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ABSTRACT

We report results for the alignments of galaxies in the EAGaiEd cosmo-OWLS
hydrodynamical cosmological simulations as a function afagy separation {1 <
log1o(r/[h~! Mpc]) < 2) and halo massl(.7 < logio(Maoo/[ 2" Mg]) < 15). We focus
on two classes of alignments: the orientations of galaxi#s mspect to either théirections
to, or theorientationsof, surrounding galaxies. We find that the strength of thgrafient is

a strongly decreasing function of the distance betweerxgedaFor galaxies hosted by the
most massive haloes in our simulations the alignment caairesignificant up te- 100 Mpc.
Galaxies hosted by more massive haloes show stronger adigim#t a fixed halo mass, more
aspherical or prolate galaxies exhibit stronger alignsertie spatial distribution of satellites
is anisotropic and significantly aligned with the major axighe main host halo. The major
axes of satellite galaxies, when all stars are consideregyraferentially aligned towards the
centre of the main host halo. The predicted projected dineairientation alignment,. (),

is in broad agreement with recent observations. We find tteadtientation-orientation align-
ment is weaker than the orientation-direction alignmenalibacales. Overall, the strength of
galaxy alignments depends strongly on the subset of statsatk used to measure the ori-
entations of galaxies and it is always weaker than the alerrof dark matter haloes. Thus,
alignment models that use halo orientation as a direct pfoxgalaxy orientation overesti-
mate the impact of intrinsic galaxy alignments.

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

1 INTRODUCTION To overcome these limitations, galaxy alignments
. o . . have been studied via N-body simulations (see e.qg.
Tidal gravitational fields generated by the formation anad-ev Wevst ViIIumsenleek |V1|991 Torrr): llggiz' ICroftg(LMet Ierg
lution of large-scale structures tend to align galaxies doe 2000 Heavens, Refregier & Heymns 2000: Ming P002: Les et al

correlations of tidal torques in random gaussian fields.(e.g 2008:[Belt 2012). The most common ansatz in such studies is
88). Analytic theories have been lo that galaxies are perfectly aligned with their dark mattelobs

th:)a(tjeelzcr:\”?(ea:;];iicl)svrgli-zcg:Znﬂlfgn(;n; msi;“gjﬁ;:!g"::’fmmg’ and that one can therefore translate the alignments of $aloe
. - o , y directly into those of the galaxies that they host. Howetlee,
plicable to low matter density contrasts (the linear regohstruc- observed light from galaxies is emitted by the baryonic conemt
ture formation) and d_o not account _fo_r _drastic evgnts suchag- of haloes and hydro-dynamical simulations of galaxy foiorat
ers of structures, which may erase initial correlations. have revealed a misalignment between the baryonic and dark
matter components of haloes (Deason et al. 2011; Tenndii et a
[2014;| Velliscig et all 2015). On spatial scales charadierisf a
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galaxy, baryon processes (radiative cooling, supernopbosions the same gravitational forces that shear the light emitteth fa
and AGN feedback) play an important role in shaping the apati  galaxy also tidally influence the intrinsic shape of othelagies,
distribution of the stars that constitute a galaxy. Spedlific the then this will produce a nonzero cross correlation betwédwars

ratio between cooling and heating determines the way baryon and intrinsic shape (Gl). The term IG is zero since a foregdou
lose angular momentum and consequently the way they settlegalaxy cannot be lensed by the same structure that is tiohdliy
inside their dark matter haloes. Furthermore, feedback fstar encing a background galaxy, unless their respective positiong
formation and AGN can heat and displace large quantitiesasf g the line of sight is confused due to large errors in the rétisfea-
and inhibit star formation (Springel. Di Matteo & Herngl/Z305; surements.

IDi Matteo. Springel & Hernquist| 2005 Di Matteo ef al.2008; In this paper we report results for thtrinsic alignment of
Booth & Schaye 2009; McCarthy etlal. 2010). These processes, galaxies in hydro-cosmological simulations. Specificatye fo-
which determine when and where stars form, may influence cus on the orientation-direction and orientation-oriéotagalaxy
the observed morphology of galaxies and in turn their okskrv  alignments. To this aim, we define as galaxy orientation th@m

orientations. In hydrodynamical simulations of galaxynfiation eigenvector of the inertia tensor of the distribution ofrsta the
in a cosmological volume, such processes are modelled simul subhalo. We then compute the mean values of the angle between
taneously, leading to a potentially more realistic rediora of the galaxy orientation and the separation vector of othkxgss,

galaxy alignments. The study of such models can unveil pette  as a function of their distance. In the case of orientatidgentation
that encode important information concerning both theighit  alignment we compute the mean value of the angle betweenaghe m

conditions that gave rise to the large-scale structure, ted jor axes of the galaxy pairs, as a function of their distanizhile

evolution of highly non-linear structures like groups atdsters the orientation-orientation alignment can be interprateaightfor-

of galaxies. wardly as the Il term in Eq[{2), the orientation-directisrélated
Beyond their relevance to galaxy formation theory, galaxy to the Gl term in a less direct way (see Joachimi &t al. 201rla fo

alignments are a potential contaminant of weak gravitafitens- derivation of the GI power spectrum from the ellipticity oelation

ing measurements. Although this contamination is relbtivld, function).

it is a significant concern for large-area cosmic shear ysrve In this paper we make use of four complementary simulations

(Joachimi et al._20185; Kirk et &l. 2015 Kiessling etlal. Z20a5d to explore the dependence of the orientation-directiognatient

references therein). Requirements for the precision acuracy of over four orders of magnitude in subhalo mass, and spanihiys} p

such surveys are very challenging, as their main goal istietcain ical separations of hundreds of Mpc. The use of four simoesti

the dark energy equation-of-state parameters at the sokie of different cosmological volumes offer both resolutiordatatis-
level. Weak lensing surveys are used to measure the effébeof  tics, whilst also incorporating baryon physics. The EAGLEs
bending of light paths of photons emitted from distant gelsxiue lations used in this work have been calibrated to reprodue®b-
to intervening matter density contrasts along the line gifitsiThe served present-day galaxy stellar mass function and thenedrs
distortion and magnification of galaxy images is so weakitizn size-mass relation of disc galaxiés (Schaye et al. |2015¢rees
only be characterized by correlating the shapes and otiensaof the cosmo-OWLS (Le Brun etlal. 2014; McCarthy €t al. 2014) sim
large numbers of background galaxies. In a pure weak gtent ulations reproduce key (X-ray and optical) observed priogeof
lensing setting, the observed ellipticity of a galaxyis the sum of galaxy groups and clusters, in addition to the observeckyatess
the intrinsic shape of the galaxy;, and the shear distortion that  function for haloes more massive thamg(M/[h™' Mg]) = 13.
the light of the galaxy experiences due to gravitationasiteg, v, In [Velliscig et al. (2015) we used the same set of simulati@ns
=€ +r. @ study the shape and relative alignment of the distributafrstars,
dark matter, and hot gas within their own host haloes. Oné®f t
If galaxies are randomly oriented, the average elliptioftg sample  conclusions was that although galaxies align relativelyl with
of galaxies,(c*), vanishes. Therefore, any detection of a nonzero the local distribution of the total (mostly dark) mattereytexhibit

(e) is interpreted as a measurement of gravitational shebiow- much larger misalignments with respect to the orientiatibtheir
ever, in the limit of a very weak lensing signal, the distamtin- complete host haloes.
duced via gravitational forces (giving rise toiatrinsic alignment) After the submission of this manuscript, a paper by

can be a non-negligible fraction of the distortion due to poee [Chisari et al.[(2015) appeared on the arXiv. They study thgal
gravitational lensing effect (often termegbparentalignment, see  ment of galaxies at = 0.5 in the cosmological hydrodynami-

(Crittenden et dl. 2001 and Crittenden €t al. 2002 for a siaisle- cal simulation HbRIZON-AGN (Dubois et all 2014) run with the

scription of this effect). adaptive-mesh-refinement code RAMSES_(Teyssier|2002). The
Cosmic shear measurements are obtained in the form of pro- Hori1zon-AGN simulation is run in a(100 2~ Mpc)® volume
jected 2-point correlation functions (or their equivalemtgular with a dark matter particle mass resolution @f;,, = 8 x
power spectra) between shapes of galaxies. FollowinglEq. 1: 10" M. They focus on a galaxy stellar mass range9of<
: -1
(e€) = (1Y) + (7€°) + (€°7) + (°€°) | ) logio(Mstar /[Mo]) < 12.36 and separations up & h~" Mpc.

Their analysis differs in various technical, as well as eptaal,
=GE+GI+IG+IT. ®) aspects from the study presented here. However, they gheotre
If we assume that galaxies are not intrinsically orientechials one that the strength of galaxy alignments depends stronglhestb-

another, then the only correlations in the shape and otientaf set of stars that are used to measure the orientations ofigslas
observed galaxies is due to the gravitational lensing effeihe in- found in our investigation.

tervening mass distribution between the sources and thenadys Throughout the paper, we assume a fl@DM cosmology
(v7). In this case the only nonzero term is the GG (shear-shear) with massless neutrinos. Such a cosmological model is cteara
auto correlation. In the case of a non negligible intrindigranent ized by five parameter§:Q.., Qb, os, ns, h}. The EAGLE and
of galaxies, the Il term is also nonzero, i.e. part of the earr cosmo-OWLS simulations were run with two slightly diffeteets
tion between the shape and orientation of galaxigstiinsic. If of values for these parameters. Specifically, EAGLE was s u
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Table 1.List of the simulations used and their relevant properfsscription of the columns: (1) descriptive simulation ®aif2) comoving size of
the simulation box; (3) total number of particles; (4) cotmgical parameters; (5) initial mass of baryonic particl€ mass of dark matter particles;

(7) maximum proper softening length; (8) simulation nange ta

Simulation L Nparticle ~ Cosmology my Mdm €prop tag
[A~'Mp] [h™'Mge] [h™'kpc]

@ @ (©)] 4 ®) (6) ] (C)

EAGLE Recal 25Mpc] 2x 7523  PLANCK  1.5x10° 8.2 x 10° 0.2 EA L025

EAGLE Ref 100[Mpc] 2 x 15043  PLANCK  1.2x 10 6.6 x 106 0.5 EA L100

cosmo-OWLS AGN 8.0  200h~—!Mpc] 2 x 10243  WMAP7 87 x 107 4.1 x 108 2.0 CO L200

cosmo-OWLS AGN 8.0  400h~—! Mpc] 2 x 10243  WMAP7 7.5x10% 3.7 x 10° 4.0 CO L400

ing the set of cosmological values suggested by the Plansioni

{Qm, b, 08, ns, h} ={0.307, 0.04825, 0.8288, 0.9611, 0.6F77

(Table 9] Planck Collaboration et/al. 2014), whereas co@W4-S

was run using the cosmological parameters suggested bythhe 7

year data releasé (Komatsu etlal. 2011) of the WMAP mission

{Qm, O, 08, ns, h} ={0.272, 0.0455, 0.728, 0.81, 0.967, 0.704
This paper is organized as follows. In Sectidn 2 we summa-

rize the properties of the simulations employed in this wi@@.1)

and we introduce the technical definitions used throughmipa-

per §[2.2 and5[2.3). In Sectiofi 3 we report the dependence of the

orientation-direction alignment of galaxies on subhales@3.1),

matter components [3.2), galaxy morphologys(3.3) and subhalo

type §[3:4). In Sectiolitl we compare our results with observations

of the orientation-direction alignment. In sectidn 5 weartpesults

for the orientation-orientation alignment of galaxies. ¥enma-

rize our findings and conclude in Sect[dn 6.

2 SIMULATIONS AND TECHNICAL DEFINITIONS
2.1 Simulations

In this work we employ two different sets of hydrodynamicase

mological simulations, EAGLE| (Schaye et al. 2015; Crainlet a

) and cosmo-OWL$S (Schaye eflal. 2010; Le Brunlet al|2014;

[McCarthy et al. 2014). Specifically, from the EAGLE project
we make use of the simulations run in domains of boxsize
L 25 and 100 comoving Mpc in order to study with suf-
ficient resolution central and satellite galaxies hostedshp-
haloes with mass fromogio(Msub/[h ™ Ma)) 10.7 up to
logm(Msub/[if1 Mg]) = 12.6, whereas from cosmo-OWLS we
select the simulations run in domains of boxsize= 200 and
400 comoving A~! Mpc which enable us to extend our analysis to
logio(Msub/[h™ Mg]) = 15. For each simulation the minimum
value of subhalo mass is chosen to be the subhalo mass abimre wh
all haloes have at least 300 stellar particles. Using 30@ctes
ensures a reliable estimation of the subhalo s

m) Tabld1L lists relevant specifics of these snmulatuénaal-
evant feature of our composite sample of haloes, taken fam f
different simulations, is that it reproduces the stellarssnhalo
mass relation inferred from abundance matching technisjuetes
5), which ensures that galaxies in ourlations
reside in subhaloes of the right mass.

EAGLE and cosmo-OWLS were both run using modified
versions of theN-Body Tree-PM smoothed particle hydrody-
namics (SPH) codesADGET 3 (Springell 2005). The simula-
tions employed in this work make use of element-by-elemant r
diative cooling [(Wiersma, Schaye & Smiith 2009), star foiiorat
(Schaye & Dalla Vecchia 2008), stellar mass Io

(© 2015 RAS, MNRASD00, [THI3

[2009), stellar feedback (Dalla Vecchia & ScHaye 2008, 2012)

Black Hole (BH) growth through gas accretion and mergers
tal. 2013), and therma
AGN feedback|(Booth & Schg&e 2009:; Schaye et al, 2015).

The subgrid physics used in cosmo-OWLS is identical to
that used in the OWLS run "AGN’[(Schaye ef al. 2010). EA-
GLE includes a series of developments with respect to cosmo-
OWLS in the subgrid physics, namely the use of thermal

(Dalla Vecchia & Schaye 20112), instead of kinetic, energgdfe

back from star formation, BH accretion that depends on tseaga
gular momentum (Rosas-Guevara et al. 2013) and a metatiieit
pendent star formation law. More information regardingtdwhni-
cal implementation of EAGLE’s hydro-dynamical aspectswad

as the subgrid physics, can be foun2015).

2.2 Halo and subhalo definition

Haloes are identified by first applying the Friends-of-Fdie(FoF)
algorithm to the dark matter particles, with linking lengit2
5). Baryonic particles are associated e tfos-
est dark matter particle and they inherit their group cfasgion.
Subhaloes are identified as groups of particles in local rmanof
the gravitational potential. The gravitational potenigatalculated
for the different particle types separately and then addeatder
to avoid biases due to different particle masses. Localmarare
identified by locating saddle points in the gravitationateudial.
All particles bound to a given local minimum constitute alsaio.
The most massive subhalo in a given halo is ¢katral subhalo,
whereas the others asatellite subhaloes. Minima of the gravita-
tional potential are used to identify the centers of subdmld@he
subhalo masd/s., is the sum of the masses of all the particles be-
longing to the subhalo. For every subhalo we define the radfitis
within which half the mass in dark matter is found. Similabut
using stellar particles, we defimg'3: (usually around one order of
magnitude smaller tharf'™};), which represents a proxy for the typ-
ical observable extent of a galaxy within a subhalo. T3 is the
radius of the sphere, centered on the central subhalo, ticate
passes a mean density that is 200 times the critical denfsttyeo
Universe. The mass withirgi is the halo masa/sii. The afore-
mentioned quantities are computed USSBFIND MI.
[2001; Dolag et dl. 2009).

In Table[2 we summarize the= 0 values of various quanti-
ties of interest for the halo mass bins analysed here.

2.3 Shape parameter definitions

To describe the morphology and orientation of a subhalo wiema
use of the three-dimensional mass distribution tensa, rafferred
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Table 2. Values atz = 0 of various quantities of interest for our four

subhalo masss.bDescription of the columns: (1) simulation tag; (2)

subhalo mass randeg;, (Msun/( k™1 Mg)); (3) median value of the halo maksg1o (MSELY) for centrals; (4) median value of the stellar mass

(log1o(Mstar /(™1 Mg))); (5) standard deviation of the stellar mass

distributiop,, , as....,; (6) median value of halo virial radiusSiit for

centrals; (7) median radius within which half of the mass amkdmatter is enclosed; (8) median radius within which halthe mass in stars is
enclosed; (9) number of haloes; (10) numbersattellite haloes (11) color used throughout the paper for this paatianass bin and, with different

shades, for the simulation from which the mass bin is drawmfr

Simulation tag mass bin MSEY  Mgstar  Ologyo Matar rgut pdme St Npao o Neat  Color
* * * * *% *% *%

(1) (2 (3) (4) (5) (6) (7) (8) 9 (10 (11)

EA L025 (10.70 — 11.30] 10.87 8.72 0.46 68.1 28.0 2.3 234 43 black

EA L100 [11.30 — 12.60] 11.59 9.92 0.45 118.4 50.7 3.2 4530 745 red

CO L200 (12.60 — 13.70] 12.78 10.88 0.27 295.6 175.7 31.1 5745 450  green

CO L400 [13.70 — 15.00] 13.82 11.85 0.22 656.3 416.4 73.5 3014 94 blue

*logio[M/(h™ Mg)]
** [h~1kpc]

to as the inertia tensor ( 6996).
Npart

My =" mpzpity;, (4)
p=1

where N, is the number of particles that belong to the structure
of interest,x,; denotes the elementwith ¢,j = 1,2, 3 for a 3D
particle distribution) of the position vector of partigleandm,, is

its mass.

The eigenvalues of the inertia tensor are(with ¢ = 1,2,3
and\; > A2 > \g, for a 3D particle distribution as in our case).
The moduli of the major, intermediate, and minor axes of the e
lipsoid that have the same mass distribution as the streictuin-
terest, can be written in terms of these eigenvalues as /A1,

b = VA2, andc = +/X3. Specific ratios of the moduli of the
axes are used to define the sphericBy,= c¢/a, and triaxiality,

T = (a* — bv*)/(a® — ¢?), parameters (see Velliscig eflal. 2015).
The eigenvectorsg;, associated with the eigenvalugs define the
orientation of the ellipsoid and are a proxy for the orieiotatof
the structure itself. We interpret this ellipsoid as an agjnation

to the shape of the halo and the axis represented by the niggor-e
vector as the orientation of the halo in a 3D space.

3 ORIENTATION-DIRECTION ALIGNMENT

In this section we present results concerning the aligninetteen
the orientations of the stellar distributions in subhalaigined as
the major eigenvector of the inertia tensér, and the normalized
separation vector], of a galaxy at distance. Note that all quanti-
ties are defined in a 3D space. We definas:

¢(r) = arccos(|é1 - d(r)|), 5)

whereé; is the major eigenvector of a galaxy in the orientation
sample, and is the separation vector pointing towards the position
of a galaxy in the position sample (see Hifj. 1). Note thatpdol

ing Eq[B,0 < ¢ < 7/2. The value of(cos(¢)) is then computed
as an average over pairs of galaxies from the orientationpand
sition samples. Values dios(¢)) close to unity indicate that on
average galaxies are preferentially oriented towards ireetibn

of neighbouring subhaloes. We remind the reader that wehgse t
term subhalo to refer to the ensemble of particles bound ¢aa |
minimum in the gravitational potential. Central galaxies hosted

C )

\,' J

ra
d
@

A

Position sample (g)

€1
Orientation sample (+)

Figure 1. Diagram of the angle> between the major eigenvectéy of a
subhalo in the orientation sample (+), and the separatiotovd pointing
towards the direction of a subhalo in the position sampleNg}e that all
guantities are defined in 3D space.

by the most massive subhalo in a FoF group (§8€d). Through-
out the text and in the figures we use (+) to refer to propedfes
galaxies in the orientation sample, whereas we use (g) faxigs
in the position sample.

Observations typically measure the product of the cosine of
the anglep and the ellipticity of the galaxy in the orientation sam-
ple. We opt to begin our analysis by presenting results amiyte
angle¢ since it has a clearer interpretation that is independent on
the shape determination of the galaxy. We present resulabier-
vationally accessible proxies in Sectldn 4.

3.1 Dependence on subhalo mass and separation

The left panel of Figi2 show&os(¢)) for pairs of galaxies (both
centrals and satellites) binned in subhalo mass and as tdumd
3D separation. Subhaloes in the orientation sample (+) are cho-

(© 2015 RAS, MNRASD00,[THI3
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1o " 10—y 0
E — EA L025 §+) 10.7,11.3); gg; 10.7,11.3 120 E — EA L025 §+) 10.7,11.3}; gg; 10.7,11.3 120°
E — EAL100 (+)[11.3,12.6]; (g)[11.3,12.6 1 E — EAL100 (+)[11.3,12.6]; (g)[11.3,12.6 1
0.9F — co 1200 (+)[12.6.13.7); (q)[12.6,13.7 E 0.9F — co 1200 (+)[12.6.13.7); (q)[12.6,13.7 3
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04F o i 04F it v it
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Figure 2. Left Mean value of the cosine of the anglebetween the major eigenvector of the stellar distributind e directions towards subhaloes with
comparable masses as a function of 3D galaxy separatiomy Bnagss bin is taken from a different simulation. The simalaidentifiers used in the legends
refer to column (8) of Tablgl1. The minimum subhalo mass imel@ ensures that only haloes with more than 300 stelldigies are selected. The curves
are not shown for 3D separations larger than approximatglyof the simulation volumeRight Same as left panel but with physical distances rescaled by
the rf“;f of the subhaloes. In both panels the error bars represergigma bootstrap errors. The horizontal dashed line inelictiie expectation value for
random orientations. The orientation-direction aligntragcreases with distance and increases with mass. The egasdince is greatly reduced when the
distances are normalized lnggllf.

1.0F — T T T T """'.00 1.0F — T T LA T """'.00
Tk EA L100 $+)r1 3,12, 51; ég;roz.n.si 1o0° ’ £ CO L200 (+)rzs 13, 71; ég;rtmz.si 1o0°
E — EA L100 (+)[11.3,12.6]; (a)[11.3,12.6 ] E — CO 1200 (+)[12.6,13.7]; (g)[12.6,13.7 ]
0.9F — EAL100 (+)[11.3,12.6]; (g)[12.6,13.7 E 0.9F — CO L200 (+)[12.6,13.7]); (g)[13.7,15.0 E
: J50° : J50°
0.8F 3 0.8F 3
E 1a0° E J40°

A E ] A E E

S e £

2 0.7F ie 8 0.7F ie

(] ] O E ]
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0.6F 3 0.6F 3
3| SRR S SS | SRR S
0,4g 1 1 1 g 0,4g 1 1 1 3

107" 10° 10 102 10° 107" 10° 10 102 10°
r /<rg:;f >, r /<rg:;f >,

Figure 3. As for the right panel of Fid.]2, but in this case the masses@f&ubhaloes in the orientation sample (+) are kept fixed egsesubhaloes in the
position (g) sample are selected from mass bins above, l@legual to the mass bin of the orientation sample. Physistdrites are rescaled by ﬂfé" of
the subhaloes in the orientation sample. In the left parestibhaloes are taken from the EAGLE L100 simulation anddnithht panel they are taken from
the cosmo-OWLS L200 simulation. In both panels the erros bepresent one sigma bootstrap errors. Thicker linesatelimore massive subhaloes for the
position sample. The orientation-direction alignmenttisrsger for more massive subhaloes in the position subsampl

sen to have the same mass limits as the subhaloes in theopositi direction of neighbouring galaxies is a decreasing fumctibdis-

sample (g). Values are shown for four different choices dhsilo tance and it increases with mass. For large separationsntiie a
masses, where every mass bhin is taken from a different simula tends to the mean value for a randomly distributed galaxgnta-
tion (see legend). Errors are estimated via the bootstdmigue. tion, i.e.(cos(¢)) = 0.5. The physical scale at which this asymp-

Specifically, we use the 16th and the 84th percentiles of 890 r totic behaviour is reached increases with increasing dalvhass.
alizations to estimate the lower and upper limits of the rebars.

The cosine of the angle between the orientation of galaxidstze The right panel of Figll2 showgros(¢)) as a function of

the physical separation rescaled by the average size oakgsh

(© 2015 RAS, MNRASD00, [THI3
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<rﬁ;’1‘f>, in that mass hin. This rescaling removes most, but not all,
of the offset between different halo mass bins. On averadghado
pairs separated by more thaf0r{™; show only weak alignment
((cos(¢)) < 0.52 at100rim,).

Fig.[3 shows/cos(¢)) as a function of the separation rescaled
by the average size of the subhaloes in the orientation (hpka
In this case the masses of the subhaloes for which we medmure t
orientation of the stellar distribution are kept fixed wlaerdaloes
in the position (g) sample are selected from mass bins atbese,
low or equal to the mass bin of the orientation sample. Resué
shown for two of the four simulations: in the left panel for GRE
L100 and in the right panel for cosmo-OWLS L200. The linekhic
ness is proportional to the subhalo mass of the position kaffpe
orientation of subhaloes of a given mass tends to be moreealig
with the position of higher-mass subhaloes.

We note that the two suites of simulations employed here,
cosmo-OWLS and EAGLE, differ in resolution, volume, cosmol
ogy and subgrid physics. Testing how each of these diff@®m-
pacts our mean results is beyond the scope of this study (wklwo
need as many simulations as differences that we wish to tiestg-
fore we examine the overall convergence of the two simulatiny
selecting a subhalo mass hif.6 < logio(Msub /[~ Mg]) <
13.1 that yields an orientation sample of galaxies that is nuoeero
enough in the EAGLE L100 simulation, as well as resolved @& th
cosmo-OWLS L200 simulation. We find that, in this specificezas
the results are consistent within the bootstrapped erbamt$, for
stars and stars withir®3% (not shown).

Subhalo mass plays an important role in the strength of the
orientation-direction alignment of subhaloes. The depend on
the subhalo mass weakens with distance but only becomeiginegl
ble for separations> 100 times the subhalo radius.

3.2 Dependence on the choice of matter component

In this section we report the orientation-direction aligmtfor the
case in which the orientation of the subhalo is calculatéay,se-
spectively, dark matter, stars (as in the previous secton)stars
within the half-mass radius‘3;. An alternative choice of a proxy
for the typical extent of a galaxy would be to consider onbrst
within a fixed 3D aperture of 30Kpc that gives similar galaxgpp
erties as the 2-D Petrosian apertures often used in obseraht
studies|(Schaye etlal. 2015). Note that the two definitiolscite

for the subhalo mass bit2.6 < logio(Msun/[h ™" Mg]) < 13.7
(CO L200). We note that;'3} varies among the four mass bins
used in this work (see Tadlé 2 column (8)).

Fig.[4 shows the cosine of the angldetween the direction of
nearby subhaloes and the orientation of the distributiatadf mat-
ter, stars (as shown in Figl 2) and stars within the half-madisis
of subhaloes in the same mass bin. The left panel displayethe
sults for the subhalo mass bin.3 < logio(Meu,/[h™F Mg]) <
12.6 (from the EAGLE L100 simulation), whereas the right panel
refers to the subhalo mass biR.6 < logio(Msuw,/[h™ Mg]) <
13.7 (from the cosmo-OWLS L200 simulation).

Irrespective of the subhalo mass and separation, the arient
tion of the dark matter component shows the strongest akginm
with the directions of nearby haloes, whereas the oriematif
stars inside-t3; shows the weakest alignment.

These results are suggestive of a scenario in which the-align
ment between subhaloes and the surrounding density fiefd-is i
printed mostly on the dark matter distribution. Therefordien
the orientation of the subhalo is computed using all starther
stars withinr%3}, the signal is weakened according to the internal

misalignment angle between the specified component andthe t
tal dark matter distribution. The trend shown by Hily. 4 theme
follows naturally from the results of Velliscig etlal. (201 5tars
within r$*2% exhibit a weaker alignment with the total dark matter
distribution than all stars in the subhalo.

The difference between the orientation-direction aligntne
obtained using the dark matter, all the stars or the starsirwit
the typical extent of the galaxy, could account for the com-
mon finding reported in the literature of galaxy alignmemiatt
such alignments are systematically stronger in simulatitivan
when measured in observational data (see the recent reoews
KKiessling et al! 2015 and Kirk et &l. 2015 for a detailed compa
ison between observational and computational studies}e®b-
tions are limited to the shape and orientation of the regibn o
a galaxy above a limit surface brightness (often within acef
brightness isophotes), whereas simulations need to relyrox
ies for the extent of those regions (e.g. usmg baryonlcdmn}r
sity thresholds Hahn, Teyssier & Carollo 20
Welker et al.| 2014} Dubois etldl. 2014) or to employ weighting
schemes to the sample of star particles that constituteaangédee
e.g. use of theeducedinertia tensor i 15).

3.3 Dependence on galaxy morphology

Theory predicts that the alignment of early-type galaxies a
late-type galaxies arises from different physical proessg.g.
Catelan. Kamionkowski & Blandford 2001). It is of interesien
to study the alignment as a function of galaxy morphologies.

In this section we report the orientation-direction aligam
of galaxies with different sphericities in order to expldohe effect
of the shape of galaxies on the orientation-direction afignt. We
divide our sample of subhaloes according to the spheriditiieir
whole stellar distribution, defined & = ¢/a wherea andc are
the squareroot of the major and minor eigenvalues of thdiaer
tensor respectively (s€@.3). We choose a threshold value for the
sphericity of0.5 that yields a similar numbers of galaxies in the two
subsamples, as the median sphericity of the total sampleis
This galaxy selection by sphericity represent a simple yrmx
galaxy morphology.

Fig.[H shows the mean values of the cosine of the arngle
for galaxies of sphericity above and below the thresholdyel
as for the total sample. The left panel displays the resaltshie
subhalo mass biit1.3 < logio(Msub/[h™" Mg]) < 12.6 (from
the EAGLE L100 simulation), whereas the right panel referthe
subhalo mass bit2.6 < logio(Msun/[h™ Mg]) < 13.7 (from
the cosmo-OWLS L200 simulation).

More spherical galaxies (thinner lines) show a weaker
orientation-direction alignment. The differences betwéee two
shape selected samples of haloes are within the errors éessc
larger thanl = Mpc, suggesting that the effect of shape is dom-
inated by subhaloes of the same hosts. A similar trend (rmtish
is found using triaxiality, see¢f2.3, as the indicator of galaxy
shape. ProlateZ( > 0.5) stellar distributions show the strongest
orientation-direction alignment, whereas oblafe € 0.5) ones
show the weakest. The better alignment of prolate or asgdderi
galaxies is probably due to the fact that these galaxies &leg-
ter with their underlying dark matter distributions (notosm),
which in turn produces a stronger orientation-directiagrahent
(see Figlh).

We note that the orientation of a perfectly spherical diskri
tion (S = 1) of stars is ill defined. Although this can potentially af-
fect our measurements, less than 2% of galaxies in our sarapée
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Figure 4. Mean value of the cosine of the anglebetween the major eigenvectors of the distributions ofssfi@d curve in the left panel and green curve
in right panel as in Fid:]2), dark matter (gray curves), orssteithin ~$*2r (purple curves) and the direction towards subhaloes withpayable masses as

half
a function of 3D galaxy separation. The subhaloes used fotett panel are taken from the EAGLE L1001(3 < logio(Mgu,/[h~! Mp]) < 12.6)
Mgu,/[R~ 1t Mg]) < 13.7). Thicker lines indicate

simulation while in the right panel they are taken from therno-OWLS L200 simulationlQ.6 < logio(
components with stronger alignment. In both panels the &acs represent one sigma bootstrap errors. The oriemtatithe dark matter component is most

strongly aligned with the directions of nearby subhalodseneas the orientation of stars msmf}ié shows the weakest alignment.
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Figure 5. Mean value of the cosine of the angldbetween the major eigenvector of the stellar distributiod the direction towards neighbouring subhaloes
as a function of 3D galaxy separation, for galaxies in therdgtion sample selected based on their shape. The seleckiased on the sphericity of the whole
stellar distribution defined aS = ¢/a wherea andc are the square root of the major and minor eigenvalues ofiértia tensor respectively. We choose a
threshold value for the sphericity 6f5. The subhaloes used for the left panel are taken from the EAGLOO (1.3 < logio (Mg, /[R ™ Me]) < 12.6)
simulation while in the right panel they are taken from themo-OWLS L200 simulation1@.6 < logio(Msun/[h~ ! Mg]) < 13.7). Thicker lines

indicate components with stronger alignment. In both paitiet error bars represent one sigma bootstrap errors. Nderisal galaxies show a weaker
orientation-direction alignment.

a sphericity higher than 0.8. We also note that more massieh,
for which the orientation-direction alignment is stronigéend to
be less spherical and more triaxial ( 0 2
fore, selecting haloes by shape biases the sample towastisTsy
atically different masses: however, the mass differendhéntwo

shape-selected samples is about 4%, which is too small laiaxp
the differences in alignment of haloes with different stgape

Observations indicate that ellipsoidal galaxies shownsfeo
intrinsic alignment than blue disk galaxuﬂMdm
[Singh, Mandelbaum & Mole2015). However, we caution the

reader that there are still many complications to take ictoant
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before one can compare the trends discussed above withdhese
servational results. First, one would need to select gasalzsased
on their colors, which requires stellar population synithesod-
els. Second, the sphericity of the stellar component is plgtic
proxy for selecting disc galaxies. Selecting galaxies ating to
their morphology, in a similar way as done observationaliguld
require a stellar light decomposition in bulge and disc congmt.

3.4 Alignment of satellite and central galaxies

3.4.1 The increased probability of finding satellites aldhg
major axis of the central galaxy

In the previous sections we studied the orientation-divact
alignment of galaxies irrespective of their classificatas cen-
trals or satellites. In this subsection we report the alignm
between the orientations of central galaxies (g) and the di-
rections of satellif® galaxies (+) and, in turn, the probabil-
ity of finding satellite galaxies distributed along the nrafxis

of the central galaxy. This effect has been studied both-theo
retically, making use of N-Body (e.q. Faltenbacher et al0&0
Agustsson & Brainefd 2010: Wang eilal, 2014a) and hydrodynam
ical simulations |(Libeskind et &l. 2007; Deason et al. 20HHd
observationallyl (Sales & Lambas 2004 Brainerd 2005 Yarad e

2006] Wang et al. 2008; Nierenberg elal. 2012; Wang/et ak201
[Dong et all 2014). Those studies report that the distribufsatel-

lites around central galaxies is anisotropic, with an excésatel-
lites aligned with the major axis of the central galaxy.

previous section report the results for alignment betwéenori-
entations of the central galaxy and the direction of saslliThe
orientation of satellite subhaloes is computed using all gtars
bounded to the subhalo. Theoretical studies using N-bouly si
ulations {(Kuhlen, Diemand & Madau 2007; Pereira, Bryan &8 Gil
[2008; [ Faltenbacher etlal. 2008) and hydrodynamic simuistio
IO) found that on average the orientatioratefl-s
lite galaxies is aligned with the direction of the centretadit host
halo.

Fig. [@ shows the average value of the cosine of the an-
gle between the orientation of the satellite and the dioactf
the centrals as a function of the separation rescaled by \the a
erage virial radiussGht). The mass of the subhaloes in the ori-
entation sample (+) is kept fixed whereas the masses of the cen
tral haloes (g) are chosen to have similar or higher massas. V
ues of (cos ¢) that are significantly greater thdn5 indicate that
the orientation of satellites galaxies are preferentiallgned to-
wards the direction of central galaxies. As for the previsuissec-
tion, we use two different mass bins taken from two simutsio
11.3 < logio(Msub /[ ™! Mg]) < 12.6 from EAGLE L100 (left)
and12.6 < logio(Msun/[h~' Mg]) < 13.7 from cosmo-OWLS
L200 (right). The line thickness is proportional to the salohmass
of the position (g) sample. In both panels the physical sgjmars
between the pairs are normalised by (br i(§> of the haloes host-
ing the central galaxies.

The major axes of satellite galaxies, when all stars areidons
ered, are significantly aligned towards the direction ofdaetrals
within their virial radius. The strength of the alignmentctiees

Fig.[8 shows the average angle between the orientation of very rapidly with radius and is very small outside the viriadius.

the stellar distribution of central subhaloes and the posiof
satellite galaxies. Values dtos ¢) that are significantly greater
than 0.5 indicate that the positions of satellites are preferen-
tially aligned with the major axis of the central galaxy. Weeu
two different mass bins taken from two simulationst.3 <
logio(Msun/[h™ ' Mp]) < 12.6 from EAGLE L100 (left) and
12.6 < logio(Msun/[R™ ' Mp]) < 13.7 from cosmo-OWLS
L200 (right). The line thickness is proportional to the sallohmass
of the position (g) sample. In both panels the physical sjmars
between the pairs are normalized by (he”°> of the haloes host-
ing the central galaxies.

For separations up td00 <r§5i(§ , the positions of satellite
galaxies are significantly aligned with the orientation ehtal
galaxies (not necessarily in the same host halo), with magsive
satellites showing a stronger alignment. The same quaétae-
haviour is found for both mass bins, but the effect is strofgethe
more massive central subhaloes. On scales Iargewh@ﬂ rsit
the alignment depends only weakly on the mass of the satstlib-
haloes. We speculate that the alignment of satellites veétitral
galaxies of different host haloes is likely driven by theretation
between the orientation of the central galaxies and theosod-
ing large-scale structure, which in turn influences the timss of
satellite galaxies.

3.4.2 The radial alignment of satellite galaxies with theedfion
of the host galaxy

Here we investigate the radial alignment of the orientatiofisatel-
lites (+) with the direction of the central galaxy (g), whasen the

L In this subsection, satellite galaxies do not necessagligrig to the same
haloes that host the paired central galaxies.

There is only a weak dependence on the central subhalo mass.

We note that by considering only stars 4’3} the trends
shown in Figl® and in Fi§] 7 are weakened (not shown). Thidtes
in a less significant alignment for galaxies hosted by sudgsalvith
massed 1.3 < logio (Msub/[h™' Mg]) < 12.6 from the EAGLE
L100 simulation, whereas a still significant alignment iarid for
galaxies with12.6 < logio(Msu,/[h™' Mg]) < 13.7 from the
cosmo-OWLS L200 simulation.

4 TOWARDS OBSERVATIONS OF
ORIENTATION-DIRECTION GALAXY ALIGNMENT

In this subsection we report results for observationallgeasible
proxies for the orientation-direction alignment, whichpdad on
the shape of galaxies as well as on their orientation, matkiam
tightly connected to cosmic shear studies. All the relevaranti-
ties for the following analysis are defined in a 2D space.

Observationally, the ellipticity is decomposed into th@-pr
jected tangentiale(;) and transverse: () components with respect
to the projected separation vector of the galaxy pair:

€+ = |e| cos(2D) (6)
€x = |¢| sin(2®) 7)
1= T3¢ ®

where® is the position and&between the projected orientation
of the galaxy and the direction of a galaxy at projected dista;,
andb/a is the axis ratio of the projected galaxy.

2 The symbokb is used to indicate an angle between vector in 2D, whereas
the symbolp (see Eq.b) indicates an angle between vectors in 3D.
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Figure 6. Mean value of the cosine of the angle between the orientatidhe stars in the central galaxy and the direction of staejjalaxies as a func-
tion of the 3D galaxy separation, rescaled by the host h%?g. The central galaxies used for the left panel are taken fleenBAGLE L100 (1.3 <
log10(Mgup/[h~F M@]) < 12.6) while in the right panel they are taken from the cosmo-OWI2BQ simulation (2.6 < log1o(Mgun /[~ Mg]) <
13.7). In both panels the error bars represent one sigma baotstrars. Thicker lines indicate higher mass. The satellg&ibution is aligned with the central
galaxy out to~ 100r§5i(§. Forr < 10r§5i(§ the alignment is substantially stronger for higher-massligas.
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Figure 7. As for Fig.[@ but in this case the orientation is computed fier ¢tellar distribution in satellite galaxies and the angl@easured with respect to the
directions of central galaxies hosted by subhaloes ofréiffemasses. The alignment between satellites and theidireof centrals decreases with distance
but is insensitive to the mass of the host halo.

Then the functior, is defined as:

has proven to be very challenging (015, afd re

e+(G | 0) erences therein). In group and cluster environments, tresuned
€at(rp) = > ;\77-’ 9) quantity, e, (see Eq[D), is the mean value of the angle between
itjlrp T the projected orientation of theatellite galaxy and the direction

where the index represents a galaxy in the shape sample, whereas of the host multiplied by the projected ellipticity of the satellite.
the indexj represents a galaxy in the position sample. The function 1YPical values of th(g root mean square of galaxy shape parame
ea+ (rp) is the average value ef. at the projected separatiep. ter,e = (1 — (b/a)”)/(1 + (b/a)”), in the set of simulations
Groups and clusters of galaxies, where strong tidal torqees ~ €Mployed in this study, can be found in Fig. 5t a
expected to align satellite galaxies toward the centre efibst's )15). Those values are in broad agreement with the olzterve
gravitational potential, are ideal environments to studgrdation- noise-corrected values (abdub-0.6 depending on luminosity and
direction alignment. However, the task of measuring thignahent galaxy type, (e.. Joachimi etlal. 2013)) when all stars bhaloes
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Figure 8. Values of the observationally accessible proxy for origoiadirection alignmente,1 (see Eq[B), as a function of the projected separatjon
Only pairs that are separated by less tBaih —! Mpc along the projected axis are considered for this analysis.€fror bars indicate one sigma bootstrap
errors. In the left panel the orientation of the subhalo issueed using all the stellar particles whereas in the righeponly stars within thejt3: are used,
which greatly reduces the alignment. Thicker lines |ndaseh|gher masses. The coloured dotted lines show the aveageofe, | within the virial radius

of the central galaxy. Observational measurements froomsif al |(,2_Q1|5) constrained the average ellipticity tepe =

are considered. However, when only stars witHii} are consid-
ered| Velliscig et 21| (2015) found typical values fgr,s of &~ 0.2-
0.3, thatis a factor of 2 lower than the observed value. This ssigg
that galaxy shapes computed using stars withjifii are rounder
than the observed shapes, potentially leading to an urtteste

of the ¢g+. To quantify this effect, we would need to analyse syn-
thetic galaxy images from simulations with the shape estimal-

—0.0037 £ 0.0027.

tive alignment. We repeat the same analysis using only wiéns

ritat (see right panel of Fif]8). In this case the average valag,of
for distances that are smaller than the host virial radius)'msis-
tent with zero, in agreement with the observations o foa
(2014) and_Sifon et all (2015). Using deeper observatmmsr-

der to probe the lower surface brightness parts of satgfitexies,
could represent a way to reveal the alignment that is seebseare

gorithms used in weak lensing measurements. We defer such anvations when all stars bounded to subhaloes are considered.

investigation to future works.

Recent observational studies of the orientation-directio
alignment in galaxy groups and clusters reported signatsise
tent with zero alignment_(Chisari etlal. 2014; Sifon et d17).
SpecmcaIIyI@S) used a samplexofl4, 000 spec-
troscopically confirmed galaxy members of 90 galaxy clsstéth
median mass oogio(Ma00/[Mp]) = 14.8 and median redshift
of z = 0.14, selected as part of MENeaCS (Multi-Epoch Nearby

Recently, Singh, Mandelbaum & More (2015) measured the

relative alignment of SDSS-111l BOSS DR11 LOWZ Luminous Red
Galaxies (LRGS) in the redshift rangel6 < = < 0.36 observed
spectroscopically in the BOSS surv01§))p$\
posed to the case of galaxy groups and clusters, these raeasur
ments are obtained by integrating along the line of sightvben

4100 Mpc. Furthermore, Singh, Mandelbaum & Mole (2015) re-

ported the average halo masses of those galaxies, as abfeone

Cluster Suweym-lz) and CCCP (Canadian Clustergalaxy-galaxy lensing analysis. We perform the same measur

Comparison Project; Hoekstra et al. 2012). They constdathe
average ellipticity, within the host virial radius, to hg, =
(=3.742.7) x 1072 or eg4 = (0.4 x +3.1) x 10~* depending on
the shape estimation method emplo eLTL.kzme@
sured galaxy alignments in 3099 photometrically-selecjaldxy
groups in the redshift range between= 0.1 andz = 0.4 of
massedogio(Mao0/[Me]) = 13 in SDSS Stripe 82 and con-
strained the alignments to similar valuem

The left panel of FiglB shows the value ef; calculated
for the simulations using all the stellar particles of subba for
host masses and satellite masses that are roughly conmérabé
range of masses explored|in Chisari et al. (2014)/and Sifé
m). We only consider pairs separated by less ?#an " Mpc
along the projection axis to confine the measurement to the ty
ical extent of massive bound structures. Within the viradir of
groups or clusters the statistical uncertainties are large aver-
age values of,+ for distances smaller than the host virial radii are
A~ 2 —4 x 10~ 2 with errors of~ 0.1 — 2 x 10~ 2, indicating posi-

ments as in_Singh, Mandelbaum & More (2015) on our simula-

tions. Given the observed halo magss(o (Mg [h~ ! Me)) =
13.2) and the line of sight integration limits, we employ the casm
OWLS L200 in this analysis.

Fig.[@ shows the values af (r,) from our simulation to-
gether with the measurements from_Singh, Mandelbaum & More
m). Note that we have used a halo mass hifi (<
logio(MSH/[h™' Mg]) < 13.5) half a magnitude wide to ob-
tain statistically robust measuremenfSp(ioes = 1677). As for
the case of satellite galaxies in clusters, the agreemehtabiser-
vational results depends strongly on the subset of stacstos®m-
pute the galaxy orientations. When one considers all stausd
to subhaloes, the values obtained &gr (r,) are systematically
higher than the values in observations, whereas broadragrees
found when using only stars insid&!3;.

As noted before, when only stars withiff:3; are considered,

simulated galaxies exhibit rounder shapes than observeeleT
fore, the results presented here may underestimate thesvalu
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Figure 9. Values of the observationally accessible proxy for origota
direction alignmente, (see Eq[D), as a function of the projected sep-
aration, rp, form simulations considering all stars bound to the subhal
(green curves) and only stars withif’a} (magenta curve). The data points
are the observational results fr i ) for
the LOWZ sample of LRG galaxies (their Fig. 19, note that ieithwork
€eg+ is denoted(~y) for its direct connection with the shear). We consider
pairs of galaxies that have a separation along the projectsdsmaller than
100 h—1 Mpc. The error bars on the curves indicate one sigma bootstrap
errors. When we consider all the stars, the predicted akmns stronger
than observed. However, when we only use stars in the paheofalaxy
that might typically be observed, we find good agreement thighdata.

€g+(rp). Thus, when more observationally motivated algorithms
would be employed to analyse the simulations, it is not guae
that the agreement found in Fid. 9 would still hold.

5 ORIENTATION-ORIENTATION ALIGNMENT

In this section, we present the results for the Il (intriFisicinsic)
term of the intrinsic alignment that is given by the anglenssn
the orientations of different haloes. We definas

P(|71) = arccos(|é(Z) - e1(Z + 7))

whereé; are the major eigenvectors of the 3D stellar distributions
of a pair of galaxies separated by a 3D distamce= || (see
Fig.[10).

Fig.[11 shows the average value of the cosine of the angle
for pairs of subhaloes with similar masses at a given 3D s¢ipar
r(in h~! Mpc). Values are shown for four different choices of sub-
halo mass, where each mass bin is taken from a different ationl
(see legend). To estimate the errors, we bootstrap the shaamge
100 times and take as 1-sigma error bars the 16th and the 8dth p
centile of the bootstrap distribution. Values{ebs ¢)) equal to 0.5
indicate a random distribution of galaxy orientations, reaes val-

(10)

Figure 10. Diagram of the angle> formed betweer@; of galaxy pairs at a
distancer.

Beyond 50 ' Mpc the alignment is consistent with a random
distribution, whereas in the orientation-direction caspoaitive
alignment was found for scales up 1600 A~! Mpec. This is sug-
gestive of thalirectionof nearby galaxies as being the main driver
of the orientation-orientation alignment, as a weakerragon-
orientation alignment naturally stems from the dilution toke
orientation-direction alignment.

Similarly to e;+ (in Eq.[d), we can define the projected
orientation-orientatior + as:

i G
= ¥ UL,
i#j\r'p pairs
wheree is defined in Ed.J6. Galaxies are selected to have at least
300 star particles.
Fig.[12 shows the projected orientation-orientation atignt,
€++, for the same halo mass bin and integration limits as em-
ployed in Fig[®. Green and magenta curves refer to the casesw
one uses all stellar particles in subhaloes and only stpHati-
cles confined within%3}, respectively. For comparisos, ()
is overplotted in grey. As expected, the (r,) profile has an
overall lower normalization. Interestingly, + () is steeper than
eq+(rp), although the significance of this trend is diminished by
the noisy behaviour of the, 4 () profile.
The presence of a non-vanishirg (r,) profile reveals a
net alignment of galaxies with the orientations of nearblaxga
ies, thus suggesting a potential Il term in cosmic shear mea-
surements for galaxies residing in haloes with maskges <
logio(MSn /[~ Mg]) < 13.5.

(11)

6 CONCLUSIONS

This paper reports the results of a systematic study of
the orientation-direction and orientation-orientatiofigmment

of galaxies in the EAGLE [(Schaye efdl. 2D15; Crain ét al.
) and cosmo-OWLS_(Le Brun et al. 2014; McCarthy et al.

ues of(cos v) higher than 0.5 indicate that on average galaxies are @) hydro-cosmological simulations. The combinatiorihafse

preferentially oriented in the same direction.

The alignment between the orientation of the stellar distri
bution decreases with distance and increases with subhads.m
Comparing with Fig.R, the orientation-orientation aligemhis sys-
tematically lower than the orientation-direction anglemament.

(© 2015 RAS, MNRASO00, [THI3

state-of-the-art hydro-cosmological simulations ensbles to
span four orders of magnitude in subhalo mad9.M <
logio(Maun /[~ Mp]) < 15) and a wide range of galaxy sep-
arations (1 < logio(r/[h~" Mpc]) < 2). For the orientation-
direction alignment we define the galaxy orientation to keertta-
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Figure 11.Mean value of the cosine of the anglebetween the major axes
of the stellar distributions of subhaloes as a function eirtBD separation.
Each mass bin is taken from a different simulation. The mimmsubhalo
mass in every bin ensures that only haloes with more than @&@i@rspar-
ticles are selected. Orientations are computed usingat §tound to the
subhaloes. The orientation-orientation alignment deg®avith distances
and increases with mass. It is weaker than the orientaifi@cttbn align-
ment (cf. left panel of Fid12).

jor eigenvector of the inertia tensor of the distributionstédirs in
the subhalog;. We then compute the mean values of the angle
¢ betweené; and the normalized separation vectaﬂr,towards a
neighbouring galaxy at the distancefor galaxies in different sub-
halo mass bins. In the case of orientation-orientatiomatignt, we
compute the mean value ¢f the angle between the major axas
of galaxy pairs separated by a distamce

Our key findings are:

e Subhalo mass affects the strength of the orientation-itec
alignment of galaxies for separations up to tenshMpc, but for
distances greater than approximately ten times the subhdlas
the dependence on mass becomes insignificant. The strefith o
signal is consistent with no orientation-direction aliggmhfor sep-
arations>> 100 times the subhalo radius (Figs$[P-3).

e The difference between the orientation-direction alignine
obtained using the dark matter, all the stars or the statswif'3;
to define galaxy orientations, could account for the commiaa- fi
ings reported in the literature of galaxy alignment beinstemati-
cally stronger in simulations than reported by observatistudies
(Fig.[4). Since observations are limited to the shape amhtaiion
of the region of a galaxy above a limit surface brightnesauta-
tions have to employ proxies for the extent of this region.

10! : r ey r ———rr
3 CO L200 (+)[13, 13.5] (g)[13, 13.5]
r €4, star
1072 = — €,, stor E
E — €,, star in rm,,
J 107
——
107*E 3
107° o .
10° 10 102
r, [Mpc/h]

Figure 12. Dependence of;. (Eq.[I1), a measure of orientation-
orientation alignment, obtained from the simulations gsim integration
limit of 100 h~! Mpc. Both the values for the whole stellar distribution (in
green) and for the stars withiffg}’g are shown (in purple). The error bars
indicates one sigma bootstrap errors. The resultgfor (grey curve) are
shown for comparison.

e Predictions for the radial profile of the projected orieiutat
direction alignment of galaxies;z+(7p), depend on the subset
of stars used to measure galaxy orientations. When onlyg star
within %3t are used, we find agreement between results from
our simulations and recent observations from Sifon ke
and Singh. Mandelbaum & Mdre (2015)(see Figs. 8[@nd 9, respec
tively).

e Predictions for the radial profile of the orientation-otesion
alignment of galaxies,+ (), are systematically lower than those
for the orientation-direction alignmenr, - (7, ), and have a steeper
radial dependence (Figs.]11 12). Although low, the noisha
ing e+ (rp) profile reveals a net alignment of galaxies with the ori-
entations of nearby galaxies, thus suggesting a potenti@hsic-
intrinsic term in cosmic shear measurements for galaxigislireg
in haloes with masseis3 < logio (MSir /[h™! Mg]) < 13.5.

For a direct comparison with the observations, in order to va
idate the models or to explain the observations, partictdae has
to be taken to compare the same quantities in simulation®bnd
servations. A future development of this work will be to exde¢he
comparison with observations further by using the samectefe
criteria for luminosity, colour, and morphology in the silations
and in the observations.

The strength of galaxy alignments depends strongly on the
subset of stars that are used to measure the orientatioredad{-g

e At a fixed mass, subhaloes hosting more aspherical or prolate ies and it is always weaker than the alignment of the darkematt

stellar distributions show stronger orientation-direstalignment
(Fig.[5).

e The distribution of satellites is significantly aligned kvithe
orientation of the central galaxy for separations upl® times
the virial radius of the host hale-git), within 10 rS5¢ higher-mass
satellites show substantially stronger alignment (Hig. 6)

e Satellites are radially aligned towards the directions haf t
centrals. The strength of the alignment of satellites desas with
radius but is insensitive to the mass of the host halo [Fig. 7)

components. Thus, alignment models that use halo orientas a
direct proxy for galaxy orientation will overestimate thmegact of
intrinsic galaxy alignments on weak lensing analyses.
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