicated relation that is potentially affected by vatly all the a more realistic realization of the galaxy-dark matter @amtion.
physical processes associated with galaxy formation. istance, We use the OverWhelmingly Large Simulations (cosmo-OWLS,
while the triaxial shape of dark matter haloes is understooerms ~ [Schaye et al. 2010; Le Brun etal. 2014; McCarthy ét al. 20hd) a
of the collisionless nature of dark matter coupled withpsitiidal the Evolution and Assembly of GalLaxies and their Environtsen
collapse, galaxies manifest themselves in a plethora ophabo- (EAGLE, [Schaye et al. 2015: Crain el al. 2015) project. This a
gies ranging from thin to bulge-dominated discs and to stligals proach has the advantage that the processes that leadxy fmta
and this is undoubtedly related to the redistribution oftdagmo- mation are self-consistently incorporated in the simategiand are
mentum occurring during galaxy formation and evolution athi therefore accounted for in the resulting galaxy and halpefaas
in turn, depends on the physical processes in operatiors, Tha well as in their correlation. During the late phase of thisjgct,
characterization of the way galaxy shapes relate to theirfedoes a study adopting a similar methodology 20
holds the potential to unveil the relevant physical mecérasi be- hereafter Ten14, which has many aspects in common with @l an
hind such a rich manifestation of galaxy types. ysis. Throughout the paper, we will therefore compare mdiog-
Numerical simulations have been used to study the mutual ings.
alignment of galaxies with their own host haloes. For insgan Our study is, however, unique as a consequence of sev-

van den Bosch et al. [ (2002)] _Chen, Jing & Yoshikaw__(2003), eral key features of our simulations and analysis. As dmtaiih
ISharma & Steinmeltz| (2005), Bett et al. (2010) and Saled et al. § [Z1, the use of cosmo-OWLS and EAGLE provides us suffi-
(2012) have shown that the angular momentum distributibgs® cient cosmological volume and resolution, both of which ete
and dark matter components are partially aligned, with gajp cial for the reliability and the applicability of our ressitSpecif-
misalignment angle of- 30°, although this might predominantly  ically, we span four orders of magnitude in halo mas$ (<
apply to disc galaxies. On the other hand, central elliftieae log(Maoo/[ A~ Mg]) < 15) and over six orders of magnitude
expected to be aligned with their host haloes if they are éarm  in subhalo masd/;..,, enabling us to investigate spatial variations
by mergers [(Dubinski_1998; Naab, Khochfar & Burkert _2006; of the shape of galaxies and haloes from galactic to cosriolog
Boylan-Kolchin, Ma & Quataert 2006), because the orieotwi cal scales. Furthermore, the combination of EAGLE and cesmo

of the central ellipticals and of the host dark matter halaes OWLS forms a set of simulations that reproduces the observed
determined by respectively the orbital angular momentahefrt abundance of galaxies as a function of stellar mass (theygatal-
(correlated) progenitor galaxies and haloes. Obsenaitigrihere lar mass function) at both lowtdg(Ma00/[ A~ Mg]) < 13) and
exist different indications of the presence of a misaligntne high (13 < log([M200/[h~* Mg]) < 15) halo masses. Moreover,
between galaxies and their host haloes. However, diffesteilties it has been shown that the cosmo-OWLS simulations reproduce

have reached somewhat conflicting conclusions about thealyp  various (X-ray and optical) observed properties of galasgugs
values of this misalignment angle (see ¢.0. Heymans et 8¢;20 (Crain et al| 2010;_McCarthy etlal. 2010; Le Brun etlal. 2014) a
[Kang et all 2007; Wang et al. 2008; Okumura, Jing & Li 2009).  well as the observed galaxy mass function for haloes morsineas

Beyond its theoretical relevance, the misalignment of axgal thanlog(Mao /[ h™* M]) = 13. Finally, the galaxy size distribu-
with its own host halo can be a source of systematics for thingk tion in EAGLE reproduces the observed one (Schayel et all)2015

ies that aim to: infer the shape of dark matter haloes or cainst This paper is organized as follows. We summarize the proper-
cosmological parameters via the measurement of the gal@pes ties of the simulations i§[2, where we also introduce the technical
correlation function. Several current and forthcoming kieasing definitions used throughout the paper. We highlight someatsv
surveys (e.g. KiDS, DES, LSST, and Eulljavill achieve the sta- to the shape and angle estimates related to the feedbachnmapt
tistical power to probe, observationally, halo shapes anabtain tation in§[3. In § @ we present the results concerning the sphericity

exquisite measurements of the apparent alignment of galsegyes and triaxiality of dark matter haloes, as well as those ofstiediar
—cosmic shear due to the gravitational lensing effect caused by the and the hot X-ray emitting gas distribution. The (mis)aligent of

underlying (dark) matter distribution. It is therefore afegt im- the baryonic components with their host haloes is addraasdd.
portance to guide the interpretation of the measured sigitél We summarize and comment on our result§[Bh

numerical simulations. For instance, the link between theps Throughout the paper, we assume a fli@@DM cosmology
of the visible, baryonic matter and the structure of the uyde  with massless neutrinos. Such a cosmological model is cteara
ing dark matter distribution, as well as their mutual oré&ian can ized by fivel parameters{Q.,, O, os, ns, h}. The simulations
be examined. To this end it is necessary to complement the ex-used in this paper were run with two slightly different setgalues
pectations derived from cosmological N-body simulatioriththe for these parameters. Specifically, we will refer to PLANGKthe
properties of galaxies as inferred from small-scale, higgolution set of cosmological values suggested by the Planck migsian

hydrodynamic simulations and/or semi-analytical modedsg.( O, 08, ns, h} ={0.307, 0.04825, 0.8288, 0.9611, 0.6} {Table
Joachimi et al. 2013; van den Bosch et al. 2002; Croftlet #0920  9:[Planck Collaboration et Al. 2014), whereas WMAP7 refetsé
Hahn, Teyssier & Carollo 2010; Bett etlal. 2D10; Bett 2012). cosmological parametef€,,, Qn, os, ns, h} = {0.272, 0.0455,

In this paper, we extend previous work by exploiting the (0.728, 0.81, 0.967, 0.7Q4suggested by the 7th-year data release
wealth of information encoded in hydro-cosmological siatigns dKomatsu et dl@il) of the WMAP mission.
in which the main physical processes responsible for galaxy
mation and evolution are simultaneously at play, thus leado

1 KIDS: Kllo-Degree Survey,

http://www.astro-wise.org/projects/KIDS/;

DES: Dark Energy Survey, https://www.darkenergysurwey.o

LSST: Large Synoptic Survey Telescope, http://www.Isg}.0

Euclid: http://www.euclid-ec.org 2 Flatness implies tha®y = 1 — Q.
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Table 1. Simulations used throughout the paper and their relevajigrties. Description of the columns: (1) descriptive dation name; (2) co-
moving size of the simulation volume; (3) total number oftjgdes; (4) cosmological parameters used in the simula®hinitial mass of baryonic
particles; (6) mass of dark matter particles; (7) maximufitesing length; (8) colour used for the simulation; (9) slation name tag.

Simulation L Nparticle Cosmology my Mdm €prop Colour tag
[A~'Mg] [h™'Mg] (h™'kpc)

@ @) 3 4 ®) (6) ] ) 9)

EAGLE Recal 25Mpc) 2 x 7523 PLANCK  1.5x10° 82 x 10° 0.5 purple EA L025

EAGLE Ref 100(Mpc) 2 x 15043  PLANCK  1.2x 10° 6.6 x 108 0.2 orange® EAL100

cosmo-OWLS AGN 8.0 200~ ! Mpc) 2 x 1024  WMAP7 87 x 107 4.1 x 108 2.0 blue CO L200

cosmo-OWLS AGN 8.0  400h~! Mpc) 2 x 10243 WMAP7 7.5 x 108 3.7 x 109 4.0 green CO L400

@ Cyan is used for Figb_11 aidl12 where the EA L100 simulatiarsézl in order to improve the statistics for the least magsive

SIMULATIONS AND TECHNICAL DEFINITIONS

2.1 Simulations

Throughout the paper, we employ the outputs of four cosniolog
cal volumes simulated within the context of two distinctjpats:
EAGLE (Schaye et al. 2015; Crain ef al. 2015) and cosmo-OWLS
(Le Brun et all 2014; McCarthy etlal, 2014). We use the forroer t
investigate (well-resolved) smaller halo masses in retgtismall
volumes; whereas the latter is used to study more massivesad
larger volumes. Tablgl 1 lists all relevant specifics of theisaula-
tions.

Both EAGLE and cosmo-OWLS were run using a mod-
ified version of the N-Body Tree-PM smoothed particle hy-
drodynamics (SPH) codesADGET 3, which was last de-
scribed in[ Springkl [(2005). The main modifications are the
formulation of the hydrodynamics, the time stepping and,
most importantly, the subgrid physics. All the simulations
used in this work include element-by-element radiative I-coo
ing (for 11 elements] Wiersma, Schaye & Siith_2009), star
formation (Schaye & Dalla Vecchia 2008), stellar mass loss
(Wiersma et dI.[ 2009), energy feedback from star formation
(Dalla Vecchia & Schaye 2008, 2012), gas accretion onto and
mergers of supermassive black holes (EHs; Booth & S¢hay€;200
[Rosas-Guevara etlal. 2013), and AGN feedbéck (Booth & Sthaye
[2009; Schaye et Al. 2015).

The subgrid physics used in EAGLE builds upon that of
OWLS (Schaye etall 2010), GIMIC. (Crain ef dl._2009a) and
cosmo-OWLS [(Le Brun et al. 2014; McCarthy et al. 4014). Fur-
thermore, the EAGLE project brings a number of changes with
respect to cosmo-OWLS regarding the implementations afggne
feedback from star formation (which is now thermal rathantki-
netic), the accretion of gas onto BHs (which now accountsafor
gular momentum), and the star formation law (which now depen
on metallicity). More information regarding technical iementa-
tion of hydro-dynamical aspects as well as subgrid physacshe
found in Schaye et al. (2015).

Arguably, the most important feature of the EAGLE simu-
lation is the calibration of the subgrid physics parameterse-
produce the observed galaxy mass function and galaxy sizes a
redshift zero. One of the key feature of the cosmo-OWLS simu-
lations is that they reproduce optical and X-ray scalingtiehs
of groups and clusters of galaxies. In this work we exploithbo
these unique features by splitting our range of halo masse$aur
mass bins and by using a different simulation for each onbkesfit
Specifically, for halo masses below the ‘knee’ of the galate)-s
lar mass function we use EAGLE in order to ensure galaxies for

(© 2014 RAS, MNRASO0O [THI8

with the ‘correct’ efficiency and size, whereas for haloesvab
the ‘knee’ we use cosmo-OWLS. In practice, we create a compos
ite sample of haloes spanning four orders of magnitude insmas
(11 < log(Maoo /[ A~ Mg]) < 15).

2.2 Halo and subhalo definition

Groups of particles are identified in our simulations by i
the Friends-of-Friends algorithm with linking lendit® to the dark
matter particle 85). The magss and the radius
rSt of the groups are assigned using a spherical over-density al
gorithm centred on the minimum of the gravitational potantas

implemented irsUBFIND (Springel et al. 2001 Dolag etlal. 2009).
From each group, dynamically un-bounded particles arediscl.
Thus, subhaloes are identified as a collection of boundgbestihat
reside in a local minimum of the gravitational potential qarted
using all particle types. The most massive subhalo iscral
subhalo of a given FoF group and all other subhaloesatelites
Particles that are bound to a subhalo belong exclusivelyabsub-
halo. Correspondingly, central subhaloes do not contaiticpes
that reside in other local minima of the potential, even @ par-
ticles are within the subhalo boundary. We define the cerfte@ o
subhalo as the position of the particle with the minimal geav
tional potential. The subhalo radius can be calculateddohe&om-
ponent separately. A commonly used estimate is the raditisnwi
which half of the mass in dark matter is includef™;. The mass
of a subhalo is the sum of the masses of all the particles tmetic
tute it. For the rest of the paper we will use the term ‘haloteter
both to central and satellite subhaloes, unless othenpisafted.
The masses of subhaloes for both centrals and satellites (ac
cording to SUBFIND classifications), are indicated with/sp.
However, whenever a distinction is required, we shall bigg,
andrqoo to characterize the properties of central haloes.

2.3 Shape parameter definitions

A fundamental quantity that describes how matter is spwtibs-
tributed is the three-dimensional mass distribution ter(se.g.

Davis et al. 1985; Cole & Lacliy 1996),

Np
Mi; = Zmpxpizpj ) (1)

p=1
whereNp is the number of all particles that belong to the structure
of interest,x,; denotes the elementwith i, j = 1,2, 3 for a 3D
particle distribution) of the position vector of partigleandm,, is
the mass of the'" particle. This mass distribution tensor is often
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Table 2. Values atz = 0 of various quantities of interest in each mass bin. Desoripof the columns: (1) simulation tag; (2) mass range
log10(M200/[h~1 Mg]) of the haloes selected from the simulation; (3) median valuthe halo massogio(MSEY); (4) median value of the
stellar masslogio(Mstar /[ h~! M@])) considering all the star particles that belong to the h@pstandard deviation of the stellar mass distribution
Tlog1o Mssars (6) Median value of halo radlugrlt (7) median radius within which half of the mass in dark nmaigeenclosed; (8) median radius
within which half of the mass in stars is enclosed; (9) nundfdraloes; (10) number osatellite haloes.

Simulationtag ~ massbin MS5Y  Mstar  Glogy o Magar rg{)ﬁ rdmo rS% Npale Naat
* * * * *k *%
(€ @ (©) 4 ©®) (6) @) ®) 9 (@0
EA LO025 (11 —12] 11.31 9.50 0.45 96.0 39.8 2.7 156 24
EA L100 (12 — 13] 12.27 10.58 0.26 199.3 93.4 4.9 1008 104
CO L200 (13 — 14] 13.16 11.21 0.25 396.4  241.8 53.4 2190 137
CO L400 (14 — 15] 14.09 12.06 0.19 805.9 505.1  106.7 1152 26
* log1o(M/[h™ " Mg])
** R/[h~1kpc]
referred as the inertia tensor, since the two tensors sharsaime Qo SN e S e
eigenvectors (sée Zemp etlal. 2011, for a discussion) anchdst I — Reference 1
astrophysical purposes, those eigenvectors encode threniation [ —— NOAGN ]
of interest. Throughout this paper we will refer to the maistrid -0.51 WeokFB

bution tensor as the inertia tensor to conform to the jarggedun
the literature.

The eigenvalues of the inertia tensor will be denoted\as
(with7 = 1, 2, 3 for a 3D particle distribution as in our case). Given
a particle distribution inertia tensor, the modulus of thajaon in-
termediate, and minor axes of the corresponding ellipsaid e
written in terms of these eigenvaluesa@as= /A1, b = V)2, and
¢ = /A3, respectively. We interpret this ellipsoid as an approx-
imation to the shape of the halo. Specifically, the sphegriaitd
triaxiality parametersS andT, are defined as

a® —b?

a2 — 2’

S = < , and T = ()

a
A purely spherical halo will havé' = 1 with T" being undefined.
Low values ofT (i.e. T — 0) correspond to oblate haloes while
high values (i.eT" — 1) correspond to prolate haloes.

T T

StrongFB ]

—— Behroozi+ 13
Moster+ 13

10gy9 (M / Myeo) / (Qy / Q)

10919 Mygo [Mo)

We note that the computation of shape parameters in a spher-rigure 1. The stellar mass to halo mass ratio of central galaxies asc fu

ical region biases the shape towards higher sphericity.n/¢ben-
puting shapes of dark matter haloes in spherical regiorsspbs-
sible to correct for this effect applying the simple empitice-
scaling: Siue = SV? as suggested [n Bailin & Steinmefz (2D05).
This correction is not implemented in the results preseinie
since a similar correction is not available for the otherriti@s
that we present.

2.4 Axes and misalignment angle definition

The eigenvectors of the inertia tensor, in[Eq.1, are denased’,
with i« = 1,2, 3 in the case of a 3D distribution of particles and
2 = halo, star, gas to indicate total mattB, stars, or gas, respec-
tively. We relate the ordered eigenvecters, e.2, ande,’ of the
inertia tensor to the direction of the major, intermediatd eninor
axis of the corresponding ellipsoid. We further indicate thdial
dependence of the major axiseis(r), which, unless stated other-
wise, has been computed using the volume enclosed by thre enti
structure as defined by SUBFIND (s§&2). We shall quantify the

3 We do not deal with the specific case of only dark matter becanghe
scales of interest it almost exactly coincides with theltotatter in a halo.

tion of halo mass, normalised by the cosmic baryon fractionthe four
feedback variations used #8l The curves are dotted where there are fewer
than 100 star particles per galaxy and individual galaxiesshowed for
bins that contain fewer than 10 galaxies. The 1-sigma scabi@ut the me-
dian of Reference is shown as a shaded region. Dark and lightiges rep-
resent the abundance matching relations_of Behroozi, WachsConroy
-) and Moster, Naab & Wdlt_lS).

alignment of different matter components via the scaladpecd of

two major axes, i.e. the misalignment angléo in case of pro-
jected quantities). Specifically, we will uses 6 as the principal
quantity of interest and only comment on the actual valugwelfien

relevant. We stress here that the major axis is a spin-2 ifyarg.

it is invariant under rotation of 180 degrees. This means@ioaly

varies between 0 and 90 degrees and, correspondiagly, can

only assume values between zero and unity.

3 THE EFFECT OF GALAXY FORMATION
EFFICIENCY

A major asset of our composite sample of simulated halodsais t
it reproduces the observed stellar-to-halo mass ratio as&ibn

(© 2014 RAS, MNRASO00,[THI8
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Figure 2. Ratios of the average sphericity (left panel) and averagalighment angles (right panel) of the stellar distribuitigith respect to the average
values of the REFERENCE EAGLE simulation ($B. Different colours indicate different mass bins whiléeatient line styles refer to different simulations
which differ only by the implementation of feedback. Theadjeeement (up to 20% for sphericity and up to 40% for misafignt angle) stems from the
different efficiency of galaxy formation (see discussior§[8). The misalignment angle is more sensitive to galaxy foionzefficiencies than the sphericity.

The differences always increase towards the centre of tlee ha

of halo mass. Specifically, EAGLE has been calibrated toorepr
duce the stellar mass function at redshift zero and cosma-®W
has proven successful in reproducing many observable giepe

of groups and clusters (McCarthy etlal. 2010; Le Brun bt a1430

corporated in the parametér, that is the expectation value of the
amount of energy injected per unit stellar mass formed, itsun
of the energy available from core collapse supernova for it

The average number of neighbouring particles heated byda &k
AT

Moreover, in the halo mass range where cosmo-OWLS haloes areevent is< Nyeay >~ 1.3fw (ﬁrg?)f1 whereas the temperature

used, their galaxy formation efficiency is consistent whité tesults
of IMoster, Naab & While [ (2013);_Behroozi, Wechsler & Conroy
) from abundance matching techniques. This featupars
ticularly important in the context of our investigation,@se might
expect that if a simulation produces either too many or tawo fe
stars, then their distribution and consequently, the gedtvape pa-
rameters would also be affected. Note however that, as slgwn
.5), this criteria is insufficient to guaemthat the
spatial distribution of barionic matter is realistic.

Before showing the main results of our analysis we investi-
gate how different feedback implementations results ifecght
predictions for the shape and orientations of galaxies veifipect
to their host haloes. To quantify this effect, we make use séta
of feedback variations on the Reference model of the EAGDE si
ulations that, unlike the Reference model itself, do notadpce
the observed galaxy stellar mass function (i.e. in thoselsitions
haloes do not form stars with the observed efficiency). Aitbeta
description of these simulations can be found in Crain €paL5).
Here, we only briefly summarize their properties. All sintidas
adopt the PLANCK cosmology. The simulation boxes have cemov
ing volumes oR5°Mpc?, with 2x376° particles. We consider four
variations:

LO25_ref A simulation run in a smaller volume with respect to the
main run using the Reference EAGLE implementations, namely
thermal energy feedback from star formation, BH gas aametiat
takes into account the gas angular momentum and a star format
law which depends on gas pressure and metallicity. In therthle
feedback implementation the amount of energy injected @ed-f

jump for the single particle is fixed tAT = 10"° K. If the value

of fin is constant, then both the energy injected per single event
of feedback and the energy per unit of stellar mass are fixgd. B
varying the parametef;y,, it is possible to control the efficiency of
the feedback and so to account for the unresolved radiaisses
that depend on the physical state of the ISM, or to comperfieate
numerical losses (see Schaye et al. 2015 and Crainl et al fa0as
discussion). The value gf;, depends on the local physical condi-
tions (density and metallicity) of the gas according to:

fth,max - fth,min

— bl
1+ z \"Z (nHpirn )
0.1%¢ nH,0

whereny biren iS the density of the parent gas particle at the time it
was converted into a stellar particle afds the gas metallicity. The
value ofny o = 0.67 cm ™2 was chosen to reproduce the observed
present-day GSMF and galaxy sizes, whereas= n, = 2/In10.
We use the asymptotic valugfn max = 3 and fin min = 0.3,
where the high asymptot&n, max iS reached at low metallicity and
high density.
LO25_.wfb Weaker stellar feedback than for the Reference model.
In this case the function in EQ] 3 is scaled by a factor of 0.5.
LO25_sfb Stronger stellar feedback than for the Reference model.
In this case the function in Efg] 3 is scaled by a factor of 2.
LO25_nag Same as Reference but without AGN feedback.

(©)

fth = fth,min +

Fig.[ shows the stellar mass to halo mass ratio of centrakigs
as a function of halo mass, normalized by the cosmic baryas fr
tion, for the four aforementioned feedback variations. §akxy

back event is fixed but there is freedom in the amount of energy stellar mass function and the galaxy sizes as obtained fhaset

that can be injected per unit of stellar mass. This freedom-is
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6 M. Velliscig et al.

¢, of[Crain et al.[(2015). Those models produce stellar mass- f
tions with differences of the order of half a dex above (LOZb)
and below (L025sfb) the Reference one. The case without AGN
feedback differs from the Reference case only for the most ma
sive galaxies. Dark and light grey lines represent the auocel
matching relations of Behroozi, Wechsler & Conroy (2013J an
Moster, Naab & While| (2013), respectively. The Referenceusi
lation shows good agreement with the abundance matching mod
els.

Fig.[2 shows the changes in the main quantities of interest in
our analysis for the aforementioned feedback implementatiThe
left panel displays the ratio of the sphericity of the stetlampo-
nent of haloes as a function of the distance from the haloreent
for each simulation with respect to LO2Bf. Different line styles
refer to different simulations and we report the resultsfiar halo
mass bins. The difference are of the order of 10%. For thridlia
ity parameter (not shown here) the differences range fro%h b
50 %. The right panel displays the ratio of the cosin®(©@f) (the
angle between the halo’s first eigenvector and the first gagar
of the stars inside a given radius) of each simulation wigpeet
to LO25 ref. This quantity shows 10% differences4tit, while
differences as large as 40% for the case without AGN (and 20% i
the case of weak SN feedback) are present on scales reptgent
of typical galaxy sizes. We report that the differences leetwthe
sphericity of haloes in the different sub-grid implemeiatas (not
shown) are smaller than 5% at all radii. This analysis uiesithe
importance of the calibration of feedback, especially fa shape
and alignment of the innermost parts of haloes where mogsteof t
stars reside.

A priori, there is no guarantee that reproducing the galaxy
stellar mass function is a sufficient condition to prediclisic
shape parameters. For instance, one may envision a scenario
which the size of galaxies, at the same mass, will also infleen
their shaped. Crain etlal. (2015) have reported four diffiesim-
ulations in which the galaxy stellar mass function is equaléll
reproduced but the predictions for galaxy sizes are widéfgrd
ent. We computed the shape parameters and star-halo misaiit
for the same simulations employetOlShmgh
in rough agreement, the relative variance from model to rhisde
~ 10% — 15% for both the sphericity and the misalignment angle
(not shown). Clearly, beyond the effect of the ‘galaxy fotima
efficiency’, galaxy sizes also play a role in the accuracyhefite-
trieved shape parameters.

In this section and in the rest of this paper we will not focos o
the origin of the different shapes and misalignment of tliieidint
populations of haloes. Investigating the physical origirstiapes
and misalignments represents an interesting line of igghat has
been addressed using zoom-in simulations and by followmng t
evolution of galaxies and haloes in time (e.g
[2009;[ Scannapieco etlal. 2009; Gen 2014). In this work Wesfocu
on exploiting the large dynamical range available to giatistical
trends with halo mass and radius and postpone a detailestigae
tion on their physical origin to future work.

4 SHAPE OF THE DIFFERENT COMPONENTS OF
HALOES

Armed with the simulations described §2.1 and with the tech-
nical definitions introduced i§2.2-2.4, we present here a system-
atic study of the shape parameters. Specifically, we wils@ne
the shape parameters of the entire matter distribution limekgin

g4.7), and of different halo components (stargf#id and hot gas

in §4.3) as well as their mass, spatial, and redshift dependémce
Table[3 we summarize the values and the scatter of the shape pa
rameters and the misalignment angles for the stars witfiif.

It is well known that the reliability of shape estimates of-pa
ticle distributions depends on the number of particles usdrhce
those distributions (e.g. Ten14). Motivated by the resuiésented
in Appendix/A2, we measure shapes of structures with at ReGst
particles. The resolution criterion is applied separatiethe differ-
ent halo components. Therefore, for a reliable shape measunt
of the stellar component we require galaxies containingaxtt|300
stellar particles. Our tests performed using synthetic Nfalbes
show that this choice ensures a precision of 3% and an agcurac
better than 10% in the sphericity and triaxiality paramgtsee Ap-
pendix{A2 for more details. We note that Ten14 performed a sim
ilar convergence test according to which using 300 pasitdads
to ~ —10% bias in the sphericity of a particle distribution. Our
choice ensures relatively high precision while still aliog/us to
have a large number of haloes for which shape measurements ca
be performed.

4.1 The shape of haloes

Fig. [ displays the sphericity (left panel) and triaxialiyght
panel), S and T respectively, for halo masses in the rarfye<
loglo(Msub/[if1 Mpc]) < 15. Different colours indicate differ-
ent simulations and different line styles represent differedshifts
(see legend). Notably, despite their difference in regahythe re-
sults agree in the overlapping mass intervals probed vfardiit
simulations. The common qualitative result is very simplaloes
become less spherical and more triaxial (prolate) withdasing
mass. Sphericity (triaxiality) decreases (increasesnfro = 0
(solid lines) toz = 1 (dotted lines). Haloes thus become more
spherical/oblate as cosmic time progresses. This effectidue to
baryon physics since it was also found in dark matter onlyum
tions (e.gl Bryan et al. 2018; Tenneti et'al. 2014). For caispa,
we also plot the halo sphericity reported
using a dashed line for = 0 and a long dashed line far = 1.
Despite the differences in box size, resolution and impleatéon
of baryon physics, the overall agreement with our compastef
simulations is good at both redshifts. The shape of the balten
all particles are considered is dominated by the dark matier-
ponent. In fact, the shape of the dark matter component idynea
identical to the that of the total mass distribution.

Our composite sample suggests that, over a wider range in
halo masses, the relation deviates from linear showingepsteng
from low to high masses.

4.2 Shape of the stellar component of haloes

Fig.[4 displays the halo mass dependence of the shape paramet
of the stellar distributions. Sphericity is on the leftatdality is on
the right. As in Fig[B different colours indicate differesimula-
tions according to Tablg 1. We remind the reader that we usea m
imum of 300 particles to determine the shape of particleridist
tions. This inevitably leads to a relatively small halo massye for
each simulation. However, the composite sample of our sitimuls
covers the halo mass rangé < logm(Msub/[}f1 Mg]) < 15.
Note that we have indicated with grey lines the values of the
shape parameters obtained when considering haloes camgpris
fewer than 300 particles. Interestingly, in the overlapgpimalo
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Table 3. Values of main quantities of interest for each halo mass\afues refer toz: = 0 and are measured at the half-mass radius inqgﬁ, for
all subhaloes. Anglé refers to 3D quantities, where@srefers to the 2D projected equivalent. Description of thHemms:(1) simulation tag; (2) mass
range of the haloedog10 M200; (3) Median value of the subhalo massgi0 M5, considering the sum of all the masses of the particles gaign
to the subhalo; (4) median value of the stellar mass corisgleil the star particles belonging to the halo; (5) medialue of the sphericity computed
at the stellar half-mass radius; (6) median value of theitifily computed at the stellar half mass radius; (7) med&ne of the projected ellipticity
(averaged over the three axis projections x, y and z); (8)ameghgle between the first eigenvector of the stellar corapbenclosed imfg}} and the
first eigenvector of the total matter distribution in thed)g®) same as (8) but for the projected haloes averaged loeghtee projection axes; (10)
median angle between the first eigenvector of the stellanilalision and the total matter distribution, both evalmmef)ﬁ;; (11) same as (10) but for
the projected haloes averaged over the three projection axe

Sim mass bin - Mg,,  Mstar S T Esp optar oestar gstar ostar
tag * * * Deg Deg Deg Deg
@) @ ®) @) (5) (6) @ ®) ) (10) 11
EALO25 [11-12] 1133 950  0.617017 0227032 0827057 479073950 32441505 82173535 4.957707
EAL100 [12—13] 1228 1058 0581911  0.317933 0797998  46.5072070 323471872 38671437 3.17T1Y8
COL200 [13—14] 1325 1121 0657009 0717038 0807008 310473370 249571795 5707555 5.627008
COL400 [14—15] 1418 1206 0637008 0747051 0777008 248073020 20467100 5617558 5.661500
* logio(M/[h~! Mo])
1.0 —r - 1 . T T T T T T T T 1.0 L B L B L | o
| - €A LO25 ] | - €A LO25 13
| - EAL100 ] | - EAL100 g
[ -co L200 ] [ -co L200 1z
0.8 _co 1a00- ] 0.8 _¢o La00 ®
0.6 e 0.6F i
° o
2 2
") L | = L |
041 1 041 1
L — 2z=0 ] L — 2z=0 ]
O 2 [ e z=1 . O 2 [ e z=1 -
° ° (o]
| --- Ten14 fit z=0 A i 1o
— — Tenl4 fit z=1 r 18
ool . . . . ool . . . .. .. °
8 10 12 14 16 8 10 12 14 16
-1 -1
10910(Msup [™'Mo]) 10910(Msup [™'Mo])

Figure 3. Halo sphericity (left) and triaxiality (right) as a functiof halo mass. Both central and satellite haloes are carsidbence the choice df/,,,

(the sum of the masses all the particles belonging to theadophs identifier of the halo mass. Both shape parametersoanputed using all the particles
in the subhaloes (gas, stars, and dark matter). Using omkyrdatter would give virtually identical results. Differiecolours indicate different simulations,
whereas solid (dotted) lines refer to= 0 (= = 1). The error bars represent the one sigma bootstrap errdreomé¢dian. Dashed black lines are the values
obtained using the fitting functions from Ten14.

mass range, the sphericity parameters derived from siiontat This approach only results in an unbiased selection if thei-mi

with different resolutions agree remarkably well. The gahtend mum stellar mass of all haloes in a given mass bin is higher tha
seems to suggest that sphericity is a decreasing functidralof > 1000msgsar Wheremsa, is the mass of a stellar particle. If we
mass forlogio(Msu,/[R™*Mg]) > 12 at z = 0 and for impose the same strict limit of 1000 star particles withdsibdim-
logio(Maun/[h 1 Mg]) > 11 atz = 1. iting the halo masses accordingly, we obtain a similar upithe

stellar sphericity. Moreover, this upturn occurs at a défeé mass
We compare our results in Fifl]l 4 with the recent work for different simulations since a fixed number of partickesmslates
of [Tenneti et al. [(2014) by showing their fitting function toet into different mass depending on the resolution used.
sphericity of the stellar component of haloes (black dadhme).

The most prominent feature of their fitting function, namétg The triaxiality parameter (right panel of FIg. 4) is an inzse
sharp upturn at massésgio(Meun /[~ Mg]) < 11, is most ing function of halo mass at both = 0 and 1. As discussed in
likely due to a selection bias. In their work they only congut  Appendix{/A2, the accuracy of the triaxiality estimate is meen-
shapes for subhaloes with more than 1000 stellar partidleis. sitive to the minimum number of particles used to comput€hts

choice imposes a strict limit in stellar mass but not in sidhzass. manifests itself in the fact that the grey lines in this plotabt con-
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Figure 4. Stellar shape parameters (sphericity on the left, triéxian the right) as a function of halo mass. Different cobimdicate different simulations,
whereas different line styles refer to different redshiftke error bars represent the one sigma bootstrap errorroméiian. Grey lines are show the results
for mass bins containing haloes with less than 300 stelldicfes. The dashed black line indicates the sphericityioled from the fitting function of Ten14.
The upturn and the downturn in this fitting function are likeue to selection effects (see discussiof§fhZ.2).
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Figure 5. Projected rms stellar ellipticity as a function of halo md3#-

ferent colours indicate different simulations (and therefhalo masses),

whereas different line styles indicate the region withirichtthe stellar dis-
tribution is considered. Specifically, dashed lines indiche case in which
only star particles within the entire halo are consideredengas solid lines
indicate the case in which star particles within the stdii@f-mass radius
are considered. Both centrals and satellites are considieieanalysis.

tinue a monotonic trend beyond the well-resolved massvater
thus reinforcing the importance of imposing a minimum nundfe
particles used when attempting to recover the triaxiality distri-
bution of particles.

4.2.1 The projected stellar rms ellipticity

Under the assumption that galaxies are randomly orientest; a
aging the observed projected ellipticity of galaxies gieemea-
surement of the gravitational lensing effect that, in tugives
constraints on the matter distribution along the line ofhsig
The S/N of those measurements depend on the second mo-
ment of the distribution of galaxy intrinsic ellipticity,etmed
erms- Many observational studies have measured the value of
the e.ms for populations of galaxies. Early results were reported
in [Hoekstra, Franx & Kuijkén 2000, and more statistically- ro
bust results were obtained using SDSS d.),2012
COSMOS |(Joachimi et &l. 2013; Mandelbaum et al. 2014) and the
CFHTLenS surveyl (Heymans et al. 2013; Miller et al. 2013)- Un
fortunately, despite the tremendous progress in the statipower

of the galaxy surveys employed in these studies, obtainingca
curate estimate oé.ms remains challenging, especially because
of the fact that the quantity that is accessible observatipn
always has a (often non-negligible) noise contributiore (seg.
\Viola, Kitching & Joachiml 2014).

For our composite sample of haloes,s is defined as:
2 = Z L-g?’ 4)
rms N 1 + q,2

whereq is the projected ellipticity of th¢" halog’ = b’ /a’ where
a’ andb’ are the values of the major and minor axis of the projected
stellar distribution, andV is the total number of haloes considered.
We use our composite sample of haloes to compute the stellar
erms IN bins of halo mass of width.5 dex, as a function of halo
mass in Figb. We make use of all star particles that belongeo t
subhaloes (dashed lines) or only stellar particles withanstellar
half-mass radius (solid lines). Both centrals and sagslliére con-
sidered for this analysis. When all star particles are cmnsd the
value of thee;ms increases with mass from 0.35 to 0.55. System-
atically lower values are found if only stellar particlesthin the
half-mass radius are considered.
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The values of the:,.,s predicted by our composite sample,
when all stars are considered, are in broad agreement vatbtth
served noise-corrected values that are of the order ©5-0.6 de-
pending on luminosity and galaxy type (€.9. Joachimi £t@13).
Unfortunately, a direct comparison of our results with ghadb-
tained from observational studies is far from trivial. letfgt would
be crucial to mimic all steps in the observational methogglo
For instancee,ms measurements are usually only available for a
given sub-population of galaxies, those galaxies are éaimned
in absolute magnitude, and the axis ratio is computed stafitom
(noisy) images for which flux isophotes need to be identifiethe
context of this investigation, we find the current level ofesgment
satisfactory and ideal as a starting point for future exgiions.

4.2.2 Variation of the shape of the stellar component of éslo
with the distance from the halo centre

Fig.[8 shows the sphericity (left panel) and the triaxialitight
panel) of the stellar component of haloes as a function oflike
tance from the centre of the halo.

We divide our sample into mass bins that are drawn from dif-
ferent simulations according to Talple 1. We then computénitie
tia tensor for increasingly larger spheres around the eafteach
halo. For every sphere we show the median values of the skape p
rameters of the mass inside the sphere. Radii are given ia ohi
rSE to allow for a comparison of haloes of different masses. Only
particles that are bound to the halo are considered for takyais.
Curves are drawn only on scales where at least 300 partiatebe
used.

The stellar component of haloes tends to be more spherical

near the centre. The triaxiality value shows significantlian
for masses below/,,, < 10*2 h=' M. These trends are qual-
itatively the same as those found for the dark matter conpone
(not shown) with the exception that the radial profile of ttedlar
distribution is steeper than that of the dark matter diatrdn.

The right panel of Fig[]6 shows a large difference be-
tween the triaxiality values of subhaloes in the mass hihs<
logm(Msub/[h*M@]) < 13 (orange curves, EA L100) and
13 < logio(Msun/[R~ " Mg]) < 14 (blue curves, CO L200).
This feature might be caused by the different resolutior; vo
ume, and/or baryon physics of the two sets of simulations (al
though the latter is relatively small). To test whether tisathe
case, we compute the triaxiality parameter of subhaloes wit
mass13 < logio(Msun/[h™ ' Mg]) < 14 using the EAGLE
L100 simulation (not shown). We find the corresponding re-
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two greater than the virial temperature. This temperatatecton

is used as a rough proxy for the hot X-ray emitting gas. A prope
selection of X-ray emitting gas is beyond the scope of thjzepa
as this would require an accurate computation of the X-rayi-lu
nosity of the gas particles. A luminosity weighted schemetffie
shape of the hot gas would result in the inner regions doimigat
the shape resulting in more spherical sh)20)n
the other hand, a mass weight scheme, as adopted in this work,
would be closer to the shape that a Sunyaev-Zeldovich (S2grex
iment would measure since SZ flux is proportional to the gassma
and the temperature, making it potentially testable witbralzined
SZ-lensing analyses.

Fig.[q presents the variation of the shape parameters,ispher
ity on the left and triaxiality on the right, of the tempenau
selected hot gas particle. The convergence of the sphyeparam-
eter between the different simulations is poorer in thissdisn
for other components shown earlier. By imposing a stricitlion
the number of particles needed for measuring the shape vie lim
our results to only few points for the EAGLE simulations. For
stance, is no longer possible to connect the results fron® lz0il
L100. Nonetheless by relaxing the constraint on the numbean
ticles (grey points), it is possible to identify a trend ire tbhapes
that suggests an increasing triaxiality and decreasingrgty of
the hot gas component with host halo mass.

We have also studied the radial dependence of the shape pa-
rameters for the hot gas component of haloes (not showngrGiv
the limit on the minimum number of particles, only three maiss
could be investigatedM(s;y > 102 h~! M) and only down to
radius ofr/r55s = 0.3, for which no significant radial trend was
found.

5 MISALIGNMENT OF GALAXIES WITH THEIR OWN
HOST HALOES

In this section, we show the relation between the orientatib
haloes and that of their stellar and hot gas component. fizlyi,
we will show how the orientation of the major axis of the stell
distribution @5.1)) and of the hot gas distributiof52) compare to
that of the host halo. Similarly to the case of the shape peiens,
we will investigate the mass, radial, and redshift depecéer this
relation. Note that we focus our study mainly on central ealdVe
remind the reader that a formal definition of the axes of plarti
distribution and their relative misalignment angles isvled in

3.

sults to agree with the results obtained using the same mass

bin from the cosmo-OWLS L200 simulation. Thus, we inter-
pret the differences between the triaxiality of subhalaeghie
mass bins12 < logio(Msuw/[h™ ' Mp]) < 13 and 13 <
logio(Msun/[h™* Mg]) < 14 as having a physical origin rather
than being due to the resolution, the volume, or the (sméfhre
ences in the baryon physics of the two sets of simulations.

4.3 Shape of the hot gas component of haloes

In this section we repeat, for the hot gaseous componentioésia
the analysis performed for the total and stellar matte[#l and
§[4.2, respectively. We present the shape parameters forsasub
ple of temperature-selected diffuse g@s¥ 10°K). The selection
is quite insensitive on the exact temperature cut, since ofdbe
hot gas in groups and cluster has a temperature that is a fafcto
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5.1 Misalignment of stars with their host haloes

The left panel of Fig.18 shows the median misalignment ofstar
spheres of increasingly larger radii with the direction loé total
matter distribution within the virial radius for differebins in halo
mass and for radii expressed in unitsr&fs. Perhaps not surpris-
ingly, the alignment of stars within the total halo increag®mm
the inner to the outer part of the halo. The gradient is nedti
steep, with the misalignment angle between the stars anchibet
haloes decreasing from about 30 degrees-(at 0.03r55¢) to a
few degrees (at ~ rSit) in the case of the most massive haloes. In
less massive haloes, the misalignment is larger at allsc@imilar
trends hold at = 1 (dotted lines). The right panel of Figl 8 shows
the misalignment of stars with the direction of the total &thp
dark) matter, where both are now enclosed in spheres ofdsere
ingly larger radii. At each radius, the misalignment is dnfatars
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Figure 6. Stellar shape parameters (sphericity on the left, tridyiain the right) as a function of distance from the centrehef halo for haloes in different
halo mass bins (see legend). Distances have been rescadleirteean halo radius in each mass b@gg to ease the comparison of the results for different
masses. Different colours indicate different simulatjomkereas different line styles refer to different redshifthe distribution becomes less spherical and

more prolate with increasing distance from the halo cefiMegtical arrows indicate the median values of the half-nrasti in stars,r

considered a proxy for the typical extent of a galaxy. Theldtrow lies beneath the green one.
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Figure 7. Shape parameters (sphericity on the left, triaxiality om ight) of the gas distribution for the hal’(> 10°K) component. Different colours

indicate different simulations, whereas different lindes$ refer to different redshifts. The error bars represeetsigma bootstrap error on the median. Grey
lines show the results for mass bins containing haloes wih than 300 hot gas particles.

are aligned with the total mass to within a few degrees in thetm
massive haloes, whereas the alignment deteriorates ta 2080
(10-20) degrees for the least massive haloes-at0 (z = 1).

The misalignment of stars with their host halo can vary sub-
stantially depending on the radius and the mass of a haloai-he
rows in the plot represent the values, in units-gff¢, of the half
mass radius in stars, which is a good indicator of the phisica
tent of a galaxy. At this radius the orientation of the gadaxis
clearly a biased proxy of the orientation of the halo. Gaaxare,
however, much better aligned with thecal distribution of mat-
ter. This indicates that the the stellar orientations feltbat of the

dark matter, which is the dominant component in mass, and the
dark matter itself changes orientation from the inner todhter
halo. This causes the stars to be well aligned with the locdsn
distribution but misaligned with the orientation of theiemtalo.

5.1.1 Probability distribution function of misalignmenigles

In the previous section we presented the median value ofigrisa
ment between the halo and the stellar component. The uppet pa
of Fig.[d shows the probability distribution function of tbesine of
the misalignment angle between the stars and the entirehatist
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Figure 8. Spatial variation of the median cosine of the misalignmegt@between the major axis of stars and the underlying (sndatk) matter distribution.
Different colours indicate different halo mass bins, whsrdifferent line styles indicate different redshifts. Rhdoordinates are normalized by the mean
halo radiusrggig, of each mass bin to ease the comparison. Only central hateassed. Vertical arrows represent the median valug'f in units ofrgfi(g

in different mass bind_eft Panel.Median value of the cosine of the angle between the major afxéee stellar component and that of the entire halo. Here
the direction of the halo is determined using all particlebging to the haloRight PanelMedian value of the cosine of the angle between the majoraitxes
the stellar component and that of the halo. The misalignroetween the stars and halo is caused, to first order, by traigmiment of the inner dark matter

halo with the total matter distribution in the halo.
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Figure 9. Upper panel: probability distribution function of the aosiof the misalignment angle between the major axis of thiilalision of stars inside

ritat, and the major axis of the entire halo for four halo mass biie black histograms indicate the probability distribngidor the total sample of haloes
that satisfies the resolution criteria, whereas colourstbgiams refer only to the subsample of haloes whose masdicsied in the legend. Vertical lines
indicate the median values of the misalignment angle (saie@icconvention as for the histograms). Red dashed cuegesent the analytic fit discussed in

AppendiXB. Lower panel: cumulative version of the probifipilunction for early- and late-type galaxies (dotted amglhied curves respectively).
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Figure 10. Probability distribution function of the 2D misalignmentgie between the major axes of thmjecteddistribution of stars (insidefj;ﬁ) and the
major axes of therojectedtotal matter distribution for four halo mass bins. The blaiktograms indicate the probability distributions for theal sample

of haloes that satisfies the resolution criteria, wheredsuced histograms refer only to the subsample of haloes @/neass is indicated in the legend.
Vertical lines indicate the median values of the misaligntrengle (same colour convention as for the histograms).d@stied curves represent the analytic
fit discussed in Append[x]B, whereas black and grey curveslataned with analytic functional forms that have been @yl in the literature (see text).

for central galaxies. Here the stars are taken to be ingf@e Each
panel shows a different mass bin and therefore a differemtlsr
tion. The colour histograms show the misalignment distidwufor
haloes in that specific mass bin, whereas the black histagsaow
the probability distribution functions for all haloes thae above
the halo mass resolution limit (300 stellar particles iesifli;) in
the corresponding simulation . The vertical lines show tleelian
values for the distributions and the dashed red curves agtan
fits (see AppendikB). The lower panel of Fid. 9 shows the cumu-
lative probability of the cosine of the misalignment angledarly-
(dotted curves) and late-type galae{dashed curves) as well as
for the whole sample of haloes (continuous curves).

The distribution of the cosine of the misalignment angledas
long tail towards low values (i.e. strong misalignment)hatfloor
value that decreases with increasing halo mass. The misadigt
angle distribution of resolved haloes is quite similar ingh for the
different simulations. Using the fitting functions provitlen Ap-
pendix(B and the median values of the misalignment angle show
in the previous plots, it is possible to populate dark mattdpes
with galaxies oriented such that these misalignment digtion are
reproduced.

[Bett et al. |(2_Q_1]0) quantified the misalignment angle between
the stellar and total matter distribution in a sample of (af20)
disc galaxies selected from a hydrodynamic simulation in a cu-
bic volume of35 ! Mpc by side. They found that half of these
galaxies have a misalignment angle larger than 45 degresisg U
the GIMIC simulations|(Crain et Al. 2009h), Deason étlal.1(20
reported that 30% of disc galaxies with average halo mass of
logio(Msub/[M@]) = 12.1 have a misalignment angle of more
than 45 degrees. Both these studies are in broad agreemtnt wi
our findings for similar halo masses. Specifically, in the EAG
simulations, we find that half of the disc galaxies have ngsal
ment angles larger than 50 (40) degrees in L025 (L100) and 30%
of the galaxies in L100 (for which the typical halo mass issel¢o
that inlll) have misalignment angles latgar
60 degrees.

Fig.[10 shows the probability distribution function of thésm
alignment between the major axes of {@jectedhalo and the

4 See definition of disc galaxies §5.1.2.

projected stellar mass component. For comparison, we trejikbr
black (mean) and grey (one sigma deviation) dashed linesethe
sults fro i i(2009) who found that, by assum-
ing a Gaussian misalignment distribution between LRGs amfl d
matter haloes, they were able to account for the discrepbaey
tween the measured orientation correlation of LRGs and tiee o
predicted by N-body simulations. Furthermore, we overploa-
Iytic fits to our discrete distributions using a double Gaasgred
dashed curves, see Appen{lik B). Notably, none of our prébabi
ity distributions resembles a Gaussian function. It is obsithat a
single Gaussian function cannot be used as a fair descripfithe
probability functions measured from our simulations.

5.1.2 Misalignment for early- and late-type galaxies

In this section, we study the alignment between stars anid the
host haloes in early- and late-type galaxies. Given thexgastel-

lar velocity dispersiongs;ar, and the halo maximum circular ve-
locity, Vi2*, one can define the ratip = osar/Vie: to quan-
tify whether a galaxy is supported either by ordered (rotel)
motion or by the velocity dispersion. We adopt the convemtio
thatn < 0.5 indicates a rotationally-supported galaxy (late type),
whereasny > 0.5 indicates a dispersion-supported galaxy (early
type).

The left panel of Figllll shows the median misalignment
of the direction of the entire host halo with that of stars in
spheres of increasingly larger radii for early- (dottedesij and
late-type (dashed lines) galaxies. As for the entire galaou-
lation, the misalignment of stars with their host halo dases
from the inner to the outer part of the halo. The misalign-
ment decreases with mass and is lower for late- than for early
type galaxies. The misalignment of early-type galaxiesow-I
mass halo€ (11 < logio(Maoo/[h™ " Mg]) < 12 and12 <
logio(Maoo/[h™* Mg] < 13)) is especially large at all radii and
its radial dependence is significantly steeper than in bkiotases.

The right panel of Fig. (1 shows the ratio,

5

5 In Fig.[1], we use the EAGLE L100 simulation also for the leaassive
bin (cyan lines) to improve the otherwise poor statistichefEAGLE L025
simulation.

© 2014 RAS, MNRASO00,[THI8
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cos 02 / cos 057 of the cosine of the misalignment angle

between the stars of early- and late-type galaxies and thieeen
halo. At all radii of interest here, early-type galaxies anere
misaligned than late-type galaxies. The misalignment earudl
late-type galaxies is smaller by about 10-20%rat- 0.03rS5¢
approximately the expected physical extent of the galaxy.

A more detailed investigation of the galaxy-halo misaligmn
as a function of galaxy type is beyond the scope of this pafier.
do acknowledge that this is certainly an interesting dioecto be
further explored, especially in view of the fact that manyr(ent
and forthcoming) lensing studies for which the misalignheergle
hampers the interpretation of the signal use early-typaxigd such
as LRGs. This exploratory work suggests that late-typexggdaare
instead less misaligned with their host halo and therefioréis
respect, to be preferred to early-type galaxies.

5.1.3 Misalignment for central and satellites galaxies

In this section, we characterize the alignment of stars withr
host halo for centrals and satellites separately. Note wmat
have only considered centrals in the preceding sections.|&fh
panel of Fig[IP shows the median misalignment of the direc-
tion of the entire halo with that of the stars in central antklsa
lite galaxies, whereas the right panel of Figl 12 shows the ra
tio of the cosine of the misalignment angle between the en-
tire halo and the stars for central and satellite galaxies. A
for Fig. 11, we employ the EAGLE L100 simulation for the
mass bins (1 < logio(Msun/[h™ ' Mg]) < 12 and 12 <
logm(Msub/[if1 Mg]) < 13) to improve the otherwise poor
statistics of the EAGLE L025 simulations. Furthermore, wezt
here the dark matter half-mass radiug,;;, as a definition of
the extent of a halo, as this is properly defined for both cen-

(© 2014 RAS, MNRASD0O [THI8

crit

trals and satellites whereas an overdensity with respegtiack-
ground/critical value is an ill-defined concept for sublesldhat
host satellite galaxies. At all radii, the misalignment lertaetween
the entire halo and the stars in central and satellite gadaisi the
same to within 10%. The radial trend is in qualitative agrertn
with those of the whole sample shown in Hig). 8 (i.e. the migali
ment decreases from the inner to the outer halo).

The consistently lower misalignment in the outer parts of
satellites could be due to the tidal stripping removing tlen
(and more misaligned) part of the halo. Instead, in the it
the resulting reduction of;,}}; (for which the radii are normalized)
would produce a shift of the whole relation to the right, efiesly
increasing the misalignment. The competition betweenette®
processes could explain the transition between a more igngsal
inner part to a less misaligned outer part of satellites wepect
to central subhaloes.

This result indicates that satellite-specific physicalcpsses
(e.g. dynamical friction, tidal stripping) generally dotritave a
strong impact on the misalignment between the stellar amdtisn
dark) matter component.

5.1.4 The effect of projection on the misalignment angle

Observationally one only has access to quantities prajecteo

the plane of the sky. Therefore, it is of interest to compheerhis-
alignment in a (random) two-dimensional (2D) plane ontoachtall
particles of the simulations have been projected. Corredipgly,

one has 2D inertia tensors that describe the matter distibof
each component. In this 2D application, the misalignmegteabe-
tween the stars and the halo is measured as the angle betweeen t
main eigenvectors of the inertia tensor of stars and (makthk)
matter.
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The left panel of Fig[1I3 shows the radial- and mass- 5.2 Misalignment of hot gas with its host halo

dependence of the median (cosine of the) misalignment dagle

the 3D (solid) and the 2D (dashed) case. Clearly, the nettedfie
projecting the 3D distribution onto a 2D plane is an incraasbe
alignment at all radii and all halo masses. The right panEi@{I3
shows the ratio between the cosine of the misalignment amgle
and 3D. The ratio decreases with both mass and radius butagsl
greater than unity. It reaches values of about 1.25-1.3thfolow-
mass bins at the radii that are representative of the pHysstoant
of a galaxy. A similar result was reported in Ten14.

Fig.[14 shows the radial and mass dependence of the aligrohent
the hot component of the ga® (> 10°K) with its host halo. The
results are only shown for three mass bins, because the rirass b
11 < logio(Ma200/[h~" Mpc]) < 12 does not contain enough
hot gas particles to retrieve reliable estimates for thertation.
For the highest halo mass bins (right panel) the spatiaatian of

the misalignment angle between the hot component and tire ent
halo (left panel) is similar to that of the stars in the same haass
bins. On the other hand, the misalignment between the hairyghs
the local matter distribution differs from the case of stéing hot

© 2014 RAS, MNRASDO0,[THI8
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gas component is significantly misaligned with respect éldical
matter distribution. Specifically, for haloes in the masg®l 2 <
logi0(Ma0o /[ A~ Mg]) < 13 the misalignment angle of the hot
gas is as large as 50 degrees at 0.3 7S5t and it is~ 30 (~ 10)
degrees for the halo mass range < logio(Maoo /[~ Mg]) <
14 (14 < logio(Mago/[h™ ' Mg]) < 15). Results for redshift

shift (see FiglB). The same qualitative trends hold for the and
the hot gas distribution in haloes (see Figs. 4[@nd 7). Wert¢ipo
Fig.[8) the spatial variation of the median of the shape patara
of the stellar distribution from~ 0.02r290 (i.€. a few to tens of
kpc) torqgo (i.€. up to a few Mpc). We note that at fixed radius
and halo mass, stellar distributions are generally lessrigti than

z = 1 (dotted lines) have similar radial and mass dependence asdark matter haloes. We have measured the r.m.s. of the djec

for redshiftz = 0.

Because it is observable out to larger radii than the stditar
tribution of the central galaxy, hot gas represents a védumhcer
of the gravitational potential of massive clusters. Unfogtely, the
fact that the hot gas tends to be largely misaligned with dicall
matter distribution makes it a poor tracer of the shape ohtie,
Un|65§0g10 (Mzoo/[ ht M@]) > 14.

6 SUMMARY AND CONCLUSIONS

This paper reports the results of a systematic study of
halo and galaxy shapes and their relative alignment in the
EAGLE (Schaye et al. 2015; Crain ef al. 2015) and cosmo-OWLS
(Le Brun et al. 2014/ McCarthy etlal. 2014) hydro-cosmolabjic
simulations. Several aspects of these simulations maka toe
ideal tool for this investigation. First, the combinatiof these
simulations allows us to apply our study to four orders of mag
nitude in halo masses with sufficient resolution and statisSec-
ond, the EAGLE simulations have been calibrated to be ineagre
ment with the observed present-day galaxy stellar masgiumc
and the observed size-mass relat 2018191, Tth
has been shown that cosmo-OWLS simulations reproduce key (X
ray and optical) observed properties of galaxy groups at agel
the observed galaxy mass function for haloes more massare th
log(M/[h™ ' Mg]) = 13.

We have studied the shapes of the distributions of dark
matter, stars and hot gas in haloes with masdés <
logio(Msg /[h™' Mg]) < 15 and their evolution in the redshift
range0 < z < 1. We find that the matter distribution in haloes is
more aspherical (and triaxial) at higher halo mass and higtee

(© 2014 RAS, MNRASD00 [THI8

stellar ellipticity as a function of halo mass. We find a maaeass
dependence, with r.m.s. stellar ellipticity increasindbyb as halo
mass increases by four orders of magnitude. We note thaathes/
of the r.m.s. stellar ellipticity vary from- 0.2 to ~ 0.35 when one
considers only stars within the star half-mass radius. Hewehe
same quantity varies from 0.35 to ~ 0.55 when all stars within
the halo are considered (see . 5).

ml.m@ recently used the Massive Black Il simu
lation to study the mass dependence and evolution of tHarsteld
dark matter components of haloes and subhaloes. Their §iadin
are, for the most part, in qualitative agreement with ou@velver
we find a few differences as reported in the correspondintosec
(see e.g§ M and the discussion of Fifjl 4). Specifically, we high-
lighted sources of potential biases in their analysis. Aaitbal in
§ 3, those biases mostly stem from the use of a hydro-simulatio
that does not reproduce the observed stellar-halo magoretand
by imposing an artificial cut-off in the minimum stellar mdss
which the shape is calculated.

We have measured the misalignment of the baryonic compo-
nents (stars and hot gas) of galaxies with their own hoselsaly/e
find that stars align well with the underlying (mostly darkatter
distribution, especially when all stars inside the halocanesidered
(see Fig[B). However, the stellar distributions in the mparts of
the host haloes do exhibit a median misalignment of abolgQ15-
degrees. The misalignment is smaller in more massive hélées
logio(Maoo/[h~ Mp)]) < 15), late-type galaxies (see Fig11),
and central galaxies (see Higl 12). The hot gas distribatononly
be traced with a sufficient number of particles only in thecopiart
(2 0.37“200) of massive 12 < 10g10(M200/[h71 M@]) < 15)
haloes. In this range we find that the alignment of the hot gés w
theentirehalo is similar to that of the stellar distribution. However
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the hot gas does not align well with theeal matter distribution, ex-
hibiting misalignment angles larger than 20 (typically 8%0) de-
grees in haloes with masses < logio(Maoo/[R™' Mg]) < 15
(see Fig[1h).

We have quantified the effect of projection on the median mis-
alignment angles between the stellar distribution and Hie (see
Fig.[13). Projection reduces the degrees of freedom of thesy
increasing the alignment. Finally, we provided the prolighdlis-
tribution of the misalignment angle between the major akithe
stellar distribution inside the stellar half-mass radind the major
axis of the entire halo for the three- and two-dimensionaédaee
Figs[9 and 10, respectively).

We have encapsulated our results in fitting functions (see
Appendix B) and tables that allow interested practitiongrs
straightforwardly include our results into halo cataloguex-
tracted from N-body simulations. The complete list of fit-
ting parameters as well as tabulated values are available at
http://www.strw.leidenuniv.nl/MV154/.

A natural extension of this work is the study of the correlati
functions of galaxy shapes. We will present such an invatgtg
in a future publication.
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APPENDIX A: CAVEATS IN SHAPE PARAMETER
ESTIMATION

Al The choice of inertia tensor

There exists a plethora of methods designed to characttrize
shape of a given three-dimensional particle distributigsy(dark
matter, star, gas) in the context of cosmological structarma-
tion simulations (see Zemp et al. 2011 and references tijersl
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we used this approach as it is adequate for the comparisomewe p
sented (see e@ =t 2012) and because it allowed us to cerpar
results with most of the other results in the literature.

A2 The effect of sampling

An important technical aspect regarding shape measursrsttt
find the minimum number of particles required to obtain zalsg
estimate. To this aim, we simulate a three-dimensional Witlo a
given axis ratio and a Navarro, Frenk, & White (hereafter NFW
density profile|(Navarro, Frenk & White 1897). More speciliga
we choose values for the three-dimensional halo axis a, o,z
use an analyitical NFW profile with= 5 andri» = a (the largest
axis). We then generaf¥y..+ spherical coordinateg-, ¢, 0) using
the NFW profile as a selection function, redrawing any cowatlis
that fall outside the ellipsoid defined by a, b, and c. Spedlific
we usel < Npare < 3000. For each value ofV,.,¢, we repeat
the samplingl0® times so as to obtain a median and a standard
deviation.

It is worth noting that the number of particles needed for an
unbiased shape determination depend on the intrinsic sifape
halo. Many more particles are needed to retrieve a quasirgath
shape than for example a disky structure. For our test, ti@-in
sic shape of the halo was chosen to have spherigity 0.6 and
triaxiality 77 = 0.7, which is representative of the average shape
parameters of our halo sample (see e.g. resulfd.h2 and Fid.6).

In Fig.[AT we show the relative error on the retrieved shape
parametersS (green lines) andl’ (red lines), as a function of
Npart. Solid lines refer to the median, whereas dashed lines refer
to the 16th and 84th percentiles. The retrieved sphericity shows

those methods are based on the idea that structures can be wely monotonic trend with the number of test particles. The Ephe

described by an ellipsoidal shape. However, the actuarighgas
used to retrieve this shape can differ substantially andrtunfiately
the corresponding results do not often agree (see Zemp2QHl.
for an analysis of this problem under controlled conditiovith
known shapes). Most notably, results on the shape of a [eadii:
tribution may vary if one adopts the inertia tensor rathantthe
reduced inertia tensor, or some iterative form of the twe (@is-
cussions in_Zemp et al. 2011; Tenneti et al. 2015). The diffees
between the inertia tensor and the reduced inertia tensairaven
by the fact that in the reduced inertia tensor calculatiotigas are
not weighted by their distance from the centre. The net eifdbat
if the reduced inertia tensor is used, the shape is less doeairby
the particles in the outer part of haloes, meaning that ttreeved
shape tends to be more spherical as particles in the inner ar
haloes are typically more spherically distributed. We etpd our
analysis using the reduced inertia tensor and found thet fhdit-
tle information content in exploring the radial variatiosing this
method since its properties have almost no variation withusa
We also note that the misalignment angle, which is the qtyaoti
primary interest here, is less affected than shape by theebbthe
algorithm that defines the shape parameters. This is edlpenie
when the alignment is calculated between particles digidhs at
the same distance from the centre.

Another possible variation in the shape calculation is wars
iterative method for the inertia tensor calculation bus timethod
was proven to give very similar results when the inertia ¢ens

used, as shown 15).

Throughout the paper we adopted the definition presented in

eq. [1) and the corresponding shape parameters defined (B)eq.
While our adopted method may be considered somewhat agbitra

(e.g. see the discussions|in Jing & Suto 2002; Zemplet al)2011

(© 2014 RAS, MNRASO0O [THI8

ity increases towards the real value as the number of testlpar

is increased. This means that any resolution effect willl lsran
underestimating of the true sphericity of haloes. For tligipular
halo shape using 300 particles will lead to an average error

in the determination of the sphericity with an accuracy-ot0%.
The triaxiality is typically underestimated but converdaster to
the true value, with the systematic error dropping below 8%@0D
particles. On the other hand the scatter around the mediarep

ing slowly and is still20% for 300 particles. Triaxiality thus re-
quires more particles than sphericity in order to reducedahedom
error below a specific value. Throughout the paper, we thygam
Nparts = 300 as the limit for shape parameter determination. This
assures very good estimate of the median value of the shape pa
rameters with a systematic error bel8% and a random error of
10% in the sphericity an@0% in triaxiality. In this work we did
not show these systematic errors in the shape measurentemtyu
the statistical errors evaluated using the bootstrapgolrique.

APPENDIX B: ANALYTIC FITS FOR THE
MISALIGNMENT ANGLE DISTRIBUTIONS

In this section we provide fitting functididor the distribution of
the cosine of the 3D misalignment andleas well as for the 2D
misalignment angle®. We note that the choice of using the cosine
as the variable of the fitting function stems from the notiwat the

6 The analytic fits provided in this section reproduce the medif the
distributions obtained from the simulations with an accyraetter than
1%.
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Figure Al. Convergence test for shape parameter retrieval. Relatioe e
on the retrieved shape parameter of a synthetic NFW halo asctidn of
the number of particles used to sample the underlying Higtdn. The rel-
ative errors on sphericity and triaxiality are indicatedtbg green and red
lines, respectively. The test is performed using a typiphEsicity value for
the synthetic haloS = 0.6 andT = 0.7. For each number of particles,
distributions are drawm0® times and we report the 50th (continous lines),
16th and 84th percentiles (dashed lines). Retrieving badipe parameters
with a systematic error smaller than a few percent requirésaat 300 par-
ticles.

distribution of the cosine of the alignment angle of a rand@iof
3D vectors is flat, whereas the distribution of the angldfitsenot,
as it is skewed towards large alignments.

We employ the following functional form:

M (z) = A+exp[B— A1 —2)"], (B1)

wherezx = cos (#) and0 < 6 < m/2. This functional form has
four free parametersd, B, A\, 5. We find this number of param-
eters necessary to adequately reproduce the main featutes o
results obtained from the simulations. In the main body effih-
per (see Fid:19), we have employed this fitting function tacdes
the misalignment angle between the stellar component armbst
halo in four halo mass bins and for the typical extent of agala
the half mass radiug3;. The corresponding fitting parameters are
given in TabldBIL. Parameters that refer to other componeats
dius definitions, and halo mass bins, as well as tabulatedamed
values, can be found [t http://www.strw.leidenuniv.nl/L/B4/.

We analytically describe the probability function of thesow®
of the 2D misalignment angle with the following functionatin:

MP(z)=C “\yp L B2
@=Cowp (-5 ) 4+ Doww (-1 ) + £, @)
whereC, o1, D, 02, E are the 5 free parameters required to de-
scribe a double Gaussian plus a ‘floor’. The level of compyjeaf
this functional form is motivated by the results obtainezhirthe
simulations. In the main body of the text (see especially[IHp
we describe the probability distribution of the 2D misatigent
angle between stars and their host haloes in four halo mass bi
and accounting only for stars within the typical extent ofadegy,
the half mass radiug®3;. The corresponding fitting parameters are
given in Tabld BPR. Parameters that refer to other componeats
dius definitions, and halo mass bins, as well as tabulatedamed
values, can be found at http://www.strw.leidenuniv.nl/LBa4/. It
is instructive to compare these 2D misalignment angle idistr
tions to the commonly assumed single-Gaussian distribysee

Simulation mass bin A B A B

EA L025 [11-12] 152E—-02 —-3.58 592 1.01
EA L100 [12—-13] 643E—-03 —0.05 5.13 0.15
CO L200 [13—14] 446E—-03 —1.04 5.64 0.41
CO L400 [14—-15] 4.13E—-03 —0.53 7.13 0.42

Table B1. Fit parameters for EQ.B1 that describes the misalignmegiean
distribution between the direction of the stellar compclrimiderffa‘"*hrc and
that of the entire halo.

mass bin o1 o9 C D E

(11 —12] 5.00 28.17 4.69E — 02 4.69FE —02 4.69FE — 02
(12 — 13] 5.00 31.65 1.31F—-02 131F—-02 1.31F—-02
(13 — 14] 14.70 3252 3.61EF—02 3.61E—02 3.61FE—02
(14 — 15] 9.42 25.71 4.28FE —02 4.28FE —02 4.28FE —02

Table B2. Fit parameters for the double Gaussian fitting function[E4. B
that describes the misalignment angle distribution betvibe direction of
the projected stellar component insidg‘aﬁ; and that of the entire (pro-
jected) halo.

e.g.Okumura, Jing & 1li 2009). None of the distributions fdun

this study resembles a single-Gaussian and we therefot®rau
interested practitioners against adopting this assumptio

APPENDIX C: RESOLUTION TEST

In this section we make use of our different simulations & tiee
influence of resolution on our results. For this test we madeaf
the fact that the L025 simulation is the high-resolutionsi@n of
L100 simulated using a smaller box size. The same is trueZ00L
and L400. We do not compare results from simulations thaewer
not run with the same code.

In Fig.[C1 we show in the upper panels the variation of the
sphericity of the stellar component. In the left panel wevslioe
two mass bins for which is it possible to obtain results fothbo
the LO25 and L100 EAGLE simulations. On the right we do the
same for the L200 and L400 cosmo-OWLS simulations. Differen
colours refer to different mass bins where as different fifydes
refer to different simulations. In the lower panels we shawhe
same manner the misalignment between the stellar compandnt
the whole halo.

The convergence is generally good, especially at larger, rad
even though the box size, and hence the halo samples, alsgecha
between the different simulations. The only case that steowes-
atively poor convergence is the misalignment for the leaas-m
sive bin of the cosmo-OWLS simulations (blue lines) for whike
shape of the curves are similar but the values are shifteteest
the two simulations.
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Figure C1. Resolution test for the variation of the sphericity (uppang@s) and misalignment with the halo (lower panels) of telas component as a
function of radius. We show separately the results for EAGutthe left) and cosmo-OWLS (on the right). For each setrofigtions we show the results in
two distinct mass bins.
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