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ABSTRACT

Context. The anisotropic distribution of satellites around the cargalaxy of their host halo is both well-documented in atiatons
and predicted by thaCDM model. However its amplitude, direction and possibksbs associated to the specific dynamics of such
satellite galaxies are still highly debated.

Aims. Using the cosmological hydrodynamics simulation HoriZBN, we investigate the spatial distribution of satelliwaxies
relative to their central counterpart and to the cosmic wethe redshift range between 0.3 and 0.8.

Methods. Haloes and galaxies are identified and their kinematics cteapusing their dark matter and stellar particles respelgti
Sub-haloes are discarded and galaxies lying withiy,50f a given halo are matched to it. The filamentary structurthefcosmic
web is extracted from the density field - smoothed overra'8/pc typical scale - as a network of contiguous segments. \&@ th
investigate the distribution function of relevant angleest importantly the angle between the central-to-satellite separation vector
and the group’s nearest filament, aside with the afigleetween this same separation and the central minor axis.allows us to
explore the correlations between filamentary infall, inthaster inspiralling and the resulting distribution otedfites around their
central counterpart.

Results. We find that, on average, satellites tend to be located ondleetic plane of the central object. Thifext is detected for
central galaxies with a stellar mass larger thal? M), and found to be strongest for red passive galaxies, whike géilaxies exhibit a
weaker trend. For galaxies with a minor axis parallel to tineafion of the nearest filament, we find that the coplanasistronger in
the vicinity of the central galaxy, and decreases when ngotgwards the outskirts of the host halo. By contrast, théaiistribution

of satellite galaxies relative to their closest filamentdat the opposite trend: their tendency to align with thermuhates at large
distances from the central galaxy, and fades away in itaitjciRelying on mock catalogs of galaxies in that redstaftge, we show
that massive red centrals with a spin perpendicular to fli@ment also have corotating satellites well aligned withhithe galactic
plane and the filament. On the other hand, lower-mass blueatewith a spin parallel to their filament have satellitesvfhg straight
along this filament, and hence orthogonally to their gatagtane. The orbit of these satellites is then progressiveht towards a
better alignment with the galactic plane as they penetheeentral region of their host halo.

Conclusions. The kinematics previously described are consistent witlIga infall and spin build-up via quasi-polar flows, folled
by a re-orientation of the spin of massive red galaxies tjinanergers.

Key words. numerical methods, cosmic web, galaxy formation and eimiusatellite

1. Introduction 2005 Yang et al. 2006Sales & Lambas 200%Vang et al. 2010
Nierenberg et al. 2012Smith et al. 201h and possibly coro-
(O The complex interactions between central galaxies and thiiting with it (bataetal. 2018 Those findings are in fair
satellites in dark matter haloes have received a great dedl o agreement with predictions fromN-body (Aubert et al. 2004
tention from both theorists and observers over the pastdgsca Zentner et al. 2005and hydrodynamical cosmological simula-
Numerous questions regarding the precise distributioratefls tions (Dong et al. 201} although it is still debated whether these
lites around their central counterparts - noticeably tlogien- models predict planes of satellites as thin as those obderve
tation with respect to the central galactic plane and the caround the Milky-Way and AndromedaBghl & Baumgardt
nection of this latter with the surrounding cosmic web - ha#014 Pawlowski et al. 2014Gillet et al. 201%. The analysis
been investigated in both observational and numerical svorkf galaxy groups in the Sloan Digital Sky Survey (SDSS,
Although a few observational studies have claimed to oBdbazajian et al. 20Q%as confirmed this trend and established
serve polar alignment of satellites around centrals (theadled that the signal is stronger for massive red central galazsze-
“Holmberg efect”, Holmberg 1969 Zaritsky et al. 199y or cially in the inner regions of the hal&éng et al. 2005
none at all Hawley & Peebles 197%hillips et al. 201 most The interest in the distribution of satellites stems in
of of these studies show that satellite galaxies are digigth part from their expected ability to trace the underlying
within the galactic plane of their central galaxBréinerd dark matter density of their host halo. In the standard pic-
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ture, progenitors of satellite galaxies end up orbitingua garded as a contaminant to weak gravitational lensing
their host with a distribution tracing its potential wellmeasurements Cfoft & Metzler 200Q Crittenden et al.
hence the geometry of the underling dark matter densiB001, Catelanetal. 20Q1 Bernstein & Norberg 2002
A robust consequence of this scenarid/afg etal. 2005 Hirataetal. 2004 Mandelbaumetal. 2006 Hui & Zhang
Agustsson & Brainerd 2010is therefore that the perceived2008 Schneider & Bridle 2010 Joachimi & Bridle 201
concentration of satellites in the rotation plane of theisth They could play a particularly important role in upcoming
halo is a direct tracer of its triaxialityBarnes & Efstathiou cosmic shear measurements, potentially biasing conttraim
1987 Warren et al. 1992Yoshida et al. 2000Meneghetti et al. the evolution of the dark energy equation of steitérK et al.
2001 Jing & Suto 2002 inherited from its hierarchical build- 201Q Krause et al. 2015 The need to access information on
up within an anisotropic cosmic web. Moreover, there is evihe nonlinear scales of the cosmic shear power spectrum to
dence that alignment trends of brightest cluster galaxiesi- constrain dark energy makes numerical hydrodynamical-simu
nous red galaxies and grougisisters are also preserved on largkations useful to study the mechanisms that lead to aligrisnen
scales (up to 106~ Mpc Binggeli 1982 Plionis & Basilakos (Tenneti et al. 2015bCodis et al. 2015aVelliscig et al. 2015
2002 Hopkins et al. 200AMandelbaum et al. 2006lirata et al. Chisari et al. 201p to build a halo model to describe them
2007 Okumura & Jing 2009 Niederste-Ostholt et al. 2010 (Schneider & Bridle 2010 and to constrain alignment bias
Joachimietal. 2011 Paz etal. 2011 Smargonetal. 2012 parameters Rlazek et al. 201p Indeed, the coplanarity of
Lietal. 2013 Singhetal. 201p as a consequence of hi-satellites in the vicinity of a central massive galaxy coleldd
erarchical structure formation, stretching and re-oe&ah to an alignment signal that would contaminate such lensing
from tidal interactionsCroft & Metzler 2000 Lee & Pen 2000 measurements. It would induce a correlation between thgesha
Crittenden et al. 20Q1 Catelan et al. 2001 Hirata & Seljak of the central and the location of the satellites. In patéicu
2004 201Q Blazek et al. 20112015 Schaefer & Merkel 2015 coherent alignments of galaxies with the filaments that defin
Codis et al. 2015p the large-scale structure of the Universe could also preduc

The anisotropic distribution of satellites is thus a prédic contamination to cosmic shear and galaxy-galaxy lensing. A
of the ACDM model but its amplitude and the possible additionabmplementary analysis to the work presented in this paper
biases arising from the specific dynamics of satellite gakxis given in Chisari et al.(2015, which relates the shapes of
are still highly debated. Numerical simulations have intipar  galaxies in the simulation and their correlations to cuityen
lar pointed out a possible degeneracy regarding the aojsiotr available models for intrinsic alignments. In the preseuatlg,
distribution of satellites arising from theffect of halo ellip- we analyse the distribution of galaxy satellites aroundrthe
ticity and the ongoing - unrelaxed - anisotropic cosmic linfacentral galaxy in the cosmological hydrodynamics simatati
(Aubert et al. 2004Pichon et al. 2011 The population of mas- Horizon-AGN Dubois et al. 201@ primarily between redshift
sive halos have a spin preferentially orthogonal to theisthaz = 0.8 andz = 0.3, and how this distribution is reconfigured as
filament gan Haarlem & van de Weygaert 199Bormen et al. satellites approach the central galaxy.
1997 Bailinetal. 2008 Paz etal. 2011 Codisetal. 2012 This paper is structured as follows: after a short review of
Zhang et al. 201Bsince they are the product of multiple mergthe numerical setup and methods used in Sec#oection
ers between pairs of objects drifting along the cosmic web,focuses on the description of alignment trends measured in
hence with orbital angular momentum is preferentially perp Horizon-AGN. In Sectiord, we present a more detailed kine-
dicular to filaments along which they flodd(ibois et al. 2014 matic analysis of the corotation features found for saésllof
Welker et al. 201% massive halos at various stages of evolution. Mock obsenst

As a consequence, the elongation of the halo and filameie presented iB, where we further study the impact of vari-
tary infall share a unique direction. The tendency of sisgslto ous parameters such as the shape of the central galaxy on the
orbit in the central galactic plane is therefore not a mesieer alignmenttrends. Finally, Sectidgdiscusses these results in the
of the halo triaxiality, but is also naturally enhanced by tton- scope of recent observations and Seclisnmmarizes our main
tinuing infall of satellites Aubert et al. 2004Knebe et al. 2004 results.
Wang et al. 2005Zentner et al. 2005 Recent observations of

lanes of satellites for M31 or the Milky Waybata et al. 2013 . o

Eibeskind etal. 201pand the discove)?y of%glignment trend<- Numerical methods & definitions

in the SDSS byPaz et al(200§ (see alsoTempel etal. 2016 | et us first review briefly the numerical setup and methodsl use

strongly support this claim. _ to produce virtual data sets and analyze galactic orimtati
However, it is still unclear how strongly sustained

anisotropic cosmic infall of satellites impacts their alveel an- ) ) )

gular distribution compared to the possibly more relaxdilide 2-1- The Horizon-AGN simulation

dark matter component. It may however be important to mak§e details of the Horizon-AGNsimulation, that we only
a distinction between a dynamical angular bias (sustaimed Byiefly describe here, can be foundbubois et al (2014. The
lar accretion of satellites, gravitational torques frora tentral orizon-AGN simulation is run in dpe = 100h-*Mpc cube
disc and halo) spt_ecific to the dense baryonic substructanes, \yith a ACDM cosmology with total matter densi€ym = 0.272,

a purely geometrical angular anisotropy related to thegden q5k energy densit@2, = 0.728, amplitude of the matter power

tion of the halo andféecting the difuse dark matter componentspactrumeg = 0.81, baryon densitf, = 0.045, Hubble con-
likewise. Getting a better understanding of how satellétagies gtantH, = 70.4 km sl MpcL, andns = 0.967 Co,mpatible with

flow along the host filament and sink into their host halo, howe WMAP-7 data Komatsu 201} The total volume contains
this process depends on the orientations of mfal! relapvm_at 1024 dark matter (DM) particles, corresponding to a DM mass
of the central galaxy, and how iffacts their statistical distribu- resolution 0fMpy res = 8 x 10" Mo, and initial gas resolution of
tion, is, thus, of major importance. _ _ _ Mgasres = 1 x 10" M. It is run with theramses code {Teyssier
Beyond the goal of understanding galactic accretion,
intrinsic alignments of galaxy shapes are widely ret www.horizon-simulation.org
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2002, and the initially coarse 1034yrid is adaptively refined our analysis. Further cuts in distance to the central gatarybe
down toAx = 1 proper kpc, with refinement triggered in a quasperformed afterwards and will be specified in each case.
Lagrangian manner: if the number of DM particles in a cell be- At z= 0.3, approximately 16 000 main haloes are inhabited.
comes greater than 8, or if the total baryonic mass reache$t& richest one hosts 678 galaxies; 263 haloes contain fmamne t
times the initial baryonic mass resolution in a cell. It d&sin a 30 galaxies; 2 220, haloes more than 10; and 6 622 host aPleast
typical number of % 10° gas resolution elements (leaf cells) irgalaxies. This distribution does not show strong variati@atross
the Horizon-AGN simulation at = 0. the redshift range analysed in this work.

Heating of the gas from a uniform UV background takes
place after redshifizeon = 10 following Haardt & Madau
(1996. Gas can cool down to #& through H and He col-
lisions with a contribution from metals using rates tabedat For each galaxy, the absolute AB magnitudes and rest-frame
by Sutherland & Dopita(1993. Star formation occurs in re- colours are computed using single stellar population ndel
gions of gas number density abomg = 0.1 Hcn following  from Bruzual & Charlot(2003 assuming a Salpeter initial mass
a Schmidt lawp. = e.pq/ty, wherep. is the star formation rate function. Each star particle contributes to a flux per fratmye
mass densitypy the gas mass density, = 0.02 the constant that depends on its mass, age, and metallicity. Contribstio
star formation @iciency, andty the local free-fall time of the the reddening of spectra from internal (interstellar megior
gas. Feedback from stellar winds, supernovae type la ar& tgternal (intergalactic medium) dust extinction are nkéteinto
Il are included into the simulation with mass, energy andainetaccount. Computing the spectrum of all star particles and co
release, assuming a Salpeter initial mass function. Thader volving with theu, g, r, andi filters from the SDSS, we then
tion of black holes (BHSs) is also taken into account. They cajild two-dimensional projected maps of each galaxy (kts!
grow by gas accretion at a Bondi-capped-at-Eddington made are excised using the galaxy finder) and compute their lusino
coalesce when they form a tight enough binary. BHs release €8s in these wavebands.
ergy in a heating or jet mode (respectively “quasar” anditrad
mode) when the accretion rate is respectively above andvbelo . . .
one per cent of Eddington, withfficiencies tuned to match the?-4- Galaxy morphologies and kinematics

BH-galaxy scaling relations at= 0 (seeDubois et al. 201Xor  \ye compute stellar particle kinematics for all central gaa

2.3. Synthetic colors

details). and satellites in the sample. The angular momentum — or spin —
of a galaxy is defined as the total angular momentum of the star
2.2. Galaxies and haloes: detection and matching particles it contains and is measured with respect to theedsn

_ _ - _ _ star particle (which proves a more robust estimator of thaxya
Galaxies are identified using the most massive sub-nagintre than its centre of mass in cases were the centralygalax
method Tweedetal. 2009 of the AdaptaHOP halo in the process of merging):
finder (Aubertetal. 2004 operating on the distribution of
star particles with the same parameters tharDirbois etal. Lo = Z mi(ri —rg) X (Vi —Vg), 1)
(2019. Unless specified otherwise, only structures with a i
minimum of Ny, = 50 star particles are considered, whickwith r;, m andv; the position, mass and velocity of partigle
typically selects objects with masses larger thahx<l10° M. g4 the position of the centre of the galaxy awnglits centre of
Catalogues containing up te 350000 haloes and 180000 mass velocity. The notationg is hereafter used for the angular
galaxies are produced for each redshift output analysekiisn tmomentum of the central galaxy whilg{ denotes the intrinsic
paper (B < z < 0.8). This study focuses on a rather lowangular momentum of it8"isatellite.
redshift range = 0.3 - 0.8, accessible to current observations. Theseparation vectgror position vector of each satellite in
This detection threshold in terms of number of particleshhigthe rest frame of its central galaxy is definedrgs=rs —ryg
seem low with respect to possible lack of convergence ofeshaith r the position of the satellite. Its norm is the separation
tracers for poorly defined centrals, however, we apply adnghR,s = ||rqd.
threshold to select central galaxies afterwards: galawiés a The inertia tensor of each galaxy is computed from the star

stellar massvly < 10° M, are systematically excluded from theparticle massesif) and positionsx') (in the barycentric coor-
central galaxy sample. Unless specified otherwise, resuds dinate system of the galaxy):

stacked over the whole range of redshift3 @ z < 0.8 (all pairs
found are stacked). lij = Z m|(5ij(Z XX = X X)), )

To match central galaxies with their host halo, we associate | k
each galaxy with the halo located at the shortest distaree frwhereg;; is the Kronecker symbol. This inertia tensor is diago-
it (measured as the distance between their respectiveesenitr nalised, with its eigenvaluey > 1, > 13 the moments of the
mass). In case of multiple galaxies associated with the sateasor relative to the basis of principal axmse, andes. The
halo, we identify the central galaxy as the most massivexgaldengths of the semi-principal axes (with < a; < ag) are de-
contained within a sphere of radils = 0.5R;; with R the rived from the moments of inertia:
virial radius of the halo. Unless otherwise specified, salpés _ TS
are not considered as able to host central gF;Iaxies. Thiteate™ = (/M) Vs + 42— 41, along g,
galaxies of a halo are defined as all the galaxies — exclutig &, = (5/Mg) Y141 + A3 — A2, along e,
central — situated within a sphere of radRs= 5R,;. This in-
cludes galaxies belonging to sub-haloes of the host hat@|bol 8 = (5/Mg) VA1 + 42— 43, along &.
to sub-haloes of neighbouring haloes. This seemingly tagela This allows for an easy estimation of the galactic shapegusia
a scale is chosen so as to ensure that incomplete randamisdti-axiality ratior = (a; — a;1)/(az — a2). Oblate structures (disk-
of walls and grid periodicity on the largest scales of theuisimshaped) have > 1 while prolate structures (cigar-shaped) have
lated volume do notféect the 3D angular statistics presented in < 1.
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For comparison with observations, we also define the cor- P3
responding projected quantities along the x-axis of the @a-
beled "X"). Definitions are similar for the positions and ritie
tensor with summations restricted to the projected coatdm
(y.2). This leads to the eigenvalug$ and A, from which we

derive the axig} < a5.

As we are interested in studying the corotation of satsllite
i.e. their tendency to align their orbital momentum with #pen
of the central galaxy and synchronise their rotation witht thf
the central disk, we also compute the total orbital angular m
mentum of satellite systems &€ with similar definitions as
previously used to derive spins, but applied to the velesiand
positions of satellites. Average circular velocities (floe central
galaxy or its orbiting system of satellites) are defined as

o = i M xvi)
rot Eimri

with m, ri andv; the masses, radius and velocities of structures
considered: star particles for the central galaxy, sédsllior a
system of satellites.

We will use the notation?(i' for the average rotational veloc- P1
ity of the stellar material within the central galaxy, avi}: for

the average orbital rotational velocity of the system o¢ites.

Each satellite has an individual orbital plane defined by _ .
€, = I'qs/Rys, the direction to the central, am®gl = Vortho/ |IVorthdl, Fig. 1. Sketch representation of the angfe®nd{s used to describe the
the direction of the component of its velocity orthogonat 4o orientation of the orbital plane of a satellite (in blue)and its central
The intersectionsD; and D, of such a plane with the planesd2/@xy (in red), that are used to compute the average ofiaak of
P, = (e1,&) andP; = (& és) of the central galaxy allow us satellites and their dispersion ratio (see the text foridggt®ashed lines
1 = (€, = (&,

to compute two orientation anglés betweenD; ande;, and{s gﬁgttrﬁéeszg|'i?ée(;f§f§|oazr?: tween the central galaigcipal planes
betweenD3; andes, respectively. An illustration of these angles '
can be found in Figl.

Averaging angleg; and/; for all the satellites in the sys- 3. Orientation of satellites
tem, we obtain two angles that define their mean orbital pla
This allows us to compute theispersion ratio o-p|ane/||Lg;'§||
With opiane = X3 11} 221l and|[j2®|;; the norm of the projected or-
bital momentum of satellité on the mean orbital plane of all
satellites. This measures the dispersion of the oriemtatidhe
angular momentum of the satellites around the mean rotation
plane. This parameter drops to zero if satellites are aditirg

in the same plane. Similarly, we measure tugotation ratia : . )
IL,d/lIL9], whereL,. is the projection of the total orbital mo- (see Fig4). In this paper, we mostly focus on the latter, be

mentunswaton the spin axis of the central aalax cause it is more closely related to observational methasgs (s
Table 1 PN the definii gf II¥H | di Yang et al. 2006Tempel et al. 201p6
abie2 summarises the detinitions of all the angies Used i r,q tendency of satellites to align within the nearest fil-

Elh'f] p?petr tI(IJitfo”?V\I’ ?il\llgrlmtehntitrrengts; a}nd Ithf amount of @rot ament: thefilamentary trend To quantify it, we compute
on of satellites refative to their central galaxy. v = cosa the cosine of the angle between the satellite’s po-
sition vector and the direction of the closest filament. The

2.5. Characterization of the cosmic web filamentary trends detected when there is an excess proba-
bility ¢ > 0 for cosa = 1.

: 3)

"We investigate the alignment of satellites galaxies in dushift
range 03 < z < 0.8. We characterise two distinct trends:

— The tendency of satellites to lie on the galactic plane of
their central galaxy: theoplanar trend This can be anal-
ysed computing eithes = cosé, the cosine of the angle
between the satellite’s position vector and the spin of the
central, oru; = cosé;, with the minor axis of the central

In order to quantify the orientation of galaxies relativetie

cosmic web, we use a geometric three-dimensional ridgaextr

tor called theskeLeTon (Sousbie et al. 200&omputed from the 3.1. Mass dependency of in-plane alignments

full volume DM density distribution sampled on a 51@arte- 3.1.1. Results

sian grid. This density distribution is smoothed with a gaars

kernel of length 31~ comoving Mpc. The orientation and distri-Let us first study theoplanar trend The top panel of Fig2
bution of galaxies can be measured relative to the directitihe  shows the probability density function (or PBF + &, with &
closest filament segment. Note that such filaments are dedtethe excess of probability) gi; = cost;, where#; is the un-
ridge lines of the density field and therefore have no thisknesigned angle in [0r/2] between the minor axis of the central
The closest filament of a given galaxy is thus simply the segme@alaxy and 4s for central galaxies in dierent mass bins. As pre-
whose distance to the galaxy is the shortest. However, affale viously mentioned, we stack results from the satelliteritigt
galaxies in the sample are separated from their nearesgefilantion around central galaxies over six Horizon-AGN outputs i
by less than 1 Mpc, and the vast majority of them by less th#re redshift range.G < z < 0.8 equally spaced in redshift and
0.5 Mpc (the peak of the galaxy distance-to-filament digtitn consider only satellites withinR&;; of the central galaxy. The
lies around 0.2 Mpc). main efect of this stacking is a smoothing of the signal. It was
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Angle Measured quantity/definition
Satellite separation vector-filament v = COS
Satellite separation vector-central spin 1 = cosf
Satellite separation vector-central minor axis {1 = COSOp
Satellite separation vector-central major axis U3 = COSH3
Central spin-filament vg = COSyg
Central minor axis-filament Vg1 = COSg1
Projected (2D): satellite separation vector-central mays Ox
Projected (2D): satellite separation vector-filament ay
Satellites total orbital momentum-central spin CoS¢p
Satellite spin-central spin CoSy
Satellite minor axis-satellite separation vector COSy1
Satellite spin-satellite separation vector COSys

Table 1. Definitions of the diferent angles used in this work; see also Big.

checked that results for individual snapshots are fullysisient lel to the filament and we thus expect an excess of sateliithei

with the stacked results, although with larger error bars.

plane of the central. In other words, this mass-dependentltr

On average, satellites have a tendency to lie on the galtw-satellites seems directly connected to the already kimoass
tic plane of the central galaxy, or equivalently, their dtien dependentspin orientation of centrals. However, one shugsr

is preferentially perpendicular to the minor axis of theayal

in mind that the scenario developed in the above mentioned pa

as shown by the excess PDf, atu; = O (seeAubertetal. pers also advocates that low-mass central galaxies, cautitet

2004 for DM sub-halos). However, this conclusion does natinding of the cosmic flows within a filament, are more likely
hold equally for all central galaxies: while the distrilartiof to develop a spin parallel to this filament. Hence, one woxuid e
satellites around their central is mostly random for lowsmapect an excess of satellites orthogonal to the galacticeptdin
centrals with 18 < My < 10'°M,, the alignment strengthensthese low-mass centrals. At first glance, this does not happe
as the central mass increases. For the most massive centwgsfind that satellites tend to be randomly distributed adoun
galaxy satellites clearly tend to be preferentially disited in low mass centrals. Several reasons lead to this discrefiaeey
the plane of the central galaxy. For central galaxies wighat AppendixA for detail):

massMgy > 10'°° Mo, the excess PDF aiy = 0is¢ = 40%, — The spin alignment trend for low mass centrals was actually
with 52% of satellites lying outside of a 6cost, < 0.4) dou- detected at higher redshifz (> 1) and was shown to de-
ble cone of axis perpendicular to the galactic plane, as$go  crease with cosmic time, while the perpendicular orieatati

to 40% for the uniform PDF (daShed ||ne). For intermediate ce trend for h|gher mass ga|axies is expected to Strengtheﬂ_ As
tral masses (1§ < Mg < 10'%°My), the excess PDF @ = 0 consequence, the satellite orientation on the galactitegk

is & = 13%, and 45% of satellites lie outside of the’ Giverted much weaker around low-mass centrals in our redshift range.
bicone. No substantial excess is found for lower masses2% — The combined #ect of the threshold we use for galaxy de-

atu; = 0). Thus the tendency of satellites to lie on the galactic tection and of our choice to use the minor axis rather than
plane of their central galaxy is directly correlated to thiger’s the spin to quantify alignments on the galactic plane. lddee
mass. because we only detect structures with mass abo%eNIg,

Let us now investigate the tendency of satellites to be dis- systems of low-mass centrals with satellites in HorizonNAG
tributed along filaments. In the bottom panel of FAgwe show are most often pairs of galaxies (85% of the low-mass sam-
the excess PDF of = cose, the angle between the direction of  ple, or 97% counting three body systems) —the most mas-
the central galaxy nearest filament axis apdSatellite galaxies sive one being labelled as central— with a mass ratio close to
tend to align with the direction of the closest filament assed unity. This implies that thesatellite and thecentral are ac-
with the central galaxy at the level gf~ 30%, mostly indepen- tually interacting galaxies: they mutuallyfect each other’s
dently of the central galaxy mass (though we see a slight ass spin orientation and shape significantly. The shape —asdrac
of £ with Mg). Here 27% of the satellites are contained within by the minor axis— is especially impacted by the interaction
a 37 cone with axis parallel to the filament (ces> 0.8), as while the spin is slightly more resilient.

opposed to 20% for angles uniformly distributed on the S@hebonsequently, even though low-mass central galaxies tend t

This dfect hold_s even for the smallest central masses with a ‘i')‘?s'.play an orientation of spin parallel to the filament onrave
crease in amplitude of less than 1%.

age, this fect is weak and the alignment signal is strongly sup-
pressed for the subsample of these centrals interactirtg avit
close neighbour, and even further suppressed when tragegl us
the minor axis, for satellites in the vicinity of the centgallaxy.
Satellites live preferentially in the nearest filament, ethsug- This latter éfect is analysed in greater detail in Appendix
gests that their tendency to align within the galactic plavags where we show that the alignment of satellites orthogortally
be linked to whether the central galaxy is also aligned with tthe galactic plane of low mass centrals is actually recalere
filament or not. We can connect this trend to the findings tier usingu = cosf (central spin-separation angle) rather than
Codis et al.(2012; Dubois et al.(2014; Welker et al.(2014; u; = cosby, or focusing onu; = cos; for a sub-sample of more
Laigle et al.(2015. These papers found that massive centralglistant satellites aridr lower mass ratio centyahtellite pairs.
formed through mergers - display a spin orthogonal to thesrn As a conclusion, after careful analysis these trends seem
est filament. As a consequence, their galactic plane wildvalp fully consistent with the statistical measurements of thierns

3.1.2. Interpretation

Article number, page 5 d4



A&A proofs:manuscript no. satellites

filament

satellites

blue central red central

[ minor axis

06 Fig. 3. Sketch of the expected results for filamentary trendSatellite

0.0 02 04 0.6 0.8 1.0 ; X L .
galaxies tend to be aligned within the nearest filament. Eguently,

ui=cos(01)

14

they are distributed orthogonally to the sfpiinor axis of older red cen-
tral galaxies, and more often aligned with the gpiimor axis of young
blue central galaxies.

= log(Mg/Msun) > 10.5 ]

- to the central galaxy. It depicts an "ideal" evolved massie-
] tral galaxy sketched in red and a low-mass galaxy in blue.

0 Those alignments are consistent with observational esult
of Yang et al (2006 and numerical results @ong et al.(2019

- which found a clear alignment of satellites on the galadane
,,,,,,,,,, 7 around red (hence more massive) central galaxies. At the ex-
4 treme mass end, brightest cluster galaxies are also known to
- be elongated in the direction of their neighbours; this is th

7 “Binggeli effect” (Binggeli 1982 Niederste-Ostholt et al. 20,0

= B and possibly of their closest filamerRgz et al. 2011 More-

08F 4 over, our results concerning the filamentary trend are alpe s
= 0 ported by recent observational studies Tgmpel et al.(2015
andLibeskind et al (2015 who studied the orientation of plane
of satellites in the Local Group and in the SDSS with respect t
observationally detected filaments.

log(Mg/Msun) < 10
121
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3.2. Satellite alignments versus distance to central

Fig. 2. Top panelexcess PDFE of u; = cos,, the angle between the . . . )
minor axis of the central galaxy and the direction towards ¢anter Vhile massive central galaxies are overall more likely tovsla
of mass of its satellites, for fierent central galaxy mass bins, betweeg@alactic plane aligned with the nearest filament (or eqaividy
redshift 03 < z < 0.8. Satellites tend to be distributed on the galactia spin orthogonal to it), this does not mean however thatrakent
plane of the central and this trend is stronger with the iasirg mass galaxies whose spin is aligned with the filament (angle small
of the central Bottom panelexcess PDF of = cosa, the cosine of the than 37 ) constitute a negligible population, even in the higher
angle between the direction of the central’s nearest filamrea and the  mass ranges. In fact, they still represent 17% of all cegataix-
direction towards the center of mass of its satellites. Iatetend to  jag with Mg > 10 M, and moderately misaligned ones (angle
be strongly distributed along filaments. between 37and 43) account for 23% of the same sample.

Such misalignments between central galaxy planes and

nearby filaments imply the existence of galaxy populatians f
tation of the spin of galaxies in the cosmic web highlighted iwhich thefilamentaryandcoplanartrends are best described as
previous works: low-mass young galaxies fed in vorticitshri mutually exclusive (when the spin of the central is welgakd
regions in the vicinity of flamentd @igle et al. 201phave their with the filament) while for "well-behaved" massive cendral
spin parallel to the filament they are embedded in, while rold@vith a galactic plane aligned to the filament) they wouldllea
galaxies, more likely to be the products of mergers, are algoalitatively similar é&ects. Understanding whether thepla-
more likely to display a spin flipped orthogonally to the filanar trendcan be reduced to being mostly consequence dilthe
ment by a transfer of orbital angular momentudubois et al. amentary trendequires further analysis of cases in which both
2014 Welker etal. 2014 Fig. 3 illustrates this idea that the trends might compete. To better comprehend where and hew thi
trends measured in Fig.can therefore be explained by the preeompetition occurs, Figh focuses on two sub-samples, which
ferred distribution of satellite galaxies within the filamielosest we select so as to preserve statistics:
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Olg-inf = 66°

central minor axis aligned:
Og < 37°

Fig. 4. Sketch of the main angles used in our analylségt Panei definition of«, 6, ande,, used to describe the relative orientation of the satellite
and the filament, the satellite and the central galaxy, amdéhntral galaxy and the filament respectiviliddle PanelandRight Panelillustration

of the solid angle sectors used to define the “aligned cemtiabr axis" sample (within the 37cone) and “perpendicular central minor axis"
sample (outside the 6@one) respectively. Note that similar angular sectors eaddfined fokr andé, to describe the orientation of satellites.

— central galaxies with minor axjgarallefalignedwith the fil- and torques from the central galaxy also strongly impacotie
ament axis, i.e. their minor axis direction lies within & 37entation of satellites around the most massive centralepen-
double cone (casy > 0.8) whose axis of revolution direc- dently from the filamentary infall.
tion coincides with that of the filament, Focusing on the second sample of central galaxies whose mi-

— central galaxies with minor axiperpendiculamisaligned nor axis is more perpendicular to the filament axis (orarmgs}),
to/with the filament axis, i.e. their minor axis direction liesoplanarity and filamentary trends co-exist in all mass (eéxs
outside the double cone with opening angle of 8fose cess in cog; = 0 for the solid line, and in cas = 1 for the
axis of revolution direction coincides with that of the filadashed line). Both trends are strengthened for the mostiveass
ment (cosyg < 0.4). central galaxiesNlg > 10'%° M), which confirms the distinct

role played by galactic plane and filament in orienting $isésl
The definitions of these two sub-samples is illustrated gn4zi The strength of the alignment for this sample are signifigant
higher than that obtained when the trends compete. The-corre
sponding satellite fractions in the highest mass bin (edswith
3.2.1. Results massedvly > 1095 M) are: 46% located on the galactic plane,

Fig. 5 shows the excess PDFof 41 = coss; (coplanar trend, = i.e outside the the B6double cone revolving around central
solid lines) and = cosa (filamentary trend, dashed lines) fofth® minor axis direction — and 32% located within the 8@u-

both samples and fierent ranges of central galaxy mass. In thle cone whose axis is aligned with the filament axis (20% for
first case (top row), the coplanarity and filamentary trerds dandom). o _
mutually exclusive, while in the second case théfget the dis- [N @ nutshell, these findings suggest that when the minor
tribution of satellites in similar ways and become reinéafcRe- axis is orthogonal to the filament, regardless of the masheof t
call that thecoplanar trendis detected when there is an excesgentral, satellites always preferentially lie on the gataplane,
probability¢ > 0 for costy = 0, while thefilamentary trends  Which coincides with the direction of the filament. However,
detected whed > O for cose = 1. Looking at the first sample of when the minor axis is parallel to the filament, the coplareard
centrals, we see that the coplanar trend dominates for tise nf@n trump the filamentary trend if the mass of the centralyala
massive galaxiesMy > 10'%5M,) with 43% of satellites found is large enough. It implies that, for these massive galasie!-

on the galactic plane — i.e. outside the’ @®uble cone whose lites will preferentially lie on the galactic plane irrespige of
axis coincides with the central minor axis— (40% for randomijie direction of the filament, which in turn suggests thavigaa
even though the filamentary trend has vanished: satekitesto tional torques that act on satellite trajectories play agvtmmi-

lie preferentially orthogonally to the nearest filament. nant role in this case.

However, the coplanar trend disappears as the central massQuantifying the relative influence of the filament and the
decreasesMy < 10'%°M,) and as it gets replaced by a polajoint effect of dissipation angular momentumin the halo and cen-
trend, compatible in this case with the filamentary trendektd, tral galaxy torques (which also influence the inner halo shép
the filamentary trend is in contrast recovered for centriébga best achieved noticing that these processes operatefferedit
ies with massMy < 1095 Mg, which show a greater degregadial scalesanovich et al. 2016 Far enough from the cen-
of alignment to the filament (24% in the filament°3double tral galaxy, the filamentary trend should be recovered fdast
cone instead of 20% for random). This investigation revébals Systems, and we therefore expect a transition from filanngnta
the coplanar trends not a mere consequence of filamentary to coplanar trend as satellites are plunging into haloesirigps
trend as they both exhibit complementary transitional pattermgisaligned centrals.
with respect to the mass of the central galaxy for centradsnof Analysis of the scale segregation inherent to this competi-
ilar spin orientation. This suggests that dissipation i@ tialo tion between coplanarity and filamentary trends can be faund
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Fig. 5. Evolution of thefilamentary trenddashed line) and theoplanar trend(solid line) for either the central galaxy’s minor axis aléyl to the
filament axis within a 37cone (top panels), or the central galaxy’s minor axis pedjmerar to the filament axis within a 3¢one (bottom panels).
From left to right panel, three filerent central galaxy mass bii are shown as indicated in each panel. Results are stacké&®Bferz < 0.8.

In the top panels, the two trends are mutually exclusives Téweals a transitional pattercoplanar trendtakes over for massive centrals while
thefilamentary trends dominant for low mass centrals, consistently with thetkeh influence of the central torques in this case. In theobott
panels, the two trends reinforce each other. Expecteditrémds are strengthened for the most massive centrals.

Fig. 6. This figure shows the excess PDRafandy for different An illustration of the satellite alignment evolution as aéd
satellite-to-central galaxy separations restricted ofitst sam- tion of distance to the central is shown in Fi§j.The transition
ple, for which trends are mutually exclusive, as seen in tipe tbetween the coplanar and filamentary trends may represeat a r
panels of Fig5. The transition between the filamentary trend fasource of angular bias in the distribution of satellitesother
from the central galaxy and the coplanar trend in its vigiigt words, inferring the anisotropy of the DM halo from the distr
striking, with a 50% excess of satellites within the®3lbuble bution of satellite galaxies assuming this distributionndiased
cone around the filament axis (30% of satellites instead & 2Gnay lead to significant errors.filects of such errors will then
for random) aRys > 2R,y — and no detectable coplanarity withstrongly depend on the orientation of the central galaxyetivar
the central at that distance — that progressively decreaseés its minor axis is aligned or not with the closest filament.
turns to a 20% excess outside of the correspondirigotone
for Rys < 0.25Ry;r, associated to &= 70% excess agi; = 0. In As a consequence, the transition between coplanar and fil-
other words, 59% of satellites are located outside thebfifbne amentary trends for centrals with misaligned spin signifilye
revolving around the central minor axis (40% for random).  impacts the statistics of the orientation of satellitesuacball
centrals, as can be seen in Fgj1 in AppendixB, which dis-
The investigation of satellite alignment with distancelie t plays the excess PDF pf andy for different satellite-to-central
central galaxy carried outin this subsection shows thattpéa- galaxy separations for the full sample irrespectively @ ¢hi-
nar trendis not a mere consequence of filamentary trendas entation of the central spin. Further analysis of this titaorsfor
satellites transition from one trend to the other, with emlrity  different central mass bins can be found in AppenBixThis
dominant in the vicinity of the central galaxy and filamegtarAppendix highlights specific features that confirm the ollera
more prominent in the outskirts of the halo. Hence, the dynatnansition between filamentary infall and realignment atbka
ical bias introduced by th&lamentary trendcan reach an am- lites through torquing deeper into the halo.
plitude comparable to that of theoplanar trendfor satellites
within Ry < R < 2R;; from their central galaxy, anfiect also Note that these results suggest that the contradictoryniysdi
seen when the same analysis is performed on the full sampldrofm observations sinclolmberg(1969’s are mass and scale
centrals, regardless of orientation (see Appemjix dependent, agaritsky et al.(1997 suggested.
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Fig. 6. Same as Fig2 but binning the sample in distand&ys, from satellite to central, and restricting it to sateliteosted by halos whose central
galaxy’s minor axis is aligned to the nearest filament witaBi? double cone, for which the coplanar and filamentary trendspete. Results are
stacked for B < z < 0.8 for different radiugys bins. Satellites close to their central tend to be distebwin the galactic plane, hence orthogonally
to the filament, while satellites in the outskirts of the hatte strongly aligned with the filament and the coplanaritthwhe central is lost.

8@) satellite the same windingolding process as the protogalaxy, it repre-
L sents the dominant source of filamentary infall at redgh#t2—

3 which feeds the galaxy with gas with well aligned angular mo
mentum Pichon et al. 2011Stewart et al. 203;Danovich et al.
2015.

Here, we argue that the distribution of satellitezat 0.8
traces that of the cold gas at> 1, directly correlated with
the fact that satellites have progressively formed witliese
gas streams. This is not completely obvious a priori, as #s g
unlike the satellites, can shock in the circumgalactic medi
In this picture, satellites initially aligned with the filamts in
the vicinity of the halo end up corotating in the central géita
plane, in agreement withanovich et al(2015 who argue that
central gravitational torques dominate even for the cokl da
test this scenario, we investigate possible kinematicatiges
of such a trend in the next section.

galactic plane

filament

4. Kinematics of satellites
Fig. 7. Sketch of the evolution of the alignment trends with distatwe ) ) ]
the center of the halo. In the outskirts of the halo, satefjitlaxies are L€t us now quantify the tendency for satellites to corotaité w
strongly aligned with the nearest filament. Probing deemerthe halo their central galaxy, i.e. their tendency to align theiritamo-
this trend weakens as the alignment of satellites with tiactia plane  mentum (direction and polarity) with the intrinsic angufao-
strengthens. mentum of this central galaxy and synchronize their cincuéa
locity with its velocity.

3.2.2. Interpretation

. . . . .. 4.1. Corotation with the central galaxy
The main results of this section suggest a dynamical saeimari

which satellites flow along filaments and plunge into the hal® test the importance of the intrinsic torques of the céntra
where their orbitspins are progressively deflected from aligngalaxy on its orbiting satellites, we first study their raiat
ment with the filament by gravitational torquing from the tah around the central galaxy. Fi§ shows the rescaled PDF+2¢,
galaxy, so as to preferentially lie in the central galactamp. In  of cosg, the cosine of the angle between the spin of the central
effect, their fate is reminiscent of that of the cold gas at highgalaxy and the total orbital momentum of its satellites ckited
redshift € > 1), which slithers as cold streams down to the coi® its rest-frame, for 3 < z < 0.8. We study rotation evolu-

of central galaxies in formatiorP{chon et al. 201;1Codis et al. tion with mass in the left panel, but also rotation evolutama
2012 Tillson et al. 2015 Danovich et al. 2016 High-redshift function of distance to the centrétys, in the middle panel.

gas inflow in the frame of the galaxy is qualitatively double Evolution as a function of mass and radius confirms the ten-
helix-like along its spin axisRichon et al. 201)1 Generated via dency of satellites to rotate on the galactic plane of themntial
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with a circular velocity of the same sign as the central galax Two effects are competing: conservation of angular momen-
This trend is observed for satellites of massive centrlsllg ¢ tum tends to increase the amount of orbital velocity as liate!
10'%M,) and within 2R, and is all the more pronounced agoes deeper in the halo, but the dynamical friction forcesoth
the mass of the central increases and the distRppecreases. bital motions of satellites to synchronize with the resthef mat-
More massive central galaxies, and therefore host halofhs; i ter in the halo, and thisfkect is stronger in the densest regions
ence the orbital angular momentum of satellites more styongof the halo.
the excess probability at cgs= 1 is 3 times higher for centrals  As expected from dissipation of angular momentum via dy-
with Mg > 10'%5My, than for centrals wittMy < 10'%Mg,. namical friction in the halo, the strength of the average- spe
Focusing on evolution as a function of distance to the céntrfic orbital angular momentum of systems of satellitg$ =
galaxy, we observe that 2% of satellites within &gs < 0.5Riir |ILZB||/Mgphere With Msphere the total mass of satellites enclosed
sphere around their central display an orbital angular nmeme&yithin a sphere of radiuBmax from the central galaxy, (repre-
tum that remains within a 4Gdouble cone around its spin andsented in the left panel in Fi§) decreases for satellites closer
rotate in the same direction (to be contrasted td%2for a ran- to the central galaxy (by a factor 3 between satellites withi
dom distribution). In contrast, counter-rotation is mordikely Rys < 5Ryir and those withirRys < 0.5R,;). Comparing be-

inI the vicinity of the c_err]m_tral galag(ly, with orfl%g@;ffthe SaMyyeen the ratios of.,¢/|[L2Y)| (in the middle panel of Fig9)
ple counter-rotating within a double cone o 5% for ran- orby| (; : -
dom). The relative orientation of the satellite’s orbitalgalar and of rpiane/llL szl (in the right panel of Fig9), we see that

. . the relative importance of the aligned angular momentum-com
momentum and the spin of the central galaxy is close to a r

e . )nent increases for satellites closer to the central gdfasgm
dom distribution outside the halo of the central galaxy, mheﬁo% to 70%), while the relative amplitude of the dispersien b

satellites motions are gove(ned by t_he filamentary flow. .. tween satellite orbits drops from 120% to 20% betwedR);2
These results are consistent with a transfer of satellite ol

_ Co d 025Ry;;. This behaviour once again indicates that orbits of
bital angular momentum to the intrinsic angular momentum Qgtellites progressively become coplanar due to torqueaver-
their host halo and central galaxy, through dynamical ifsict

q ational Thi h f | age, satellites lose orbital angular momentum as they agged
?n dgr_avna:ﬂona To:_quesf. 0 IS I?’ECI angel of angu atr mgmt eper into the halo (decreasel3) but this trend is dferent
um drives the evolution or tne orbital angular momentuneisat 5, the dferent components of the orbital angular moment:
lites, which end up corotating on the galactic plane, as th

. . ) . fie component aligned with the spin of the central galaxets b
are dragged deeper into the halo. This dynamifi@ogis what o hreserved (even slightly increased) as satelliteshreiein-
drives thecoplanar trendin the central regions of the halo. ASper parts of the halo than the unaligned components. As #resu

such, it is a kinematic signature of the Q|stlnctlon betwren the dispersion in the distribution of satellites orbitahmpés as
coplanar trend at small distance and the filamentary trelaalge they approach the central galaxy shrinks.

distance.
To confirm this dynamical picture, we study the evolution of
three quantities derived from definitions given in Secfoh 4.2. Satellite spin swings into the halo

— The velocity contrastuf! — v%%)/(u5% + v%3) with ¢52 and  As can be seen in Fidl0, we also find that satellites not only

v% corresponding to the angular orbital velocities of the sy8lign their orbital plane with the plane of the central ggldut
tem of satellites and to the rotational velocity of the cahtr@lSO align their spin (intrinsic angular momentum) withttbé
galaxy respectively. This quantity measures the tendehcy!3€ central galaxy as they reach the inner parts of the ha (s
satellites to synchronize their orbital velocity with thellar ~2/SoAubert etal. 2004 In fact, cuts in mass and distance to the
material of the central galaxy. central galaxy lead to similar results as for gosvhen applied

— Lyo/IIL9®)|, with Ly, the component of the orbital angulat® COSY, the cosine of the angle between the central galaxy spin

momentum of satellites aligned with the spin of the centr@nd the satellite spin, though the signal is weaker and kapid

galaxy and|L 22|, the norm of the total orbital angular mo-decreasing with distance to the central. Nonetheless,irwih
sat!l?

mentum. This quantity measures the tendency of system&gtRvir Sphere around the central, satellites haye-e0% excess

satellites to align their mean rotation plane with the caintrProbability to stay within a 37double cone around the spin of
galactic plane. their central (22% of the satellites). Thiect is weaker than the

— Tprane/IL22]l, With opiane the dispersion component. ThigPrevious trends but this excess was also found to reach 18% fo
quantity measures the dispersion of satellites’ orbitsiado Satellites within ®5Ry;, and even 20% for the most massive
the mean orbit of the system for a given central, and, thefg@ntral galaxies wittMg > 10"*Ms). Note that this particular

fore, quantifies the tendency of satellites to be located if2asurement is at least partially sensitive to grid-logkiire.
thin rotation plane. tendency of spins to align with the grid on which the gas fluxes

are computed). Suchffects are discussed in a companion paper,
The right panel of Fig. 8 shows the PDF of Chisarietal(2015, which analyses the impact of grid-locking

s — U?cil)/(vz?é + U?;') for different distance bins (with On intrinsic alignment measurements in more detail.

same color-coding as in the middle panel). The vertical ddsh  Such satellite swings are confirmed by the measurement of
line separates the left (white) side of the panel where ttedlitea the PDF of cogs, the cosine of the angle between the spin
orbital velocity is lower than the central rotation velggiand of the satellite and its position vector relative to the caint
the right side (grey area) where satellites orbit fastethéouter galaxy for diferent separation bins (see Fifl). We find that
region of the haloRys > 0.5Ry;, the average orbital velocity of outer satellites have a spin preferentially aligned witkirtipo-
satellites around their central galaxy is found to be lowant sition vector. This is consistent with low-mass infallinglax-

the rotation velocity of the central galaxy hijf!increases in the ies having their spin aligned with the filament they are flayin
inner part of the halo. Therefore, satellites increase thiiital from (Dubois et al. 2014 Conversely inner satellites have a spin
velocity, synchronize with their central galaxy as theyciethe more likely to be perpendicular to their position vectombe a
inner part of the halo and achieve corotation. rotation plane aligned with it. Note that this result holds the
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Fig. 8. Twice the PDF of cos, the cosine of the angle between the spin of the central galad the total orbital momentum of its satellites

for 0.3 < z < 0.8 for different mass (left panel) and radiBg; bins (middle panel). For massive central galaxies, thet@rbngular momentum
of satellites tends to align with the galactic spin of thetcanespecially in its vicinity. Right panel: excess PDF(gff} — u?;') [+ u?;') for
different radius bins, with’3 andv?fl' the circular velocities of the satellites system and of #eti@al galaxy respectively. Satellites increase their

circular velocity and synchronize with their central asytheach the inner halo.

o TTTTTTT T T T T I T TTTT OFSITTTTT T T I T T I T T I T TI T T TTTT 12
‘f; :: |Og(M/Msun)>1 0 :: - -
€ E 3 070 10
X 25— — _
2 E = o
e E 38 S,
525 35065 8038
B20F 40 =
g E J4= 2
F 41— ©
= E 3 Noso 506
S R15F -
nm E E
=2 = -
Sy E = 055 - 04
- = | — —
10— — — —
RN osoCLLL Ll L bl op LU L L L il
0 1 4 5 0 1 4 5 0 1 4 5

2 3 2 3 2 3
Rmax/Rvir Rmax/Rvir Rmax/Rvir

Fig. 9. Left panel:Average strength of the total specific orbital angular moweri2® of the system of satellites contained within a sphere of
radiusRnyax centred on their central galaxyliddle panel:Evolution of the ratio between the component of the sageditbital momentum aligned
with the spin of the central galaxy over the norm of the toséaéHBite orbital angular momenturRight panel:Evolution of the dispersion of orbital
angular momenturaryane OVer the norm of the total satellite orbital angular momentor systems of satellites enclosed in spheres of incrgasin
radius around the central galaxy. The specific orbital aargmlomentum of satellites decreases for satellites clostetcentral galaxy, and the
relative importance of the aligned angular momentum corepbimcreases for satellites closer to the central galakilgvthe relative amplitude

of the dispersion between satellite orbits decreases.

full sample of central galaxies withlg > 10'° Mo, irrespective Faltenbacher et a[2008. We show below in Sectiorb.3 that
of the fact that it is dominated by centrals with a galactang the evolution of the age of satellites as traced by colows al
well aligned or moderately misaligned with the nearest fdain lends support to this interpretation of our results.

Satellites progressively swing their rotation plane tgmhvith

. veral rvational works have looked for signs of I-
that of the central as they reach the inner parts of the halo. Several observational works have looked for signs of sate

lite alignment from their shapeschneider et al(2013 find
These results statistically confirm the importance of targu a weak signal of radial alignment of satellites in obsepragi
from the massive central as a driving mechanism for saellfrom the ‘Galaxy And Mass Assembly’ survey. This 8letec-
alignment. Such torques are in agreement with theoretieal ption is obtained when projected galaxy shapes are modedied u
dictions derived from linear response theory ®glpi (1998. ing Sérsic profiles. The significance decreasesctavben up-
This author interpreted the orbital decay as triggered not fveighting the inner parts of galaxies (as for weak lensiregpsh
the surrounding halo, but by the central galaxy (stellarematmeasurementsyifén et al.(2015 and Chisari et al.(2019 re-
rial) itself on its external satellites, via near resonaanergy cently looked at projected ellipticity alignments aroumacked
and angular momentum transfers. This mechanism noticeabllysters at low redshift (05 < z < 0.5) and did not find any
leads to a circularization of orbits, and an alignment betwesignificant alignment. This may suggest that satelliteratignts
the major axis of the satellite withys, a result also found for in most massive clusters are mostly damped by non-linear evo
dark haloes in N-body simulations Byubert et al.(2004 and lution or projection éects, at least in the local Universe. In con-
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1'1()?“““““““““““““““““““‘4 SMOCkobservat|0nS
- spin-spin In this section, we provide further insight into how the aligent
r signal can be traced in observations and how our trends a@mpa
B to what is found in existing surveys.
— 2*Rvir<Rg<5*Rvir 9 y
105 i
— — 5.1. Colors in Horizon-AGN
T Rg<0.5*Rvir ]
i o g B In most observational studies, the mass of galaxies anliteste

- is traced by their rest-frame colours. It is therefore oéiast to
K == recover the previously described variation of the sage#iign-
R e = -] ment trends with the mass of the central galaxy, using centra
- galaxy rest-frame colours. To trace in the observationglihe
— namical scenario previously described, we need to make-a dis
- tinction between young outer satellites and old(er), ghed¢
k ] inner satellites. To estimate the age of satellites we reltheir
095 l0g(Mg/Msun)>10 ] rest-frame colours computed from AB magnitudes in SDSS fil-
L L L L ters. Fig.12 shows this distribution for three rest-frame colours,
10 05 0.0 05 10 g-r,r—iand u-—r in Horizqn-AGN for all galaxies with
cos(y)=(lsat-Lg)/ll gl Mg > 10‘_’ M, at different redshifts. Note that these colours do
X)=\lsat-L-g)/llsat not take into account dust extinction. Although the bluaudio

Fig. 10. Twice the PDF of cog, the cosine of the angle between théed sequence bimodality IS not as clear n the simulationias i
spin of the central galaxy and the spin of the satellite f8r0z < 0.8 1N observed colour-mass diagrams, the simulated galaxylpep

for different bins of distance to the central galaxy. Satellitagathieir tion reveals a noticeable increase in the fraction of red>jas
intrinsic angular momentum to that of the central galaxiethe inner as redshift decreases (more galaxies are passively egplifihe

part of the halo. cuts used in the remainder of the paper to split the galaxulpep
tion into blue (star-forming), intermediate (green va)lapd red
(quenched) galaxies are represented in ER(left panel) and

- IR s;tt‘ell‘ite‘ s‘ i‘r\-;e‘ a‘ra‘tic‘)n‘; correspondtg —r < 04,04 <g—-r <055 andy —r > 0.55.

P P 3 They are defined in this way as a compromise between isolat-

12 . - ing the two peaks present in the colour distribution andctielg

= Rgs<0.25 Rvir B
- 3 large enough galaxy samples. We use the same colour cuts to
— 0.25 Rvir <Rgs<0.5 Rvir — split central and satellite galaxies.

Rgs>1.0 Rvir

. 5.2. Alignment trends with color selection

5.2.1. Results in three-dimensions

— 14§
{

OF Fig. 13shows two plots very similar to the mass-dependent plots
= presented in the previous sections (e.g. Bjgalbeit where mass
bins are replaced hy-r color bins for the central galaxy. As red
09F central galaxies are older and more massive their blue eount
parts, we expect to observe an increase incthyganar trendas
g —r increases. This is indeed the case, as can be seen in the first
panel of the figure, which displays the PDFaf = cosé; for
08— v [l vty Py by three diferent central galaxy colour bins, and for all satellites
0.0 0.2 04 06 08 1.0 within a sphere of radius B,s centred on these centrals. Red
cos(xs)=lsat'-rgs/llsat'Rgs centrals withg — r > 0.55 tend to have their satellites aligned
in their galactic plane, with 54% of satellites outside tiée Igi-
Fig. 11.PDF of coys, the cosine of the angle between the spin of theone revolving around the central minor axis, an amount whic
satellite and its position vector relative to the centréhgpas a function falls down to 46% for blue centrals wih—r < 0.4 (by com-
of distance to the central (radius bins are indicated on tud). parison the value expected for a uniform distribution is 20%
The filamentary trends also observed in the right panel, with
an excess of probability similar to that when the trend ikbro
trastSingh et al(2019 found a significant one-halo componendown in mass instead of colour. The fact that blue centrals ar
to the alignment signal of luminous red galaxies in the SD8S smore likely to be young galaxies with a spin parallel to tha-fil
vey. The discrepancy between these works could be caused Byent explains why blue centrals are subject to a slight deere
luminosity dependence of the alignment signal, along with tin thefilamentary trenccompared to their red counterparts: they
use of diferent radial weights for recovering galaxy ellipticitiesare more likely to be found in a situation where both trenda-co
In comparison, our shape estimation is un-weighted, anslithupete.
is presumably more sensitive to tidal features in the ortskif As a conclusion, color selection proves @8o@gent as mass
galaxies. Also, we have relied up to now on three-dimengiorselection to identify and quantify both trends, which is sistent
galaxy shapes, while projection is known to damp the alignmewith a steady evolution of the average mass in each colordpin f
signal, as we will see in the next section. all galaxies withMy > 10'°M,: red galaxies have an average

— log(Mg/Msun)>10
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Fig. 12.Distribution of rest frame colours in Horizon-AGN. Colodrareas indicate the colour bins used throughout the asaty#his section of
the paper.

mass of 8 x 10'°My, while it falls down to 42 x 10*°M,, for <b6x>()
theintermediatebin and 29 x 10'° M,, for theblue galaxies. central  satellite] Rys <5Rir | Rgs< Rvir | Yang 06
Additionally, the PDF ofz = cosd, (central spin-separation| red red 38.9 40.0 40.8
angle) can be found in Appendix. While using the spin rathered blue 38.4 39.3 42.9
than the minor axis does not change our results qualitgfivel blue red 41.9 41.9 44.8
the amplitude of the spin signal is significantly lower. Ths-d | blue blue 43.1 42.1 44.2

crepancy between those two signals is highly dependenten table 2. Mean values (in degrees) féy in different color bins for both
shape of the central galaxy, which can induce significant misatellites and central galaxies, and within twietient radius from their
alignments between the minor axis and the spin, as suggesteeentral galaxy. Values are systematically compared torebdevalues
the next section. by Yang et al (2006

Finally, in Fig.14we compare our results to observations by
Yang et al.(200§ and simulations byoong et al.(2014, who
also performed a detailed analysis of the alignments ofxgzda
as a function of the colours of both satellites and centhats.
find that:

use all satellites up to B, separation). However, their general
colour and mass trends for the central galaxy are in gooceagre
ment with our results, as detailed in the next section.

— The coplanar trendis stronger for red centrals, especially
Wh.en they have blugr satellifces (althoug_h this distincton g 5 5 Alignments in projection
quite minor). We attribute this to morefieient torques ex-
erted by massive central galaxies, as the mass mtjpM,  Fig. 15shows alignments projected along thexis of the grid.
is smaller on average for blue satellites. It is importantto The left panel shows the PDF 6f the angle between the ma-
member that trends are more likely to reinforce in this cager axis of the projected central galaxy and the projectgdat
as red centrals are often dominated by mergers in theiaste.3 < z < 0.8 for different colour bins. The right panel dis-
mass budget as opposed to in situ star formatsef et al. plays the PDF ofr,, the angle between the projected direction
201Q Dubois et al. 2018 and hence have a higher chancef the filament and the projectegs. Results are in good agree-
of maintaining a spin orthogonal to their filament. Thergnent with the observed signal found in the SDSSrayg et al.
fore, the distance to the filament is not crucial in this cas€006 (overplotted as blue dots and red squares onFay.al-
as satellites fall directly from the filament into the galact though alignment trends seem to be slightly stronger in aseg
plane. when accounting for the fact that our mass range is biased to-

— Blue centrals, younger and less massive, are more likelywards smaller masses. Average valuesfoin each colour bin
have a spin parallel to their filament — which induces a corare given in the left panel and confirm the steady evolution of
petition between théilamentaryand thecoplanartrends — the trend withy — r. This increase is sharper than that found in
and less likely to #iciently torque satellites to line themYang et al.(2009, however we believe the results remain con-
up in their rotation plane. Expectedly, tlteplanarsignal sistent given that we do not model dust extinction, whickliik
is weaker than that for their red counterparts. Consequentinpacts our estimation of galaxy colours.
the signal is then slightly stronger for red satellites afebl

centrals which are more evolved and closer on average to EXtinction notwithstanding, it is interesting to noticeath
their central than blue satellites. the projected estimation follows very closely the 3D resual-

though it leads to a systematic slight underestimate ofliga-a
Those results are consistent with thosérahg et al.(200§ ment trends.
who report a significant alignment of satellites along thgoma  Repeating the measurement of Fig.in projection along the
axis of their (projected central. Although these authotstba x-axis of the grid, we also recover similar alignments thatite
red-red signal higher than the red-blue one, their studyded in a mean angle variation detailed in Tab? This mean angle
on Rys < Ryir which potentially left aside an important numbeis presented for satellites within twoftérent maximum separa-
of blue satellites in alignment with the filament (recalltthhge tion from their central galaxyR,;; and 5R;;, and systematically
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Fig. 13. Left panel PDF of u; = cos6s, the angle between the minor axis of the central galaxy aadi¢lctor separating it from its satellites, at
0.3 < z< 0.8 and for diferent colour binsRight panel PDF of v = cose, the angle between the satellite separation vector andrbetidn of the
nearest filament. The average central galaxy mass in eaghrdah is also indicatedRight panel PDF ofu = cosd, the angle between the spin
of the central galaxy and the satellite separation vectmrnfassive red central galaxies, the satellites tend todighiited on the galactic plane.
The filamentary trend is also recovered although degradeutdjgction for the bluest central colour range.
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Fig. 14.Same as Fid 3 but splitting both the central galaxiesdthe satellites in dferent colour bins. Blue galaxies are identified as objectis wi
g —r < 0.4 and red galaxies as objects with- r > 0.55.

compared to values found ivang et al.(2006. Colour varia- its satellites for B < z < 0.8 and for diferent satellitey — r
tions are qualitatively preserved and suggest that thesitian colour bins. We see that red satellites, on average, have-an o
between theoplanarandfilamentarytrend with separation canbital plane better aligned with the central galactic plahant

be recovered in projection, although théeets are weak and anblue satellites (24% of the sample within the®3¥buble cone
analysis of the central spin’s orientation might be neagssa  around the spin of the central fgr— r > 0.55, and 215% for

g —r < 0.4). Moreover, Figl7 presents the average distance of
satellites to the central as a function of their colour faelides
within 5R: red galaxies are closer to the central {.3Ry;)

Let us now focus on the satellite dynamical transition from an blue galaxies(0.9R,ir). Therefore, red satellites are more

filamentary to a coplanar distribution as they plunge inirth lustered around the central galaxies than blue satelatesn
host halo. effect of ram-pressure stripping and strangulation which grad

Fig. 16 shows the PDF of cas the angle between the SpinaIIy remove gas from satellites and prevent further aconaiinto

of the central galaxy and the total orbital angular momenafim

5.3. Evolution of satellites within the halo
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Fig. 15. PDF of 6, and ay, the angles between theprojected major axis of, respectively, the central galégft panel), and direction of the
filament (right panel) and the-projectedr 4, at 03 < z < 0.8 for different color bins. For massive red central galaxies, thdlisageiend to be
distributed on the galactic plane. The projected signaliitatively comparable to results in 3D. Observationabits fromYang et al.(2006)
are overplotted for red centrals (red squares) and blueatsriblue dots). The agreement is good.
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Fig. 16.PDF of| cos¢|, the cosine of the angle between the spin of the
central galaxy and the total orbital momentum of its sae=l{measured Fig. 17.Evolution of the mean (rescaled) central-satellite sejfmras
in the rest frame of their central) for®< z < 0.8 and for diferenty—r  a function of the satellitg — r colour (for all satellites withirRys <
satellite colour bins. For red quenched satellites, théainmomentum 5R,;). Our colour bins are overplotted as coloured areas and/érage
tends to be aligned with the central galactic spin. THeot is much separation in each bin is indicated by a dashed line.
weaker for blue star forming satellites, consistent witkitpreferential
orientation along the filament.

spin of the satellite and its position vector foffférent colour

bins. We find that blue (outer) satellites have a spin pretéty
them as they evolve in the hot pressurised atmosphere ob#te faligned with their position vector, in accordance with trsgiins
halo. being aligned with the filament they are flowing from, while re

Hence, using colours, we also recover the trend that gatelfinner) satellites have a spin more likely to be perpendictd
orbits achieve better coplanarity with the central galaxyheey their position vector, hence a rotation plane aligned with i
get closer to it and get more and more deprived of star forming In Fig. 19, we consider the orientation of the minor axis
gas. To confirm the satellite rotation plane swings, we piot rather than that of the spin of the satellite foftdient distance
Fig. 18 the PDF of cogs, the cosine of the angle between thand colour bins. This static geometrical parameter is mene s
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Fig. 18.PDF of cogs, the cosine of the angle between satellite spin and o . o
position vector for dierent satellites i — r colour bins. Blue (outer) Fig. 20.PDF ofu; = cose, similar to that in Fig2 for oblate (solid line)
satellites have a spin preferentially aligned with theisifion vector, and prolate (dashed line) central galaxies, restrictetiearttermediate
while red (inner) satellites have a rotation plane alignéti t. mass range. Tendency to lie orthogonal to the minor axisasger for
prolate structures, as in this case the minor axis is moshaftthogonal
to the filament direction and the galactic plane is poorlyrofi

sitive to limited resolution (recall that the minimum numlod —————
stellar particles is lower for satellites than for centyadsripping L] ‘_ | ) ] .‘ IR
and friction than the orientation of the satellite spin anel do 1.6— Major axis-separation —
not detect a flip as clear as the one found for the spin, but the
evolution is globally similar and the tendency to displayiaan

axis orthogonal to the galactic plane for redder sateliitethe 14
inner parts of the halo is strengthened. It confirms the dynam

cal mechanism that bends the rotation plane of satellitado o

it with their orbital plane. As this latter progressivelygals it- -

self with the central galactic plane, the rotation planeatélites
also ends up aligned.

1.0
5.4. Shape effects

A full understanding of the amplitude of the alignment signa
requires to take into account its dependence on the shape of 08" |
the central galaxy, as trends displayteiient features for oblate N O T I S I
(“disky") and prolate (“spheroidal") structures. Fig0 shows 0.0 0.2 04 0.6 0.8 1.0
the evolution of the PDF qf; = cosf; (minor axigseparation W3=cos(63)

angle) for oblate and prolate central galaxies in the inestim

ate mass range for which the deviation between both sanglekig. 21. PDF of us = cost; the cosine of the angle betweeg and
maximal. The satellite orthogonality to the minor axis isreno the major axis of the central galaxy for oblate (dashed lawe) prolate
pronounced for prolate structures. However, one shouldieot (Sg:LdnL'gj%)r (;?(?;r?/:/?ifr{ ‘i’;aéf)ﬁ;g:éﬂfvci?ﬁ’?htg‘?gcfﬁ:mﬁg r?j'gr”eg
dluce that it chorrelsponfds to ?tbet:er ?I'gnmem or|1 tgfﬁggla%men aligned with the spin in this case. Oblate centralgleisa certain
plane, as such a piane for profate Structures Is poorly degree of satellite alignment too, which is consistent hth distribu-
prolate gala>§|es, the rotation pIan_e is more .Ilkely to b@@YD- o of satellites tracing the underlying triaxiality ofetin host halo.

nal to the major axis, hence not coinciding with the plane akm

imal elongation. Prolate structures show a significant arhoti

misalignment between their spin and minor axis, with moaath strongly dependent on the proxy used to define the galaetiepl

30% displaying a spin aligned with the major axis. (shape or rotation plane) and how it correlates to the filamien
The evolution of the PDF ofi; = cosf; andv = cose for  rection.
satellites of central galaxies with a spin aligned to therféat Finally, focusing on the correlations with the central shap

(not represented here) confirmed that the alignment oflsasel Fig. 21 shows the PDF ofi; = cos#s the cosine of the angle
along the minor axis of their central galaxy and along the filbetweerr 4 and the major axis of the central galaxy for oblate
ment cannot be straightforwardly deduced from the ori@mat (dashed line) and prolate (solid line) centrals. While tbtzen-

of the spin for such prolate structures. In this case, ordyfith trals display a certain degree of satellite alignment althraiy
amentarytrend is clearly detected, while other alignments araajor axis, prolate centrals have their satellites morengtly
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Fig. 19.PDF of cog, the cosine of the angle between the minor axis of the s&telfid its position vector for.8 < z < 0.8 for different radius
(left panel), satellite colour (middle panel) and mixediti panel). Satellites align their minor axis with that of ttentral galaxy as they reach
the inner regions of the halo.

aligned with their major axis. This is consistent with adist- Chisari et al. 201p The results of simulations can be used to
tion of satellites tracing the underlying triaxiality ofdin host inform the parameters of an intrinsic alignment “halo médel
halo but is also consistent with the fact that the major axis (Schneider & Bridle 2010 or nonlinear models that rely on per-
more often aligned with the spin in the prolate case, sinoce pturbation theory power spectrBlézek et al. 201p

late galaxies are very likely to be dispersion-dominatesiesys

o However, our work shows that alignments of galaxies on
(a.k.a. ellipticals).

small scales are the result of a complex dynamical interplay
between the central galaxy, the satellites and the suringnd
6. Discussion filamentary structure. In short, alignment trends depenthen
evolutionary stage of a galaxy (as probed by e.g. its colasir)
In this paper, we have compared the alignment trends idedhtifivell as on the orientation of the central with respect to tharn
in Horizon-AGN with observational constraints obtainedmha est filament. Morever, our work suggests that alignmentdsen
from the SDSS. We have found good agreement with the wagkist for “blue discs”, and their significance may be inceshs
of Yang et al.(200, who confirmed the tendency of satellitéor the less evolved galaxies at the higher redshifts thithei
galaxies to align on the galactic plane of their centralxyatnd  typically probed by weak lensing surveys. While this aligemh
found this trend to be mass and color dependent (for both cefynal tends to be suppressed in projection, its poterdiation-
tral galaxies and satellites), a#dritsky et al(1997 who found ination to lensing remains to be explored. We have also shown
it to be also separation (distance) dependent. Our resisits ahat alignments can transition between two regimes aslisegel
confirm the satellite galaxies’ tendency to align with tHest's  move from the surrounding filament into the gravitationateo
closest filament. This trend is found to be independent of tBeinfluence of the central galaxy. Thiéamentary trendmplies
orientation of the central galactic plane at large sepamatias a tangential aligment of discs around centrals, resultirgtian-
established in recent observations T8mpel et al (2015 (see gential shear signal that adds to the galaxy-lensing ireptign.
alsoPaz et al. 2011 Closer kinematic analysis reveals a tranfhe coplanar trendrepresents a net radial orientation of satel-
sition for satellites from filamentary infall at large segéons Jites and their central, suggesting that galaxy-lensingdde
to orbit alignment in the central galactic plane in the vilsimf  suppressed on the small scales in projection. Both trendéowo
their central, when such a plane is misaligned with the @s@ontribute to a cosmic shear measurement through cooelati

filament. This dynamical behavior is very similar to thatlo¢t of intrinsic shapes and weak lensing (the ‘GI’ teHirata et al.
cold gas in high-redshift zoom simulatioriBl{son et al. 2015 2004.

Danovich et al. 201pand suggests a tight connection between
the dynamics of cold gas accretion in the early universe had Lorrelations of intrinsic shapes in the language of lensireg-

ahg_thmer(]jt trelnds of stat?llltez "|‘ ctlusters 'tf.‘ the L(;]ctal le(ljmq. surements, including the case of a two-halo term (the caticel
cial fo? ug\é(;r?]?rgei%ggi?go sirsve?/g:gnag\izsg threei? gsolaflscr fétween centrals). These authors studied alignments dessca
Y : . 100h~*kpc, finding an overall tendency for discs to align their
constraining the equation of state of dark energy and mogs i, planes tangentially around spheroidals, whichnoe
fications to General Re_latlvny, such &siclic? (I__aureljs etal. re-interpret as consequence of filamentary tren’dThey also
2013, 1 Lajo¢ Synopc suniey Tleseoerc o 200D founa andency o eroigl o b0 coneted o i
loqical simulations are a r.omisin tool to quantify ingin spheroidals, which can be a consequence of this type ofigalax
g P 9 d y bot?ing elongated following the direction of the filament, @i

alignments in the nonlinear regime and provide estimates : :
o : connects them to other spheroidals. In comparigiren et al.
contamination to future surveydiénnetietal. 201420150 (2015 also found evidence for alignment of the major axis

A companion papelChisari et al.(2015, studies projected

2 http://sci.esa.int/euclid of massive galaxies in the direction of the nearest filament
® http://www.lsst.org (also, nearest group) in the MassiveBlackll smoothedigart
4 http://wfirst.gsfc.nasa.gov/ hydrodynamics cosmological simulation. However, no enate
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satellites following distribution: 1. The leading fect in the orientation of satellites is the ten-
dency to align with the nearest filament. While stronger for
satellites in the outskirts of the halo, this tendency dases
as the satellites are dragged deeper into the halo —where the
exchange angular momentum via gravitational torques from
the central galaxy — but not to the point where it becomes
negligible, unless a strong misalignment 45°) exists be-
forehand between the central galaxy minor axis and the fila-
ment direction.

2. A secondaryfect that becomes dominant in the inner parts
of the halo is the tendency of satellites to align with the
central galactic plane. Thisffect can either compete or
strengthen the alignment with the filament, depending on the
orientation of the plane. As expected, the signal is stronge

uniform triaxial e
filamentary L

galactic plane coplanar °

halo density isocontour

Fig. 22. Summary of the orientation trends that drive the fate oflsate . . :
lites in their host halo. Alignment trends are distance depat:fila- for red massive centrals which are already more likely to

mentarytrend dominates in the outskirt of the halo (for bluer saesl have a Sp"? orthogpnal o Fhe filament, and therefqre a galac-
on average), whileoplanar trendtakes over in the vicinity of the cen-  tiC plane aligned with the filament. The twéfects reinforce

tral (redder satellites on average). These trends may beastandard in this case. On the contrary, low mass blue centrals with
expectation that the satellites distribution traces ther@lVshape of the a minor axis aligned with their filament have satellites pre-
diffuse dark matter halo (orange ellipses). More probably,iipgopu- dominantly aligned with their filament and so orthogonal to
lations of satellites (selected in mass, color and seeargtiace specific the galactic plane.

parts of the halo and the embedding cosmic web. 3. The alignment of satellites in both the filament and thagal

tic plane is consistently stronger for red central galaxass
these correspond to massive centrals. The dependencs of thi
coplanartrend on they — r colour of satellites is kinemat-
ically consistent with a dynamical scenario in which young
(blue) satellites flowing from the filament progressivelpde
their orbits towards the central galactic plane (undeiidiasl t
influence). As they reach the inner parts of the halo and they
progressively get deprived of more of their gas and stars
through tidal (and ram pressure) stripping, becoming redde
7. Conclusion and prospects in the process. We predict this trend is likely to be observ-
able.
4. Around 40% of massive centrals wility > 10'° M, display
significant deviations from the spin-flament orthogoralit
(> 30°) and are therefore subject to competing alignment
trends between the two processes, with the alignment along
the filament predominant for blue satellites in the outsloft
the halo, and coplanarity with the central galaxy takingrove
for older red satellites in the inner regions of the halo.
The tendency for systems of satellites to align on thectjala
plane is accompanied with a tendency to align and synchro-
nize their orbital momentum with the angular momentum of
the central galaxy. We also find hints that satellites aligirt
intrinsic angular momentum with that of their central agithe
reach the inner regions of their host halo.

has been found for tangential alignment of discs in that Emu
tion nor in the moving-mesh lllustris simulatioignneti et al.
20153; a discrepancy that will require further investigatioi. F
nally, Chisari et al(2015 suggested that the spin and the shape
of a spheroidal are poorly correlated, a conclusion that alie v
dated for prolate galaxies in Sectiém.

We investigated the alignment of satellites galaxies inréte
shift range B < z < 0.8 . We found alignments on the galactic
plane consistent with previous investigations (both olzgt@nal
and numerical), but we also unraveled an interesting dynami
cal interplay between this known alignment and the tendeificy
satellites to be aligned with the filament from which they flow
into the halo. Noticeably, we find that, although most massiv
central galaxies display some coplanarity among theitlgate

this efect is enhanced when the galactic plane lies parallel to thé
direction of the filament. Conversely, it can be weakened/ene
canceled when the galactic plane is misaligned with its flain
Satellites are then found to lie preferentially along thanfient

far from the central galaxy, and on the galactic plane initgw

ity.

The main results of this work are sketched in 28, where In conclusion, this investigation has shown that the distri
we illustrate the fact that the distribution of satelliteshieir host bution of satellites in host halos is dynamically biased fing
halo and around their central galaxy arises from the sugérpahe filamentary anisotropic flow from which they originatedan
tion of at least two dferent éfects, represented in addition tasecond by the gravitational torques of the central galaxichvh
the common expectation that they should trace the tri-taxial  bend them close to the galactic plane. This evolution cjoel
the halo: sembles that of the cold gas, even though the satellite pepul

; : ; tion does not shock in the circumgalactic medium. Given that
i) the polar flow from the filament, which mostlyfacts young ) " , i
blue satellites in the outskirt of the halo. such flows were identified at high redshift, it is remarkahk t

ii) the dissipation in the halo and torques from the centriijnas a stellar counterpart at low redshift in the possitilgesv-

galaxy, which bend older inner redder satellite orbits elo@ble colour variation of the satellite distribution. Thesartropy
to coplanarity with the galactic plane. of the infall and realignment within the virial radius as cha

) ) ] terized in this paper could have an impact on building upkthic
A natural question that arise from these trends is whethel siiscs, turning discs into ellipticals and producing eitfaest or

a satellite distribution is still in good correspondencétwmthe  sjow rotators Emsellem et al. 2091

triaxiality of the host halo, and how it mightfact estimations Acknowled Thi X ed 0 the HPC "
H Al e cknowleagementsinis wWork was granted access resources o

of the halo maXIa“ty on SpeCIfIC scales. CINES (Jade and Occigen) under the allocation 2013047@,4047012 and

The analysis of the radial evolution of those processes dfb15047012 made by GENCI. This research is part of the SpiANR-
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central minor axis direction than what is expected for areafee
sample of galaxies witiVlg < 10'°M,, without satellites. Com-
paratively, the spin direction, which somehow probes béfte
inner rounder parts of galaxies that do not weight much in the
calculation of the inertia tensor, and must also remainisterst
with the conservation of the total angular momentum of the pa
proves more robust.

p While previous studies of the Horizon-AGN simulation from
B I 1] e N SO s = ——— Dubois et al (2019 andWelker et al.(2014 were performed at
—————— 1 < z< 3, we focus on a lower redshift range36< z < 0.8. As
aresult, the tendency of massive galaxies to display grapior

\ _ IOg(Mg/Msun)< 10
D SRS log(Mg/Msun)>10

1.10

1.05

l.lsi\‘\‘\‘\‘\‘\‘\‘\‘\‘\
—+

FTTTTII
7

0.95 - axis perpendicular to their nearest filament is expectedhto i
N ] crease with cosmic time due to the cumulativkeet of merg-
- . ) AN - ers. In a similar vein, the parallel orientation trend of ggulow
0.90[— Minor axis (og1) NN mass galaxies is expected to decrease at lower redshifeasla r
— spin (o) o of the disappearance of the cold and vorticity rich gas inflow
I T I TR VN IO BN N A ‘I* that feed them. To illustrate thes#exts, Fig.A.1 displays the
00 02 04 06 08 10 PDF ofy, = cose, (blue lines), withe, the angle between the
Vg=COS 0g , V g1 =COS Ot spin of the central and the direction of the nearest filaneamd,

vy = COS 1 (brown lines), withe,, the angle between the mi-
Fig. A.1. PDF of v,; = cosa,, the cosine of the angle between thélor axis of the central and the direction of the nearest fiteme
minor axis of the central galaxy and the direction of the esfila- for two mass ranges of central galaxies®? X0 My < 10°°M,
ment (brown lines) andy = cosay, the angle between the spin of the(solid lines) andVly > 10'°M,, (dashed lines). The solid lines
fr?t?&iﬁ)lr?sagéy Sgggzig;rcegrt:t?glngz;Ih:xir:eesairr??cvf(lflfaelr'rr]eiﬁ(nt:ihsessaé?;e-s- on the figure lend support to the claim that galactic planes of
i ; "low-mass centrals are preferentially oriented orthoggnalthe
10 < My < 10°9M, (solid lines) andVlg > 10°°Ms (blue lines). The nearest filament, but th%t this align)r/nent is better trggeh thie

transition for the galactic plane orientation is recovetad the signal in-fil t le th ith th . il i
is stronger using the spin for low-mass centrals. The oppastrue for Spin-liiament angie than wi e minor axis-filament angpe (

high mass centrals: the minor axis estimator yields an asze ampli- which the signal is strongly damped and compatible with a ran
tude in the excess probability dom distribution). Conversely, when tracing the (parltai-

entation of the galactic plane of massive centrals (dashed)|
with respect to the filament minor axis yields a stronger aign
Appendix A: Low-mass centrals than spin. However, we emphasize that the signal for lowsmas

, , , .. .. galaxies remains weak using either the spin or the minor axis
We stated in Sectioi.1that the overall anisotropic distributionys compute the plane orientation, with a maximum amplitude

of satellites around central galaxies is, for a good patteiin & = 5% for the excess probability. .
ited from filamentary infall and from the mass-dependent ofi
entation of central galaxy planes relative to the nearbyn#at.
However, this naively implies that satellites of low-masatrals
(Mg < 10°M,) should preferentially be orthogonal to the ce

Fig. A.2 shows the PDF ofi; = cosé; (left panel, green
lines) and ofu = cosd (right panel, blue lines) for the satel-
pites of three diferent samples of centralby, which includes

tral plane, while the distribution of alignments we find fbist all the Sage"'tes afo‘%”d centrals in the lower mass rangex1 .
mass range is closer to random, see Bidn this Appendix, we Mg < 10'°M,, I'> which focuses on centrals with low mass ratio

detail the reasons for this apparent discrepancy. In Secia, Satellites Msa/Mg < 0.4): 5x 10° < Mg < 10'°M irrespec-
Fig. 2 we opted for a comparison with the direction of the mindive of their distance to the central ahtka < 2 x 10° Mo, and
axis of the central galaxy to quantify alignment on the galaks which focuses on centrals with low mass ratio, outer satel-
tic plane. This is a well justified method for high-mass gaax lites only: 5x 10° < Mg < 10'°Mg, Msa < 2 x 10° M, and
sufficiently well resolved to neglect errors due to a lack of cofgs > Riir. Focusing on samplE;, Fig. A.2 confirms the lack
vergence of the shape estimator with the number of partiakes Of @ clear detection for satellites to be oriented orthogprna
it gives a stronger and smoother signal: many of them have ffteir central galactic plane. Although a weak signal is clete
tle rotation relative to their dispersion support, oftespitaying When computing the spin-separation angle, using the miist a
strong variations between the inner and outer shells ofataxyg Separation angle yields an opposite signal of similar atonbdi,
as a result of their on-going merging activity. Moreoverstaf  i-€. a weak tendency for satellites to lie on the galactm@laf
these massive centrals have satellites of comparativelfiem such centrals. However, when focusinglgrandls, i.e. centrals
mass which have little impact on the shape of the centrat prio With no massive satellites and centrals with neither massor
merger. close _satellltes, the perpendicular orientation of séslis pro-
However, this statistics is more questionable for lessiveso gressively recovered for both(for I'; andI's) andé, (for I's).
low-mass centrals as such systems of centrals with satediie 1hiS result supports the idea that the damping of the lowsmas
often pairs (or triplets) of interacting galaxies (85% of am- central trend results from their greater sensitivity temmattion
ple, 97% including systems with two satellites). As we detineWith satellites, amplified by their excess probability ofvimg
threshold around B M,, for structure detection and a thresholgatellites of similar mass.
Mgy = 10°M,, for centrals, low-mass centrals have by construc- This fect is perhaps best emphasized when focusing on the
tion fewer satellites. Consequently, these pairs have nagiss PDF ofv,; = cose,, the cosine of the angle between the minor
close to one (pre-major merger systems). Therefore, gelani axis of the central galaxy and the direction of its neareat fil
such pairs strongly impact each other’s shape through itidal ment, for diferent subsets of centrals depending on whether or
teractions, which results in stronger and faster variatirtheir not their halo hosts a close satellite. The results of thidyesis
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*‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘g *‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘g
— central minor axis =] [~ central spin —
1.10— lOg(Mg/Msun)<10 [ IOg(Mg/Msun)<10 — 1.10

1.05 1.05

B 1,00 - 1.00

+

0.95 0.95

= I'1: all satellites r .
’ 1: all 11
090 ... I all satellites 1090

- 12 : low-mass ratio satellit I . .
ow-mass osatellites I eeeeeees 12 : low-mass ratio satellites

= Tt I'3 : low-mass ratio outer satellites ~ —| [ T3 : low-mass ratio outer satellites
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0.0 0.2 04 0.6 0.8 1.0 00 0.2 04 0.6 0.8 1.0

W1=Cos 61 u=cos 6

Fig. A.2. Left panel:PDF of u; = cos#y, the angle between the minor axis of the central galaxy aads#tellite separation vectogs. Right
panel: PDF ofu = cosf, the angle between the spin of the central galaxy and thea#pavector. Distributions are plotted for thredfeient
subsets of low-mass centrals with varying types of sagslifgreen and blue shadeE): 10° < My < 10° M, Tp: 5x 10° < Mg < 10*°M,, and
Msat < 2X 10° Mg, T'3: 5x 10° < Mg < 10'° Mg, Msat < 2% 10° M, andRys > Rir. Satellites of low-mass centrals tend to align with theirtca’s
spinfminor axis, consistently with the fact that they tend tomligith the nearest filament. However, the signal is limitedrinplitude and tends to
vanish when traced with the minor axis for centrals with rvessatellites antr with satellites in their close vicinity. In this mass ranir the
central, the satellite is often of comparable mass and baltxges equally impact the orientation and shape of onehangtrior to merger.

(T T T T " T [T [ T T[T 7
;9<|09(M9/Msun)<10.25

lower limit for the transition mass where galaxy spins stvive-
tween preferentially aligned and preferentially perpentir to

1.06 : ) ;
closest satellite: the closest filament, as estimatedDuabois et al.(2014. Such
Rgs < 0.5 Ruir / a choice of threshold allows us to preserve a decent statisti
1.04 for each subsample. These centrals are further dividedra@eth

subsets: those whose closest satellite is found withGiRgG (in

{\‘\‘\‘\‘\‘\

102 Rgs > Ruir green), those whose closest satellite is found betwegR,
o andRy; (in yellow), and those whose closest satellite is more
X distant tharR,; (in dark red). One clearly sees that the presence

1.00 i of a satellite in the vicinity of a low-mass central clearygacts

N — the orientation of its spin, damping its tendency to aligthwie

098 — 7 nearest filament. Thigkect is increased for closer satellites.

r B This explains why the alignment of satellites orthogontdly
- . the galactic plane of low-mass centrals is not measuredjirPFi
0.96 ] even though they do follow thfdamentarytrend.
— central minor axis- filament —]
094 L ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ i
0.0 02 04 0.6 038 10 Appendix B: Distance to the central galaxy
Vg1=COS0g1 Let us investigate here theéfect of alignment change as a func-

tion of distance to the central for the full sample of galaxiee.
Fig. A.3. PDF ofy,; = cosay;, the cosine of the angle between the miyithout specific mass cuts.
nor axis of the central galaxy and the direction of the nediesent,
for three subsets of low-mass centrals%(¥0 My < 10'%25 Mg, upper
threshold corresponds to the lower limit for the galactieng orienta- Appendix B.1: Full sample
tion transition mass as estimatedDubois et al. 2014depending on
the distance of their closest satellifg; < 0.5Rir, 0.5Rr < Rys < Ry Quantifying the relative influence of the filament and thenfoi
andRys > Ry The presence of a close satellite impacts the orienteffect of angular momentum dissipation via dynamical friction
tion of the central spin and damps its tendency to align tonérgrest jn the halo and central galaxy torques (which also alter the i
filament. The closer the satellite, the stronger tfiec. ner halo shape) is best achieved by noticing that these gsese
operate on dferent radial scales (as shown Banovich et al.
2015 for cold flows). We presented results for a sub-sample of
are presented in FigA.3 which displays this PDF for centralscentrals in Fig6. We now measure the distribution of satellite
with 10° < My < 10'%2° My, This threshold corresponds to thegalaxies around their central as a function of distancenfefll
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Fig. B.1. Same as Fig2 where samples are binned in distanBg, from satellite to central. Satellites close to the cengialaxy tend to be
distributed on the galactic plane and exhibit only margelajnment with the filament, while satellites in the outskiof the host halo of the
central are strongly aligned with the filament, while theiplanarity with the central galaxy is weakened. Resultstaeked for B < z < 0.8.

sample of central-satellites pair, with no further consatien on
the spin orientation of the central galaxy.

Fig. B.1shows the excess PDF of = cosf; (central galaxy
minor axis) and’ = cosa (filament axis) for diferent bins oRys,
the distance from the satellite to the central galaxy. Wetlsag
as the distance increases, the alignment with the galdetiep

This confirms the general tendency already observed for all

central galaxies witiMy > 10'°M, in Fig. B.1: satellites in
the outskirts of the halo are aligned with the nearest filamen
As they reach the inner parts of the halo they deviate from the
filament to align with the galactic plane of their centraleSific
features in each mass bin tend to confirm this general seenari

weakens progressively while the alignment with the filament _ For low mass centrals, theoplanar trendis significantly

strengthened. For satellites in the vicinity of their cahtwithin
a sphere of radiuRys = 0.25R;r, the coplanar trendis highly
dominant withé = 80% atu; = 0, and with 60% of the satel-

lites outside a 66double cone around the minor axis. (40% for

random), while thdilamentary trends reduced to a 12% excess

within a 37 double cone around the filament axis, which hosts

23% of the satellites (20% for random). In contrast, for lfitds
in the outskirts of the halo witRys > R,ir thefilamentary trend
dominates with this same excess, soaring to 41%-atl and
hosting 28% of the satellites in a 3@ouble cone around the fil-

weaker than for centrals withlg > 10'°M,, (for satellites
within 0.25R;r: € = 30% at co®; = 0 instead of ~ 100%

for the two highest mass ranges). This is consistent with a
weaker torquing of lower mass centrals. However, the flip
from thefilamentary trendo thecoplanar trends more dis-
tinctive than for higher mass bins, which is directly rethte

to the fact that those small mass centrals are under the swing
transition mass evaluated Dubois et al.(2014, and there-
fore are more likely to have a minor axis aligned with the
filament, in which case both trends compete.

ament axis (20% for random). The amount of satellites oatsid— The filamentary trendn the outskirts of the halo is mildly
the 66 double cone around the minor axis falls down to 48% affected by the mass of the centrals. As expected, it under-

that case (40% for random).

Thus, in this “full-sample" analysis we recover the evauti
with distance characteristic of a transition between bditna
ment trends for satellites around centrals whose spin gned
to the nearest filament. However, in the present case, cgiitra
the results discussed in the main body of the paper, ceibintths
with aligned and misaligned spin are analysed togetherhwhi

leads to an overall persistence of the filamentary trend yat an

distance from the central galaxy.

Appendix B.2: Evolution for different mass bins

In order to further confirm this transition from filamentary t
coplanar trend, FigB.2 reproduces the analysis of Fig.1
for three diferent central mass bins: 1< Mg < 10°°Mg,
10 < Mg < 10'%°M, and Mg > 10'%°M,. The evolution

goes a little increase and persists at shorter distances fro
the central for high mass centrals for whidlamentaryand
coplanartrends are more likely to reinforce each other.

For most massive central galaxies, tuplanar trendshows

a general evolution very similar to that observed for lower
masses but experiences a new increase, although somewhat
limited, for satellites in the most outer parts of the halo
(Rys > 2 Ryir). Satellites so distant can actually be satellites
of a neighboring cluster. Thus, this trend is consistenk wit
the Binggeli éfect Binggeli 1982 that applies to massive
clusters, which tend to align their rotation plane with tbft
their neighbours and is a hint of the importance of the two-
halo term discussed in further detail B¥isari et al(2015.

Appendix C: Spin versus minor axis: effect on

satellite alignment

of both trends with respect to the mass of the central is cokdditionally, the right panel of FigC.1 shows the PDF ofi =
sistent with the idea that more massive centrals shouldt exavsd, the angle between the spin of the central galaxy and the
stronger torques and with their average mass-dependem-orgatellite separation vector. While replacing the alignmeith

tation within the cosmic web.
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Fig. B.2. Same as Fig2 where samples are binned in distanRg, from satellite to central. This is plotted for thredfdrent central mass bins:
10° < Mg < 10*°M,, (top panels), 18 < My < 10'%5 M, (middle panels) andly > 10'*° M, (bottom panels). The amplitude of the signal for
the lowest mass bin (20< My < 10'°M,) is represented as a grey area in the plots obtained for highss bins. Satellites close to the central
galaxy tend to be distributed on the galactic plane with imatgalignment to the filament, while satellites in the ourts&f the host halo of the
central are strongly aligned with the filament but the coatép with the central galaxy is weakened. Results are sthédr 03 < z < 0.8.

change our results qualitatively, one can see that the audplof tering the halo. It also suggests that the spin can be signific
the spin signal is significantly lower than that of the axgnsil, misaligned with both the minor axis of the central galaxy trel
with the previously mentioned 54% fraction of satelliteshivia spin of the host halo. The discrepancy between those twalsign
solid angle sector around the midplane falling to less tH&#.4 is highly dependent on the shape of the central galaxy, wdaoh

. induce significant misalignments between the minor axished
This is a general trend that we observed for several PDgpﬁ'n especially for prolate structures.

presented in this paper, which suggests a significant impfact
torquing from the central galaxy on the motion of satellig@s
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Fig. C.1. Left panel PDF ofu; = cost;, the angle between the minor axis of the central galaxy aadiéietor separating it from its satellites,
at 03 < z < 0.8 and for diferent colour binsRight panel PDF of u = cos#, the angle between the spin of the central galaxy and théitate
separation vector. For massive red central galaxies, théites tend to be distributed on the galactic plane. Thplaade of the signal is stronger
when using the minor axis rather than the spin.
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