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ABSTRACT

We measure the anisotropy of dark matter flows on small s¢alé®)0 kpc) in the near en-
vironment of haloes using a large set of simulations. We oalywo different approaches to
quantify the anisotropy of the cosmic infall: we measureftbws at the haloes’ virial radius
while describing the infalling matter via fluxes through &epcal shell; we measure the spa-
tial and kinematical distributions of satellites and sulbsures around haloes detected by the
subclump finder ADAPTAHOP first described in the apperidiix Be Two methods are found
to be in agreement both qualitatively and quantitativelyae and two points statistics.
The peripheral and advected momentum is correlated wittspire of the embeded halo at
a level 0f30% and50%. The infall takes place preferentially in the plane perpemdr to
the direction defined by the halo’s spin. We computed thesxoéequatorial accretion both
through rings and via a harmonic expansion of the infall.

The level of anisotropy of infalling matter is found to be 15%. The substructures have
their spin orthogonal to their velocity vector in the haleést frame at a level of abo&fx,
suggestive of an image of a flow along filamentary structutgishivprovides an explanation
for the measured anisotropy. Using a ‘synthetic’ stackdd, litis shown that the satellites’
positions and orientations relative to the direction of liaéo’s spin are not random even in
projection. The average ellipticity of stacked haloeg(%:, while the alignment excess in
projection reache3%. All measured correlations are fitted by a simple 3 pararmetedel.
We conclude that a halo does not see its environment as aonpgoperturbation, investi-
gate how the anisotropy is propagated inwards using peatiorbtheory, and discuss briefly
implications for weak lensing, warps and the thickness tdga disks.

Key words: Cosmology: simulations, Galaxies : formation.

lites which is strongly anisotropie97)). Howethe

point is still moot and recent publications did not confirncisan

Isotropy is one of the fundamental assumptions in modermobs

T ogy and is widely verified on very large scales, both in largleg-

= ies’ surveys and in numerical simulations. However on scafea
) few Mpc, the matter distribution is structured in clustensl dil-

00

() aments. The issue of the anisotropy down to galactic andetlus

Q) scales has long been studied, as it is related to the searkirde
scale structuration in the near-environment of galaxies.géxam-
ple, both observational study (e dst (1994), PlionisagiBikos
(R002),|Kitzbichler & Saurgr (2003)) and numerical invgations
(e.g.[Faltenbacher etlal. (2002)) showed that galaxies tier
aligned with their neighbours and support the vision of atnépic
mergers along filamentary structures. On smaller scalesjlai
tions of rich clusters showed that the shape and velocityselids
of haloes tend to be aligned with the distribution of infagjisatel-
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anisotropy using resimulated haloes; they proposéd @9a mawxi-
mum for the anisotropy level of the satellites distribut{®fitvitska

etal. |200I2)).

When considering preferential directions within the large
scale cosmic web, the picture that comes naturally to mirmhés
involving these long filamentary structures linking larggsters to
one other. The flow of haloes within these filaments can beoresp
sible for the emergence of preferential directions andnatignts.
Previous publications showed that the distributions ofi sfgictors
are not random. For example, haloes in simulations tend ¥e ha
their spin pointing orthogonally to the filaments’ directi¢Fal-
tenbacher et al] (20p2)). Furthermore, down to galactitescthe
angular momentum remains mainly aligned within haloes|(ul
et al. (200[1)). Combined with the results suggesting thiesa
spins are_mostly sensitive to recent infall (van Haarlem & da
Weygaert @3)), these alignment properties fit well withre-
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tion scenarii along special directions : angular momentam lwe
considered as a good marker to test this picture.

Most of these previous studies focused on the fact that-align
ments and preferential directions are consequences ajitimafion
process of haloes. However, the effects of such prefetatitiec-
tions on the inner properties of galaxies have been leseasiel. It
is widely accepted that the properties of galaxies pargyltérom
their interactions with their environments. While the aitygle of
the interactions is an important parameter, some issugxtée
studied without taking into account the spatial extensibthese
interactions. For example, a warp may be generated by theeor
imposed by infalling matter on the disk (Ostriker & Binh¢P&n),
Lopez-Corredoira et hi[ (2d02)) : the direction but alse ampli-
tude of the warp are a direct consequence of the spatial coafig
tion of the perturbation. Similarly, it is likely that diskhickening
due to infall is not independent of the incoming directiorsafel-
lites (e.g.[Quinn et all.rélLQbSb, Velazquez & White (1/999),aHg
& Carlberg (199F)).

Is it possible to observe the small-scale alignment ? Inqart
lar, weak lensing deals with effects as small as the levettdated
anisotropy (if not smaller) (e.g. Hatton & Ni imm), @ré.
Metzler {200D),| Heavens etlal. (2000)), hence the impoetanc
put quantitative constraints on the existence of alignsientsmall
scales. Therefore, the present paper also addressesubefaie-
tecting preferential projected orientations on the sky udfssruc-
tures within haloes.

Our main aim is to provide quantitative measurements toystud
the consequences of the existence of preferential directho the
dynamical properties of haloes and galaxies, and on thervibse
tion of galaxy alignments. Hence our point of view is moreagal
tocentric (or cluster-centric) than previous studies. \&arsh for
local alignment properties on scales of a few hundred kpds
large sample of low resolution numerical simulations, we &1 ex-
tract quantitative results from a large number of halo eminents.
We reach a higher level of statistical significance whileudg
the cosmic variance. We applied two complementary appesaith
study the anisotropy around haloes: the first one is paatiewdnd
uses a new substructure detection tool ADAPTAHOP, the ather
is the spherical galactocentric fluid approach. Using twehags,
we can assess the self-consistency of our results.

After a brief description of our set of simulation§2f, we
describe the galactocentric point of view and study the @ntigs
of angular momentum and infall anisotropy measured at thal vi
radius £3). In (§4) we focus on anisotropy in the distribution of
discrete satellites and substructures and we study the piiep of
the satellites’ proper spin , which provides an explanaf@rthe
detected anisotropy. Ir£g) we discuss the level of anisotropy as
seen in projection on the plane of the sky. We then investigatv
the anisotropic infall is propagated inwards and discuspthssi-
ble implications of our results to weak lensing and to theastyn
ics of the disk through warp generation and disk thickeni®). (
Conclusions and prospects follow. The appendix descrizesub-
structures detection tool ADAPTAHOP together with the vatd
aspects of one point centered statistics on the sphere. stdat
mally derive there the perturbative inward propagatiomédlling
fluxes into a collisionless self gravitating sphere.

2 SIMULATIONS

In order to achieve a sufficient sample and ensure a conveggen
of the measurements, we produced a set-06500 simulations.
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Figure 1. The number density/N/dM, of haloes with a mass M (within
dM) detected in our simulations at redshift zero (solid Jisempared to
the distribution expected by Press-Schechter (dashed Tiime agreement
is good for masses betwesn 1011 Mg and3 - 1014 Mg,

Each of them consists of a 30°* Mpc® box containingl 28 par-
ticles. The mass resolution fs- 10°M®. A ACDM cosmogony
(Qm = 03, Q2 = 0.7, h = 0.7 andos = 0.928) is im-
plemented with different initial conditions. These initieondi-
tions were produced with GRAFId (Bertschiﬂgmoon) veher
we chose a BBKY (Bardeen et 4l. (1086)) transfer functiormto-c
pute the initial power spectrum. The initial conditions wesed as
inputs to the parallel version of the treecode GADGET (Sy®in
et al. {200[L)). We set the softening length to/19" kpc. The halo
detection was performed using the halo finder HOP (Eisemg&tei
Hut ({L998)). We employed the density thresholds suggesteded
aUthOrS Aouter = 807 5saddle == 2-55outer76peak = 3.6outer) As
a check, we computed the halo mass distribution. It is shawn i
Fig.ﬂ and compared to the Press-Schechter mass functiess(Rr
Schechter|(1974)). The measured distribution is in agreemith
the theoretical curve up to masses3 - 10** M (100 000 parti-
cles), which validates our completeness in mass.

As an other means to check our simulations and to evaluate the
convergence ensured by our large set of haloes, we comphaed t
probability distribution of the spin parametaf, defined as (Bul-

lock et al. [205]1)):
- J
~ V2MVRag
Here J is the angular momentum contained in a sphere of virial
radius Raoo With a mass M and’? = G'M/Rz0. The measure-
ment was performed on 100 000 haloes with a mass larger than
5-10'2 My, as explained in the next section. The resulting distribu-
tion for A’ is shown in Fig[p

. The distributio®?()\) is well fitted
by a log-normal distribution (e.¢. Bullock etlal. (2001)):
2/y/ /
PN = 1 exp _ TN/ o) dx'.
NN 2o

202
We found)\{ = 0.0347 4 0.0006 ando = 0.63 £ 0.02 as best-
fit values and they are consistent with parameters found barite
et al. (200B) &' = 0.035 ando = 0.57) but our value ofs is
slightly larger. However, using = 0.57 does not lead to a signif-
icantly different result. The value ef is not strongly constrained

X @)

)
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Figure 2. The distribution of the spin parametey’ defined as\’ =
J/(v/2MV Rago) computed using 100 000 haloes with a mass greater than
5-10'2 M. The distribution can be fit with a log-normal function with-p
rameters\; = 0.0347 % 0.0006 ando = 0.63 £ 0.02 (red line). The
curve parametrized by = 0.035 ando = 0.57 is also shown (black
line). The two results are almost concurrent, indicatirgt the value ot

is not so strongly constrained using a log-normal distidout

and no real disagreement exists between our and their best-fi
ues. The halo’s spin, on which some of the following invesiions
are based, is computed accurately.

3 A GALACTOCENTRIC POINT OF VIEW

The analysis of exchange processes between the haloesesind th
tergalactic medium will be carried out using two methodse Tirst
one can be described as ‘discrete’. The accreted objecexplie-
itly counted as particles or particle groups. This approaihbe
applied and discussed later in this paper. The other metiias on
measuring directly relevant quantities on a surfactatnterface
between the halo and the intergalactic medium. In this aatro
the measured quantities are scalar, vector or tensor flaresywe
assign to themflux densitiesThe flux density representation al-
lows us to describe the angular distribution and temporaécence
of infalling objects or quantities related to this infalb&@formal re-
lation between a flux densitgp (2), and its associated total flux
through a regiort, @, is:

@z/w(n).dn, (3)
S

whereQ2 denotes the position on the surface wherés evaluated

anddf2 is the surface element normal to this surface. Examples of

flux densities are mass flux densipw., or accreted angular mo-
mentumpv, L. In particular, this description in terms of a spherical
boundary condition is well-suited to study the dynamicabdity
and response of galactic systems. In this section, thesis faagk
used as probes of the environment of haloes.

3.1 Haloanalysis

Once a halo is detected, we study its environment using &tgala
centric point of view. The relevant fields (£2) are measured on

(© 0000 RAS, MNRASD00, 000-000
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the surface of a sphere centered on the halo’s centre of nmi#ss w
a Raoo radius (where3M /(4w R3q0) = 200p) (cf. fig .B). There
is no exact, nor unigue, definition of the halo’s outer boupdend
our choice of aRzq0 (also called the virial radius) is the result of
a compromise between a large distance to the halo’s centiea an
good signal-to-noise ratio in the spherical density fieleiedmina-
tion.

We used0 x 40 regularly sampled maps in spherical angles
Q = (v, ¢), allowing for an angular resolution of 9 degrees. We
take into account haloes with a minimum number1660 parti-
cles, which gives a good representation of high densityoregon
the sphere. This minimum correspondssto10'2 My, for a halo,
and allows us to reach a total number of 10 000 haloes at z=2 and
50 000 haloes at z=0. This range of mass corresponds to a some-
what high value for a typical.. galaxy but results from our com-
promise between resolution and sample size. Detailed sigady
the effects of resolution is postponed to Aubert & Pi¢Hor0@)0

The density,0(€2), on the sphere is computed using the par-
ticles located in a shell with a radius @200 and a thickness of
R200/10 (this is quite similar in spirit to the count in cell tech-
nigues widely used in analyzing the large scale structumasin
the context of a sphere the cells are shell segments). Vieigthie
density with quantities such as the radial velocity or thgudar
momentum of each particle contained within the shell, teoeis
ated spherical fieldgiv.(£2) or pL(£2), can be calculated for each
halo. Two examples of spherical maps are given in Eig. 3. They
lustrate a frequently observed discrepancy between theypes
of spherical fieldsp(£2) and pv.(€2). The spherical density field,
p(£2), is strongly quadrupolar, which is due to the intersectibn
the halo triaxial 3-dimensional density field by our 2-dirsiemal
virtual sphere. By contrast the flux density of matter, (£2), does
not have such quadrupolar distribution. The contributiérhao
particles to the net flux density is small compared to the rdmmnt
tion of particles coming from the outer intergalactic regio

3.2 Two-pointsstatistics: advected momentum and halo’s
spin

The influence of infalling matter on the dynamical state ohtagy
depends on whether or not the infall occurs inside or outide
galactic plane. If the infalling matter is orbiting in the laetic
plane, its angular momentum is aligned with the angular meme
tum of the disk. Taking the halo’s spin as a reference for thexd
tion of the ‘galactic’ plane, we want to quantify the levelaign-
ment of the orbital angular momentum of peripheral striedur.e.
as measured on the virial sphere) relative to that spin. fheri
spinS is calculated using the positions-velociti@$art, Vpart ) Of
the particles inside th&20o sphere in the centre of mass rest frame
(I‘o7 Vo)I

S = Z(rpart - rO) X (Vpart - V0)~

part

4)

ro is the position of the halo centre of mass, whilestands for the
average velocity of the halo’s particles. This choice ot femme

is not unique; another option would have been to take the most
bounded particle as a reference. Nevertheless, given tisdaved
mass range, no significant alteration of the results is tocpeaed.

The total angular momentunk,r (measured at the virial radius,
R200) is computed for each halo using the spherical fidld2):

Ly = / pL(€Q)dS2. )
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NGP

SGP

NGP
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Figure 3. A galactocentric point of view of the density field(€2) (top)
and of the flux density of maspy(£2), surrounding the same halbd{-
tom). This measurement was extracted froM@DM cosmological sim-
ulation. The considered halo contained abb@t3 M or 2000 particles.
The high density zones are darker. The density’s spheriefal §hows a
strong quadrupolar component with high density zones reatvio poles
while this component is less important for the mass flux dgriild mea-
sured on the sphere. This discrepancy between the two sphéglds is
common and reflects the shape of the halo as discussed in theéexta

The anglef), between the spin of the inner particl@snd the total
orbital momentunL of ‘peripheral’ particles is then easily com-
puted:

Lr-S )
LS|

Measuring this angl® for all the haloes of our simulations al-
low us to derive a raw probability distribution of anglé,(0).
An isotropic distribution corresponds to a non-uniformigability
densitydis. (0). Typically dis, is smaller near the poles (i.e. near the
region of alignment) leading to a larger correction for thaggles
and to larger error bars in these regions (seel}ig. 4): thiseison-
sequence of smaller solid angles in the polar regions (Wdales
like ~ sin 6) than in equatorial regions for a givéraperture. The
true anisotropy is estimated by measuring the ratio:

6 = cos™(

(6)

T 1 T T — 1 T 1 T 17
1.4 %\ o — pviL ]
o—— pL -
12 — _ pvlfit |
ur | — pLfit _]
1.0|
0.8
=1 1
0 /4 /2 3m/4 T
0 (rad)

Figure4. Excess probability] +£1,5(6), of the angled, between the halo’s
spin 8) and the angular momentuniL4{ for total, or L 4 for accreted)
measured on the virial sphere using the fluid located at thial vadius.
Here L represents théotal angular momentum measured on the virial
sphere (corresponding curve : solid line, circle symbotg) B 4 the total
accretedangular momentum measured on the sphere (correspondivey cur
dashed line, diamond symbols). The error bars represerdctitspersion
measured on subsamples of 10 000 haloes. The correlatien tafo ac-
count the uncertainty on the angle determination due to el S\umber
of particles at the virial radius. Heig,s(6) = 0 would be expected for an
isotropic distribution of angles betwe&andL while the measured distri-
butions indicate that the aligned configuratieh~ 0) is significantly more
likely. The two excess probability distibutions are weltefd by Gaussian
functions (red curves: see main text).

dr(0)/diso(0) =14 £1s(0), @)

Here, 1 + &.s(0) measures the excess probability of findifig
andLr away from each other, whilé.s(0) is the cross correla-
tion of the angles o8 and L. Thus havingérs(6) > 0 (resp.
&Ls(0) < 0) implies an excess (resp. a lack) of configurations with
af separation relative to an isotropic situation.

To take into account the error in the determinatiord ogach
count (or Dirac distribution) is replaced with a Gaussiastritiu-
tion and contributes to several bins:

exp <_ M) ) (8)

5((9 - 00) — ./\/'(0070'0) =

2
ooV 2T 204

where N stands for a normalized Gaussian distribution and where
the angle uncertainty is approximated &y ~ (47/N)'/? using

N particles as suggested n@OOl)NIJ is equal

to the number of particles used to compufe(€2) on the virial
sphere and iV, is the number of particles used to compute the
halo spin, the error we associated to the angle between thdaan
momentum at the virial sphere and the halo spin is:

o0 = \/(47/N,) + (47 /Ny,) ~ \/(47/N,), (9)

because we hav#/’, < Nj. Note that this Gaussian correction
introduces a bias in mass: a large infall event (lakgg smallo)

is weighted more for a givefy, than a small infall (smallV,,, large
09). All the distributions are added to give the final distribut

NP
dr(0) =Y N(by,0p), (10)

(© 0000 RAS, MNRASD00, 000—-000



Dark matter anisotropic cosmic infall oh, haloes

where N,, stands for the total number of measurements (i.e. the
total number of haloes in our set of simulations). The coesing
isotropic angle distribution is derived using the same $etri@rs
randomly redistributed:

N:D
diso(0) = > N(05°,0)- (11)

Fig. H shows the excess probability+ £1.s(6), of the angle
between the total orbital momentum of particles at the Miedius
Lz and the halo spit8. The solid line is the correlation deduced
from 40 000 haloes at redshift = 0. The error bars were deter-
mined using 50 subsamples of 10 000 haloes extracted from the
whole set of available data. An average Monte-Carlo cdirela
and a Monte-Carlo dispersiaenis extracted. In Figﬂ4, the symbols
stand for the average Monte-Carlo correlation, while thetica
error bars stand for thés dispersion.

The correlation in Fig[|4 shows that all angles are not equiva
lent sincetrs(0) # 0. It can be fitted with a Gaussian curve using
the following parametrization:
1+ &ws(0) exp [—(0 —

a2)2/(2a§)} + ag4. (12)

— ai
V2ray
The best fit parameters atie = 2.351 4 0.006, ax = —0.178 +
0.002, a3 = 1.343+0.002, a4 = 0.6691£0.0004. Themgximum
being located at small angles, the aligned configurafigrs ~ 0,
is the most enhanced configuration (relative to an isotrdfstri-
bution of anglef). The aligned configuration dt.r relative toS
is 35% (£Ls(0) = 0.35) more frequent in our measurements than
for a random orientation dt.r-. As a consequence, matter is pref-
erentially located in the plane perpendicular to the spinictvis
hereafter referred to as the ‘equatorial’ plane.

The angles(4, ¢), are measured relative to the simulation
boxes z-axes and x-axes and not relative to the directidmecgpin.
Thus we do no expect artificidl-S correlations due to the sam-
pling procedure. Nevertheless it is expected on geomégioand
that the aligned configuration is more likely since the cbntion
of recentinfalling dark matter to the halo’s spin is important. As a
check, the same correlation was computed using theddtadcted
orbital momentum:
La= / Lpv-(2) - dQ2. (13)

4w
The resulting correlation (see Fﬂ;. 4) is similar to the pyes one
but the slope toward small values ®fs even stronger and for ex-
ample the excess of aligned configuration reaches the |&%1%
(€Ls(0) ~ 0.5). The correlation can be fitted following EEI 12 with
a1 = 3.370 £ 0.099, a2 = —0.884 4+ 0.037, a3 = 1.285 + 0.016
andas = 0.728 +-0.001. This enhancement confirms the relevance
of advected momentum for the build-up of the halo’s spinutjio
the increase in amplitude is limited to 0.2 fbe= 0. The halo’s in-
ner spin is dominated by the orbital momentum of infallingrops
(given the larger lever arm of these virialised clumps) tieate just
passed through the virial sphere, as suggesteld by Vitvitskd
(2002) (see also appendp] D). It reflects a temporal coherefic
the infall of matter and thus of angular momentum, and a géome
rical effect: a fluid clump which is just being accreted caeiisect
the virtual virial sphere, being in part both “inside” anduteide”
the sphere. Thus it is expected that the halo Sgamd the momenta
Ly andL4 at the virial radius are correlated since the halo’s spin
is dominantly set by the properties of the angular momentuitsi
outer region. The anisotropy of the two fiellls andL 4 do not

(© 0000 RAS, MNRASD00, 000-000
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Figure 5. Top: Normalized probability distributions (PDF) of the excess
of equatorial infall,6,,, measured at the virial radius. The quantity- ,,,
stands for the ratio between the flux of matter through thexenial sub-
region of theRz0o sphere and the average flux of matter through the whole
Roop sphere. The equatorial sub-region is defined as being paigoear

to the direction of the halo’s spin. It formally corresportdsthe top-hat-
smoothed mass flux density contragt, = 0 is expected for an isotropic
infall of matter through the virial sphere. The average eatfi 6,,, is al-
ways greater than 0 indicating that the infall of matter is awerage, more
important in the direction orthogonal to the halo’s spinteet¢han in other
directions.Bottom: the antisymmetric part of thé,, distribution. Being
positive for positive values af,,,, the antisymmetric part of th&,, distri-
butions shows that accretion in the equatorial plane is ceex relative to
the one expected from an isotropic accretion of matter.

have the same implication. The spatial distribution of atkve an-
gular momentumL 4, contains stronger dynamical information. In
particular, the variation of the halo+disk’s angular momoemis in-
duced by tidal torques but also by accreted momentum for an op
system. For example the anisotropylgév, should be reflected in
the statistical properties of warped disks as discussed ilatsec-
tions an 1.

) 2l
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Figure 6. The redshift evolution ofd., ). The averagé-) is performed on a
set of 40 000 haloes at= 0 and 10 500 haloes at= 1.8. The error bars
stand for the error on the estimation @,,) with A = ¢(5,,)/v/N. N is
the number of haloes needed to compdtg ). (6, ) is always positive and
indicates an excess of accretion in the equatorial planis. rEdshift evo-
lution can be fitted a$d,)(z) = 0.0161(£0.0103)z + 0.147(40.005).
This excess is detected for every redshift smaller thas 2, which in-
dicates an excess of accretion in the equatorial region. pbeal a mass
threshold of5 - 1012 M, to our haloes for every redshift. Then, the halo
population is different from one redshift to another. Thidestion effect
may dominate the observed time evolution.

3.3 One-point statistics: equatorial infall anisotropy

The previous measurement doesn’t account for dark mattergfa
into the halo with a very small angular momentum (radial t)bi
We therefore measured the excess of equatorial accrétigrge-
fined as follow. We can measure the average flow density obmatt
.., in aring centered on the equatorial plane:

/ pve(€2) - d€2,
—7/8<0—7/2<7/8

whereS, = ffﬂ/8<977r/2<7r/8 d€2. The ring-region is defined by
the area where the polar angle satisfigs = 7/2 £+ 7/8 which
corresponds to about 4% of the total covered solid angle. The
larger this region is, the better the convergence of theageevalue

of ®@,., but the lower the effects of anisotropy, since averagirey ov
a larger surface leads to a stronger smoothing of the fielts Th
value of +7/8 is a compromise between these two contradictory
trends. In the next section and in the appendix, we discuge mo
general filtering involving spherical harmonics which agfated to
the dynamical evolution of the inner component of the hale W
also measure the flow averaged on all the directibns

1

Since we are interested in accretion, we compdiecnd® using
only the infalling part of the density flux of matter, where,. (92) -
d€2 < 0, ignoring the outflows. We therefore defifig as

1

o, =
Sr

(14)

=pvr (15)

b, — P

Om =
P

. (16)

This number quantifies the anisotropy of the infall. It is ifies
when infall is in excess in the galactic-equatorial plankilevfor
isotropic infall §,,, = 0. The quantitys,,, can be regarded as being
the ‘flux density’ contrast of the infall of matter in the rimggion
(formally it is the centered top-hat-filtered mass flux dgnson-
trast as shown in appendCl). This measurement, in cantas
those of the previous section does not rely on some knowledge
the inner region of the halo but only on the properties of tiné-e
ronment.

Fig.ﬁ displays the normalized distribution®f, measured for
50 000 haloes with a mass in exces$ of0'2 M, and for different
redshifts ¢ = 1.8,1.5,0.9,0.3,0.0). The possible values fa¥,,
range betweed,, ~ —1 andd,, ~ 1.5. The average valu&,,)
of the distributions is statistically larger than zero (ats® Fig[b).
Here ( ) stands for the statistical expectation, which in this pa-
per is approximated by the arithmetic average over manyekato
our simulations. The antisymmetric part of the distribntad 6., is
positive for positived,,,. The PDF ofé,, is skewed, indicating an
excess of accretion through the equatorial ring. The medhdure
for 6,, iS dmea = 0.11, while the first25% haloes havey,, <
d25 = —0.11 and the firstr5% haloes have,, < 475 = 0.37.
Therefore we hav&7s —dmed )/ (925 —Imea) = 1.13, which quan-
tifies how the distribution of,, is positively skewed. The skewness
Ss = ((6 — 8)%)/((6 — §)%)®/% is equal t00.44. Combined with
the fact that the average valé&,,) is always positive, this shows
that the infall of matter is larger in the equatorial planarttin the
other directions.

This result is robust with respect to time evolution (see Fig
E). At redshiftz = 1.8, we have(d,,) = 0.17 which falls down
to (6») = 0.145 at redshiftz = 0. This redshift evolution can be
fitted as(dm)(z) = 0.0161(£0.0103)z + 0.147(£0.005). This
trend should be taken with caution. Fewveryredshift z we take
in account haloes with a mass bigger tHan10'2 M. Thus the
population of haloes studied at z=0 is not exactly the santbeas
one studied at z=2. Actually, at z=0, there is a strong coutidn
of small haloes (i.e. with a mass closeito 10*2 M) which just
crossed the mass threshold. The accretion on small haloesres
isotropic as shown in more details in appendix D2. One ptessib
explaination is that they experienced less interactionis thieir en-
vironment and have had since time to relax which implies dlsma
correlation with the spatial distribution of the infall. #d bigger
haloes tend to lie in more coherent regions, correspondingre
peaks, whereas smaller haloes are more evenly distribUitesl.
measured time evolution of the anisotropy of the infall oftiea
therefore seems to result from a competition between timel fier
haloes to become more symmetric and the bias correspormig t
fixed mass cut.

In short, the infall of matter measured at the virial radins i
the direction orthogonal to halo spin is larger than expkéde an
isotropic infall.

3.4 Harmonic expansion of anisotropicinfall

As mentioned earlier (and demonstrated in appe@lix A), the d
namics of the inner halo and disk is partly governed by thissita
cal properties of the flux densities at the boundary. Acdagrfor
the gravitational perturbation and the infalling mass ormmatum
requires projecting the perturbation over a suitable agib as the
spherical harmonics:

w(2) =Y o'V (Q), (17)
£,m
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Figure 7. The convergence of modulus of the real par{@}*), for £ =
2,4,6,8. Theaj™ decomposition was computed for 25 000 haloes and each
coefficient has been normalized with the correspondihg(see text for
details). Here{ ) stands for the median while the error bars stand for the
distance between the 5th and the 95th centile. The mediae ealay*) is

zero except for théa?) coefficient: this is a signature of a field invariant to
azimuthal rotations.
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Figure 8. An illustration of the convergence of thg,,, presented in Fig.

. The solid line stands for the azimuthal average of the rigdiecontrast
of accretion computed using E. [22). The dotted line forstieerical field
reconstructed witlf < 5. The insert represents the reconstructed spherical
field using the expansion of tlig,,, of the mass flux measured at the virial
sphere. The sphere presents an excess of accretion in th®eguregion
because of the non-zero average valué ©f coefficients (for even values
of ¢).
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Here,w stands for,e.g.the mass flux density, the advected mo-
mentum flux density, or the potential perturbation. The ltesy
ay" coefficients correspond to the spherical harmonic decompos
tion in anarbitrary reference frame. The differemt correspond
to the different fundamental orientations for a given npdte ¢. A
spherical field with no particular orientation gives risatfield av-
eraged over the different realisations which appear as apube,
i.e. (aem) = 0 for £ # 0. Having constructed our virial sphere
in a reference frame attached to the simulation box, we tftdg
performed a randomization of the spheres’ orientation. éi@s;
since the direction of the halo’s spin is associated to argépee-
ferred orientation for the infall, it should be traced thgbuheay,,
coefficients. Let us define the rotation matri, which brings the
z-axis of the simulation box along the direction of the halgpin.
The spherical harmonic decomposition centered on the $ghreo
halo,a}", is given by (e.g| Varshalovich et|d. (1988)):

ZR”, ﬁnpaez .

If the direction of the spin defines a preferential plane afation,
the corresponding;® will be systematically enhanced. We there-
fore expect the equatorial direction (which correspondsite= 0
for every/) not to converge to zero.

We computed the spherical harmonic decomposition of
pv-(9,¢) given by Eq. [1) for the mass flux density of 25 000
haloes at = 0, up to£ = 15. For each spherical field of the mass
density flux, we performed the rotation that brings the tsapin
along the z-direction to obtain a set of ‘centered’ coefficients.
We also computed the related angular power spectms

Cp = 4W2£+1Z|z| Z|z|

m=—~£ m=—4{

ay' = R[aez 18)

47r 2E +1 (19)

Let us define the normalized;* (or harmonic contrast, see ap-
pendix),

am _ a;’ ag'
= S SOy
This compensates for the variations induced by our rangeastes
for the halo. For eacld, we present in Fig[l? the median value,
[(Re{ay'})| for ¢ = 2,4,6,8 computed for 25 000 haloes. All
theay' have converged toward zero, except for dhg coefficients.
The imaginary parts ofiy* have the same behaviour, except for
the Im{a.o} coefficients which vanish by definition (not shown
here). Them = 0 coefficients are statistically non-zero. We find
(a9) = —0.6540.04, (a3) = 0.12+0.02, (ag) = —0.05440.015
and(ag) = 0.0145 4+ 0.014. Errors stand for the distance between
the 5th and the 95th centile. The typical pattern corresipgndn
m = 0 harmonic is a series of rings parallel to the equatorialglan
This confirms that the accretion occurs preferentially iteae per-
pendicular to the direction halo’s spin.

The spherical accretion contra&t,.,.(9, ¢)) can be recon-
structed using théa;") coefficients (as shown in the appendix):

(20)

Slpun) (9,) = Y ai"¥{"(9,0) — 1. (21)
l,m

In Fig.B, the polar profile:

(Bloun (9)) = Y (@)Y (9,0) — 1 (22)

Zm

of this reconstructed spherical contrast is shown. Thisilprbas
been obtained using the}") coefficients with¢ < 5 and? < 15.
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The contrast is large and positive neélae= /2 as expected for an
equatorial accretion. The profile reconstructed ugirg5 is quite
similar to the one using < 15. This indicates that most of the
energy involved in the equatorial accretion is containedl fypical
angular scale of 36 degrees (a scale which is significantfeta
than /20 corresponding to the cutoff frequency in our sampling
of the sphere as mentionned earlier).

Using a spherical harmonic expansion of the incoming mass
flux density (Eq. 7)), we confirmed the excess of accretiche
equatorial plane found above. This similarity was expedciede
these two measurements (using a ring or using a spherical har
monic expansion) can be considered as two different filgsriof
the spherical accretion field as is demonstrated in the ampﬁw
The main asset of the harmonic filtering resides in its releggor
the description of the inner dynamics as is discussed inose6t

3.5 Summary

To sum up, the two measurements of section 3.2 and 3.3 (or 3.4)
are not sensitive to the same effects. The first measurerirent (
volving the angular momentumlL at the virial radius) is mostly a
measure of the importance of infalling matter in building tralo’s
proper spin. The second and the third measurements (imgpthie
excess of accretion in the equatorial plafg, using rings and har-
monic expansion) are quantitative measures of coplanaetiae.
The equatorial plane of a halo is favoured relative to theetizm

of matter (compared to an isotropic accretion) to a levet-af2%
betweenz = 2 andz = 0. Down to the halo scale~( 500 kpc),
anisotropy is detected and is reflected in the spatial corafigun

of infalling matter.

4 ANISOTROPIC INFALL OF SUBSTRUCTURES

To confirm and assess the detected anisotropy of the matter in
fall on haloes in our simulations, let us now move on to a dis-
crete framework and measure related quantities for satelind
substructures. In the hierarchical scenario, haloes ateupby
successive mergers of smaller haloes. Thus if an anisotrofie
distribution of infalling matter is to be detected it seemasonable
that this anisotropy should also be detected in the digtabuof
satellites. The previous galactocentric approach for thesflow
does not discriminate between an infall of virialised objeand a
diffuse material accretion and therefore is also sengitigatellites
merging: one would need to consider, say, the energy fluxityens
However, it is not clear if satellites are markers of the gahiefall
and|Vitvitska et a].[(2002) did not detect any anisotropy &ve!
greater than 24.

The detection of substructures and satellites is perforased
ing the code ADAPTAHOP which is described in details in the ap
pendix. This code outputs trees of substructures in ourlatius,
by analysing the properties of the local dark matter denisitgrms
of peaks and saddle points. For each detected halo we catextr
the whole hierarchy of subclumps or satellites and theirattteris-
tics. Here we consider the leaves of the trees, i.e. the nersien-
tary substructures the haloes contain. Each halo contaiterel
which is the largest substructure in terms of particles remamnd
‘satellites’ corresponding to the smaller ones. We calkthgemble
core + satellites the ‘mother’ or the halo. Naturally the temof
substructures is correlated with the mother’s mass. Thgebithe
number of substructures, the bigger the total mass. Betheses-
olution in mass of our simulations is limited, smaller haéend to
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Figure 9. Excess probabilityl + £cs(fcs ), of the angle between the core’s
spin and the orbital momentum of satellites. Cores haveast I& satel-
lite (solid line), 4 satellites (dashed line) and 10 satsdli(dotted line).
These curves have been normalized by the expected isotlgtidoution
and the Gaussian correction was applied to account forseeamthe angle
determination. Hergcs(0) = 0 is expected for an isotropic distribution
of angles between the core 's spin and the orbital momentuhsatel-
lites are external to the core, yet an excess of alignmentesept. The
triangles represent the angle distribution, the error btaad for the3o-
dispersion for 50 subsamples of 10 000 satellites (out of (&} @vhile the
red curve stands for the best gaussian fit of the distribuilmrsystems
with at least one satellite (see 12 for parameterizatidhe best fit
parameters aret; = 0.3993 &+ 0.0038, a2 = 0.0599 + 0.0083, a3 =
0.8814 4 0.0055, a4 = 0.9389 + 0.0002. The isotropic case is excluded
with a good confidence level, even for systems with a largelbaurof satel-
lites.

have only one or two satellites. Thus in the following seiove

will discriminate cases where the core have less than 4lisegel

A total of 50 000 haloes have been examined leading to a tbtal o
about 120 000 substructures.

4.1 Corespin - satellite orbital momentum correlations

In the mother-core-satellite picture, it is natural to mebtihe core
as the central galactic system, while satellites are eggect join
the halo from the intergalactic medium. One way to test tfecef
of large scale anisotropy is to directly compare the angtevben
the core’s spinS., and the satellites’ angular momentuln,, rela-
tive to the core. These two angular momenta are chosen s$iage t
should be less correlated with each other than e.g. the $iapm
and the angular momentum of its substructures. Furtherrpare
ticles that belong to the cores are strictly distinct frorasth that
belong to satellites, thus preventing any ‘self contaniamatef-
fect. As a final safeguard, we took in account only satellitéh
a distance relative to the core larger than the mother'susadihe
core’s spin is:

S =3 lrp — o) x (vp — ve),

P

(23)

whererp, andvy, (resp.r. andv.) stands for particles’ position and
velocities (resp. the core’s centre of mass position amtity) and
where:
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rp < de, (24)

whered. is the core’s radius. The angular momentum for a satellite

is computed likewise, with a different selection criteriom parti-
cles, namely:

Irp —rs| < ds, (25)

wherers stands for the satellite’s centre of mass position énis
its radius.

Fig.ﬂ! displays the reduced distribution of the angle, be-
tween the core’s spin and the satellites’ orbital momentwirgre
0.5 is defined by:

L.-S.
Ls][Se| ™

The Gaussian correction was applied as described in s&&:20to
take into account the uncertainty on the determinatiofh.of

Ocs = cosfl( (26)

The correlation of).s indicates a preference for the aligned
configuration with an excess of 12% of aligned configurations

relative to the isotropic distribution. We ran Monte-Caréalisa-

tions using 50 subsamples of 10 000 haloes extracted from our
whole set of substructures to constrain the error bars. Wado

a 3o error of 6%: the detected anisotropy exceeds our errors, i.e.
&cs(bes) is not uniform with a good confidence level. The varia-

tions with the fragmentation level (i.e. the number of daéd per
system) remains within the error bars. The best fit paraméter
the measured distributions of systems with at least 1 #atelte
a1 = 0.3993 £+ 0.0038, a2 = 0.0599 + 0.0083, a3 = 0.8814 +

0.0055, a4 = 0.9389 £ 0.0002 (see EqBZ for parametrization).

Not surprisingly, a less structured system shows a stroaligan-
ment of its satellites’ orbital momentum relative to theessspin.

In the extreme case of a binary system (one core plus a sajelli
it is common for the two bodies to have similar mass. Since the

two bodies are revolving around each other, a natural prefid
plane appears. The core’s spin will be likely to be orthodgaoa
this plane. Increasing the number of satellites incredesesotropy
of the satellites’ spatial distribution (the distribut®omaxima are
lower and the slope toward low values&f is gentler), but switch-
ing from at least 4 satellites to at least 10 satellites pstesy does
not change significantly the overwhole shape distribufldris sug-
gests that convergence, relative to the number of satgllites been
reached for thé, distribution.

As the measurements of the anisotropy factgrindirectly
suggested, satellites have an anisotropic distributicdheif direc-
tions around haloes. Furthermore the previous analysiseo$ta-

tistical properties ob (sectio) indicated an excess of aligned
configuration ofl5% which is consistent with the current method

using substructures. While the direction of the core’s sbiauld
not be influenced by the infall of matter, we still find the ¢gizce
of a preferential plane for this infall, namely the core'siatprial
plane.

4.2 Satellite velocity - satellite spin correlation

The previous sections compared haloes’ properties witlptbp-
erties of satellites. In a galactocentric framework, thistexice of
this preferential plane could only be local. In the extreraehehalo
would then have its own preferential plane without any catina
to the preferential plane of the next halo. Taking the S&teit-
self as a reference, we have analyzed the correlation betthee
satellite average velocity in the core’s rest frame and thecs
tures’ spin. Since part of the properties of these two qtiastare

(© 0000 RAS, MNRASD00, 000-000

consequences of what happened outside the galactic system,
measurement of their alignment should provide informatiorthe
structuration on scales larger than the haloes scalesg sfiiking
to a galactocentric point of view.

For each satellite, we extract the andle,, between the veloc-
ity and the proper spin and derive its distribution using@aeissian
correction (see fidjO). The satellite’'s si¥p is defined by:

Sa= (rp —1s) X (vp — va), (27)

p

wherers andvs stands for the satellite’s position and velocity in
the halo core’s rest frame. The angte,, between the satellite’s
spin and the satellite’s velocity is:

Ss -V
ISs[vs] ™

Only satellites external to the mother’s radius are comsitle
while computing the distribution of angles. This leads t@mple
of about 40 000 satellites, at redshift= 0. The distributior¢ (6.s)
was calculated as sketched in section 2. An isotropic tigion of
6vs would as usual lead to a uniform distributig(d,s) = 0. The
result is shown in Fid:io. The error bars were computed usiag
same Monte-Carlo simulations described before with 50 ambs
ples of 10 000 satellites.

We obtain a peaked distribution with a maximum thr =
/2 corresponding to an excess of orthogonal configuratidiVof
compared to a random distribution of satellite spins redeti their
velocities. The substructures’ motion is preferentiaypendicu-
lar to their spin. This distribution of angles for systemshwt least
1 satellite can be fitted by a Gaussian function with the follo
ing best fit parameters (see E 12): = 0.2953 + 0.0040, a1 =
1.5447 4+ 0.0015, a2 = 0.8045 £ 0.0059, a3 = 0.9144 + 0.0010.
The variation with the mother’s fragmentation level is witlthe
error bars. However the effect of an accretion orthogon#heéadi-
rection of the spin is stronger for satellites which belondess
structured systems. This may be again related to the casewhe
two comparable bodies revolve around each other, but frosed s
lite point-of-view. The satellite spin is likely to be ortonal to the
revolution plane and consequently to the velocity’s digett

This result was already known for haloes in filaments (Fal-
tenbacher et aI|_(g)b2)), where their motion occurs aloedfita-
ments with their spins pointing outwards. The current rtssstow
that the same behaviour is measured down to the satellitels.s
However this result should be taken with caution since Monte
Carlo tests suggest that the error (deduced fron3¢hdispersion)
is about4%.

This configuration where the spins of haloes and satellites a
orthogonal to their motion fit with the image of a flow of struies
along the filaments. Larger structures are formed out of taging
of smaller ones in a hierarchical scenario. Such small suttsires
should have small relative velocities in order to evenjuelerge
while spiraling towards each other. The filaments corredpome-
gions where most of the flow is laminar, hence the merging &etw
satellites is more likely to occur when one satellite casalye with
another, while both satellites move along the filamentsirigLsuch
encounter, shell crossing induces vorticity perpendidalzhe flow
as was demonstrated in Pichon & Bernarfidau (1999). Thigvort
ity is then converted to momentum, with a spin orthogonaht® t
direction of the filament.

Finally, the flow of matter along the filaments may also pro-
vide an explanation for the excess of accretion through the-e
torial regions of the virial sphere. If a sphere is embeddea i

(28)

Oy = cos_l(
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Figure 10. Excess probability] + £vs, of the angle between the substruc-
tures’ spin and their velocities in the mother’s rest fraiftee Gaussian cor-
rection was applied to take into account uncertainty on tiggeadetermina-
tion. The distributions was measured for all mothers (3pfitbthers with at
least 4 substructures (dot) and mothers with at most 3 sudbstes (dash).
The triangles represent the mean angle distribution. Tioe bars represent
the Monte Carl®o-dispersion for 50 subsamples of 10 000 haloes (out of
35 000). The red dash-dotted curve stands for the best fieddigiribution
with a Gaussian function for systems with at least 1 satgltiee Eq}. 12 for
parametrization). The best fit parameters afe= 0.2953+0.0040, a; =
1.5447 £0.0015, a2 = 0.8045 +0.0059, a3 = 0.9144 + 0.0010. In the
core’s rest frame, the satellites’ motion is orthogonah direction of the
satellites’ spin. This configuration would fit in a picture evh structures
move along filamentary directions.

‘laminar’ flow, the density flux detected near the poles stidae
smaller than that detected near the ‘equator’ of the sphiéeflux
measured on the sphere is larger in regions where the noamal t
the surface is collinear with the ‘laminar’ flow, i.e. the texjor’.

On the other hand, a nil flux is expected near the poles siree th
vector normal to the surface is orthogonal to direction ef flow.
The same effect is measured on Earth which receives the 8iin ra
ance: the temperature is larger on the Tropics than neardles.p
Our observed excess of accretion through the equatoriarsgp-
ports the idea of a filamentary flow orthogonal to the directid

the halo’s spin down to scales 500 kpc.

5 PROJECTED ANISOTROPY
5.1 Projected satellites population

We looked directly into the spatial distributions of sdtel sur-
rounding the haloes cores to confirm the existence of a Enefiet
plane for the satellites locations in projection. In FE e show
the compilation of the projected positions of satellitethie core’s
rest frame. The result is a synthetic galactic system with Q@0
satellites in the same rest frame. We performed suitabéioois to
bring the spin axis collinear to the z-axis for each systersabél-
lites, then we added all these systems to obtain the actotietyc
halo with 100 000 satellites. The positions were normalizsitig
the mother’s radius (which is of the order of the virial resjiuA
quick analysis of the isocontours of the satellite distiims in-
dicates that satellites are more likely to be found in theasoyial

plane, even in projection. The axis ratio measured at on&erst
radius ise(R»,) = a/b — 1 = 0.1 with a > b. We compared
this distribution to an isotropic ‘reference’ distributiof satellites
surrounding the core. This reference distribution has émeesav-
erage radial profile as the measured satellite distribatinr with
isotropically distributed directions. The result of théstraction of
the two profiles is also shown in FiEl 11. The equatorial plgee-
pendicular to the z-axis) presents an excess in the numisatelf
lites (light regions). Meanwhile, there is a lack of sate#ialong
the spin direction (dark regions). This confirms our eanesults
obtained using the alignment of orbital momentum of sagéalhivith
the core’s spini.e. satellites lie more likely in the plane orthogonal
to the halo spin direction. Qualitatively, these resultgehalready
been obtained be D (1997), where the major axis of the el
lipsoid defined by the satellite’s distribution is found ® &ligned
with the cluster’s major axis. This synthetic halo is moreedily
comparable to observables since, unlike the dark matteritsaf,
the satellites should emit light. Even thougl€DM predicts too
many satellites, its relative geometrical distributiorghti still be
correct. In the following sections, our intent is to quantihore
precisely this effect.

The propension of satellites to lie in the plane orthogonal t
the direction of the core’s spin appears as an ‘anti-Holigibef
fect.[Holmberp[(1974) and more recerftly Zaritsky ét[al. @3gave
found observationnally that the distribution of sateflitaround
disks is biased towards the pole regions. Thus if the orlpitad
mentum vector of galaxies is aligned with the spin of theirepa
haloes, our result seems to contradict these observatioressmay
argue that satellites are easier to detect out of the galptane.
Furthermore our measurements are carried far from the disle w
its influence is not taken in accouQﬁaX/)e
shown that the orbital decay and the disruption of satsllgee
more efficient for coplanar orbits near the disk. It wouldlekpthe
lack of satellites in the disk plane. Thus our distributidsatellites
can still be made consistent with the ‘Holmberg effect’.

5.2 Projected satellite orientation and spin

In addition to the known alignment on large scales, we hawevsh
that the orientation of structures on smaller scales shbeldif-
ferent from the one expected for a random distribution ofrata-
tions. Can this phenomenon be observed ? The previous neeasur
ments were carried in 3D while this latter type of observatits
performed in projection on the sky. The projection ‘dilutdse
anisotropy effects detected using three-dimensionalrimédion.
Thus an effect 0t 5% may be lowered to a few percents by project-
ing on the sky. However, even if the deviation from isotropyas
important as a few percents, as we will suggest, this shaziietb
evant for measurements involved in extracting a signal dbstve
the noise level, such as weak lensing.

To see the effect of projection on our previous measurements
we proceed in two steps. First, every mother (halo core Hlisat®
is rotated to bring the direction of the core’s spin to theisaSec-
ond, every quantity is computed using only the y and z compisne
of the relevant vectors, corresponding to a projection @lthe x-
axis.

The first projected measurement involves the orientation of
satellites relative to their position in the core’s restim The spin
of a halo is statistically orthogonal to the main axis of thstrit
bution of matter of that hald (Faltenbacher et fl. (2002)) as-
suming that this property is preserved for satellites,rthpin Ss
is an indicator of their orientation. The anglg; (in projection),
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Figure 11. The projected distribution of satellites around the coce’stre
of mass. We used the position of 40 000 satellites around tespective
core to produce a synthetic halo+satellites (a ‘mother§tewm. The pro-
jection is performed along the x-axis. The y and z coordmare given in
units of the mother’s radius. The z-axis is colinear to thedion of the
core’s spin.Top: The isocontours of the number density of satellites around
the core’s centre of mass present a flattened shape. The nafmbatel-
lites is lower in darker bins than in lighter bins. The flagdrisocontours
indicate that satellites lie preferentially in the planéhogonal to direction

of the spin.Bottom: The excess number of satellites surrounding the core.

We compared the distribution of satellites measured in onulgations to
an isotropic distribution of satellites. Light zones steéfod an excess of
satellites in these regions (compared to an isotropicibligion) while dark
zones stand for a lack of satellites. The satellites are mareerous in
the equatorial region than expected in an isotropic distidln of satellites
around the core. Also, there are fewer satellites along phessaxis than
expected for an isotropic distribution of satellites.

between the satellites’ spin and their position vector i ¢ore’s
rest frame) is computed as follow:

1 U exly
ep = COS 1(w), (29)
with

(30)

Fsc =Ts — I¢,

wherers andr. stand respectively for the position vector of the
satellite and the core’s centre of mass. Two extreme sSitositi
can be imagined. The ‘radial’ configuration corresponds tase
where the satellite’s main axis is aligned with the radiusijg the
core’s centre of mass to the satellite centreof mass (sppepéic-

(© 0000 RAS, MNRASD00, 000-000
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Figure 12. Excess probability] + £ p, of the projected angles between the
direction of the spin of substructures and their positioctaein the core’s
rest frame . The projection is made along the x-axis where-#oas is con-
current with the core’s spin direction. The solid line regmets the average
distribution of projected angles of 50 subsamples of 50 @@BBuctures
(out of 100 000 available substructures). The error baresemts thao
-dispersion relative to these 50 subsamples. An isotraptdlalition of ori-
entation would correspond to a value of 1 for- &p. The projection plus
the reference to the position vector instead of the velscitirection low-
ers the anisotropy effect. The red curve stands for the bass&an fit of
the excess probability (see 12 for parameterizatiohp Best fit pa-
rameters area; = 0.0999 + 0.0030,a2 = 1.5488 + 0.0031,a3 =
0.8259 + 0.0131, a4 = 0.9737 £ 0.0007. It seems that on average the
projected orientation of a substructure is orthogonal g@ibjected posi-
tion vector.

ular to the radius, ofp ~ 7/2). The ‘circular’ configuration is the
case where the satellite main axis is orthogonal to the sa@ipin
parallel to the radiusfp ~ 0[x]). These reference configuration
will be discussed in what follows.

The resulting distribution] + £p(6p), is shown in Figmz.
As before, an isotropic distribution of orientations woud@d to
&p(0p) = 0. The distribution is computed with 100 000 satellites,
without the cores, while the error bars result from Montel€a
simulations on 50 subsamples of 50 000 satellites each. As co
pared to the distribution expected for random orientatitims or-
thogonal configuration is present in excesstpfr/2) ~ 0.02.
If the spin of satellites is orthogonal to their principali@xthe
direction vector in the core’s rest frame is more alignechvtiite
satellites principal axes than one would expect for an dgitr
distribution of satellites’ orientations. This configuoat is ‘ra-
dial’. The peak of the distribution is slightly above thearbars:
A&p(0p ~ m/2) ~ 0.02. The distribution can be fitted by the
Gaussian function given in EchZ with the following parame-
ters:a; = 0.0999 + 0.0030,a2 = 1.5488 + 0.0031,a3 =
0.8259 + 0.0131, a4 = 0.9737 + 0.0007. The alignment seems
to be difficult to detect in projection. With 50 000 satekitave
barely detect the enhancement of the orthogonal configurati
the 3o level, thus we do not expect a detection of this effect at the
1-0 level for less than 6000 satellites. Nevertheless, theiliigion
of the satellites’ orientation in projection seems to beliadl on
dynamical grounds, without reference to a lensing poténtia

Our previous measurement was ‘global’ since it does not take
into account the possible change of orientation with thatiet
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[e) Figure 14. Geometric configuration of mean satellites around theie cor

galaxy; each panel of FiEl13 is represented by an ellipgs lag radius and
angle around the core galaxy. The axis ratio of the ellipsggaportional
to the peak-to-peak amplitude of the corresponding cdmelgaccounting
for the relative SNR), while its orientation is given by théeatation of the
maximum ofl + &p.

Figure 13. Radial and azimuthal grid of the excess probability ¢p,
of the projected angles between the direction of the spirubsuctures
and their direction relative to the central position of tleeec(as shown on
average in Fid 12). The projection is made along the x-axisre/the z-
axis is concurrent with the direction of the core’s spin. lEemwv represents
a distance relative to central core in the mother’s radiuts from bottom
to top): R € [0,0.4[, R € [0.4,0.8[, R € [0.8,1.2[, R € [1.2,1.6]
andR € [1.6, 2[. Each column represents an angular distance (in degrees)
relative to the direction of the core’s spin (z-axisp; €]0,36], ¢s €
[36,72[, ¢s € [72,108[, ¢ € [108,144[ and¢s € [144,180[. The
isotropic orientation distribution corresponds to a vadfiel. Each sector
presents a preferential direction that depends on itsippgitlative to the
spin direction of the central core. The distributions armpated using 50

would be seen as circular on average. Conversely a stroogly ¢
strained orientation leads to a typical axis ratio of 0.5.

Two effects seem to emerge from this investigation. For some
sectors, the orthogonal configuration is in excess compareah
isotropic distribution of satellites’ orientation relatito the radial
vector. This seems to be true especially for radii smallantthe
mother’s radius but the effect is still present at largetatises, es-

samples of 50 000 satellites each. In each sector, the peptesents the
distribution averaged over the 50 samples. The error barssent tho-
Monte Carlo dispersion of the distribution over these 50Ham

position of the satellites in the core’s rest frame. In F@ e
explore the evolution ol + ¢p with the radial distance relative
to the core’s centre of mass and with the angular distanegivel
to the z-axis, i.e. relative to the direction of the core'insfThe
previous synthetic halo was divided in sectors and for eactos

pecially nearps ~ /2. Switching from low values to high values
of ¢s changes the slope of thet-£p (0) distribution. This may be a
marker of a ‘circular configuration’ of the orientation otetites.
The existence of a ‘radial’ component in the orientationhef t
satellites was expected, both from the unprojected meamnts
made in the previous sections and from the global distiiouix-
tracted from the projected data. The fact that the ‘radighature
is stronger around the equatorial plane (< ¢s < 108 in Fig.
@) may be an another evidence for a filamentary flow of sts]li
even in projection. It seems that the existence of a ‘circatampo-

14-¢p can be computed. The sectors are thus defined by their radiuspent was mostly hidden in the previous measurements by tie do

(in the mother’s radius units)® < 0.4, 0.4 < R < 0.8,0.8 <
R< 12,12 < R < 16andl.6 < R < 2 and by their polar
angle relative to the direction of the core’s spin (in degjeg, <
36,36 < ¢s < 72,72 < ¢s < 108,108 < ¢s < 144 and

144 < ¢s < 180. Each of the previous Monte-Carlo subsamples

can also be divided into sectors in order to compute the difpe
o for the distributions within the subsamples. The error Isits
represent th8o dispersions.

The Fig. is a qualitative representation of the resulés pr
¥

sented in Fig} 13. Each sector with< 1in Fig. is represented
by an ellipse at its actual position. The orientation of thipse is
given by the angle of the maximum of the correspondingp (6,)
function. We chose to represent the spin’s direction petioatar
to the ellipse’s major axis. We also chose to scale the ellgpgs
ratio with the signal-to-noise ratio df+ £p(6,). Indeed large er-
rors leads to weak constrains on the spin orientation angataxy

inant signature of the ‘radial’ flow. Nevertheless, the doanice of
‘circular’ orientations near the poles fits with the pictufea halo
surrounded by satellites with their spin pointing orthoginto the
filament directions.

The ‘circular’ flow may alternatively be related to the flow of
structures around clusters located at the connection keetiika-
ments. There are observations of such configurations (i€higr
& Saurer 2003), where galaxies have their spin pointing atlogig
direction of accretion and these observations could beistems
with our ‘circular’ component.

6 APPLICATIONS

Let us give here a quick overview of the implications of the-pr

vious measurements for the inner dynamics of the halo down to

(© 0000 RAS, MNRASD00, 000—-000
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galactic scales. In particular let us see how the self-ctesi dy-
namical response of the halo propagates anisotropic infaérds,
and then briefly and qualitatively discuss implicationsrugatropy
to galactic warps, disk thickening and lensing.

6.1 Linear responseof galaxies

In the spirit of e.gl) or Tremaine & Weinidrgg4)
v

we show in appendik |A and elsewhefe (Aubert & Pi¢hon (P004))
how to propagate dynamically the perturbation from theavira-
dius into the core of the galaxy using a self consistent coattmn

of the linearized Boltzmann and Poisson equations undeashe
sumption that the mass of the perturbation is small compiartte
mass of the host galaxy. Formally, we have:

r(x,t) = R[F, Q,x,t — 7] (w(Q, 1)) , (31)

whereR is a linear operator which depends on the equilibrium state
of the galactic halo (+disk) characterized by its distribatfunc-

tion F, andr(x,t) represents the self consistent response of the
inner halo at time t due to a perturbatian(£2, ) occuring at time

7. Herew represents formally the perturbed potential on the virial
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Figure 15. The residual anisotropic harmonic power speottaR;”, intro-

sphere and the flux density of advected momentum, mass and Ki-qyced in Eq_@5) as a function of for £ = 1,2, 3, 4. These residuals will

netic energy af200. A ‘simple’ expression foR. is given in Ap-
pendix[4 for the self consistent polarisation of the haloeTihear
operatorR, follows from Eq. ), ) and 6). These equa-
tions generalize the work of Kalnajs in that it accounts faoa-
sistent infall of advected quantities at the outer edge etido. It

is shown in particular in appendB A that self-consisteneguires
the knowledge of all ten (scalar, vector and symmetric tarfaxds
wP(Q7T)7 wPV(Q7T)7wﬁUin (977-)'

When dealing with disk broadening,could be the velocity
orthogonal to the plane of the disk, or, for the warp, its atage,
as a function of the position in the disk, (or the orientation of
each ring if the warp is described as concentric rings). Myme-
erally, it could correspond to the perturbed distributiandtion of
the disk+halo. The whole statistics ofis relevant. The average
responser(x,t)) can be written as:

(r(x, 1)) = R{w(2, 7)) = > RY/"(Q)(a}") (32)
m

Since the accretion is anisotropi@;*) do not converge toward
zero (see secti .4) inducing a non-zero average respdiase
importantly the two point correlation of the response siitaill
tell us qualitatively what the correlation length and thetrmean
square amplitude of the response will be. For the purposaisf t
section, and to keep things simple, we will ignore tempasalies
(discussed in AppendiElA) altogether, both for the mean féeld
the cross-correlations. The two-point correlationc@k) then de-
pends linearly on the two-point correlationof

(r(x) -t (y)) = R(w() = ()R, (33)

where " stands for the transposition. Clearly, if the infath(€2),
is anisotropic the response will be anisotropic. As wasudised in
section 3.4 when the infall is not isotropic, we have

m=4£
~m |2 ~m |2\ __ 1 ~m |2
JaF ) # (67 ) = 55 Z[qw ). (34)
Let us therefore introduce:
AR = (lag?) — (lag' ), (35)

(© 0000 RAS, MNRASD00, 000-000

serve as input to the computation of the dynamical respohtedalo.

which would be identically zero if the field were stationary the
sphere. Heré\ R} represents the anisotropic excess for each har-
monic correlation. In particular, the excess polarisatibthe re-
sponse induced by the anisotropy reads

Alr(x) -t (y)) = Y RY(QARPY(Q)RT. (36)
m

Fig. [1} displaysAR}*, for ¢ = 1,2, 3,4. The different AR}
clearly converge toward different non-zero values. Consetly
the response should reflect the anisotropic nature of therrelt
perturbations.

It is beyond the scope of this paper to pursue the quanttativ
exploration of the response of the inner halo to a given amipix
infall, since this would require an explicit expression bé tre-
sponse operatoR, for each dynamical problem investigated.

6.2 Implication for warps, thick disksand lensing

In this paper, the main emphasis is on measured anisotrdpies
turns out that it never exceeds %5in accretion. For a whole class
of dynamical problems where anisotropy is not the dominaint d
ing force it can be ignored at that level. Here we now discussd-q
itatively the implication of the previous measurements atagtic
warps, the thick disk and weak lensing where anisotropyssres
tial.

6.2.1 Galactic warps

The action of the torque applied on the disk of a galaxy isdéit
for different angular and radial position of the perturbatiConse-
quently the warp’s orientation and its amplitude are funtdiof the
spatial configuration of the external potential. For exampbpez-
Corredoira et al.|(20p2) found that the warp’s amplitude tuan
intergalactic flow is dependent on the direction of the inocgm
‘beam’ of matter. Having modelled the intergalactic flow kexb
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to the Milky Way, they found that the warp amplitude riseeptg
as the beam leaves the region coplanar to the disk and thisamar
plitude reaches a maximum for an inclination of 30 degrelegive
to the disk’s plane. As the beam direction becomes perpeladic
to the galactic plane, the warp amplitude decreases sldaihis
context, the existence of a typical spatial configurationttie in-
coming intergalactic matter or satellites infall may indwckind of
‘typical’ warp in the disk of galaxies.

The existence of a preferential plane for the accretion gfian
lar momentum also implies that the recent evolution of tHe'a
spin has been rather smot@OOl) have sltioan
the angular momentum tends to remain aligned within haloes.
thermore, the accretion of matter by haloes is preferéntjzr-
formed on plunging radial orbits, thus the inner parts obhalare
aware of the properties of the recently accreted angular enem
tum. Therefore, a disk embedded in the halo would also ‘fied’
anisotropic accretioe89) have shahat
the misalignment of the accreted angular momentum and #hésdi
spin forces the latter to slew the symmetry axis of its inretgp

The warp line of nodes is also found to be aligned with the axis

of the torque applied to the disk. As stressed| by Bihfey (1992
non straight line of nodes can be associated with changdsein t

direction of the accreted angular momentum. Using a saniple o

12 galaxies| Brigys] (19P0) established rules of thumb ftaaie

warps, one of them being that the line of nodes is straighterin-
ner region of disk while itis wound in the outer parts. If thalar
momentum is accreted along a stationary preferential titnrecas
we suggest, the warp line of nodes should remain mostlygsirai
However, if the accretion plane differs slightly from thekiplane,

more than one direction of accretion become possible (by-sym
metry around the vector defining the disk plane) and, as aeeons

guence, different directions are possible for the torqueiced by

accreted matter. We may then consider a varying torque aong
cretion history with an accreted angular momentum ‘preéngss
around the halo’s spin but close to its direction. In thisse®, the

difference in the behaviour of the warp line of nodes betwiben
inner and outer regions of the galaxies may be explained.

6.2.2 Galactic disk thickening

Thin galactic disks put serious constraints on merging a&dien
since their presence implies a fine-tuning between the mgoli

mechanismsd.g.coplanar infall of gas), and the heating processes

(merging of small virialised objects, deflection of spirafsmolec-
ular clouds). It has been shown that small mergers can peoduc
thick disk (e.g{ Quinn et al| (19p3), Walker e} 4l. (1996) dwever,
the presence of old stars within the thin disk cannot be é@xpth
in the framework of the merging scenario unless a fractiothef
accretion took place within the equatorial plane of the xgal&ur-
thermore, the geometric characteristic of the infall iesal in the
formation process of a thick disk. n Velazquez & White (1999
numerical simulations of interactions between galactiksliand
infalling satellites show that the heating and thickenimgniore ef-
ficient for coplanar satellites. They also stressed theudifices be-
tween the effect of prograde or retrograde orbits of infiglisatel-
lites (relative to the rotation of the disk): prograde csltduce disk
heating while retrograde orbits induce disk tilting. Owsuts indi-
cate that the infall is preferentially prograde and coplaaktive to
the halo’s spin: if we consider an alignment between the'fiafgin
and the galaxy’s angular momentum, the thickening processa
more efficient than the one expected in an isotropic confignaf
infalling matter. Furthermore, our estimate of the fractaf copla-

nar accretion at the virial scale may be considered as a loaerd
near the disk since the presence of a disk will focus theliofaser
to the galactic plane. In fadt, Huang & Carlqefg (11997) fotimat
the disk tends to tilt toward the orbital plane of infallingpgrade
low-density satellites. This effect would also contribtdgeenhance
the excess of coplanar accretion down to galactic scales.

However the nature of infalling virialised objects was show
to affect their ability to heat or destroy the di
(L997) found that the presence of low density satellitesishim-
duce preferentially a tilting of the disk instead of a thickey: one
needs to enhance the relative mass of the satelit8q% of the
disk mass) to produce an observable thickening in the inagsp
of the galaxy. Unfortunately such a massive satellite hasstruc-
tive impact on the outer parts of the disk. The relationsleieen
the excess of accretion and the satellite mass should b&aioesl
but our limited mass resolution prevents us from perfornsinch a
guantitative analysis. We should therefore aim at achgehigher
angular resolution of the virial sphere and higher massluésa
in order to describe well compact virialised objects.

6.2.3 Gravitational lensing

The first detection of cosmic shear was reported by four diffe
ent groups in 200d (Bacon etlal. (2poP), Kaiser ét[al. (Rovap,
Waerbeke et al[(20p0), Wittman ef g. (2000)). One of théchas
assumptions made by cosmic shear studies is that the intghs
lipticities of galaxies are expected to be uncorrelated, that the
observed correlations are the results of gravitationasiten in-
duced by the large scale structures between those galaxdebha
observer. Hence, the detection of weak lensing signal asswam
gravitationally induced departure from a random distiiloubf the
galactic shapes. Consequently, if there exists intringgnaents
or preferential patterns in galactic orientations, thisuldgpoten-
tially affect the interpretation from weak lensing measoeats.
Several papers have already considered the ‘contaminafidine
weak lensing signal by intrinsic galactic alignment. Usamglytic
arguments), Catelan et|al. (2001) have shown that such adigtsm
should exist. The issue of the amplitude of the intrinsiceations
compared to the correlation induced by the cosmic shearlbas a
been explored b Croft & Metzlef (2d00) ahd Heavensef abgzo
The ‘intrinsic’ correlations may overcome the shear-iretlisignal

in surveys with a narrow redshift range. We have shown that th
orientation of satellites around haloes is not randomlyrithisted,
which is a clear indication of intrinsic correlations forrocon-
sidered scales~( 500 kpc). Takingz,, = 1 as a typical median
redshift for large lensing surveys, the corresponding Emgcale

is 1 arcminute in our simulations’ cosmogony. Furthermahne,
prospect of studying the redshift evolution of gravitatboluster-
ing via shear measurements will require investigatingaveer red-
shift bins and as such, small scale dynamically inducedrsaléon
might become an issue. As recommende ¢t al]2001
our measurement may also be used as a ‘numerical’ calibrafio
the relation between ellipticity and tidal fields. Inteiegty, they
suggested to compensate for the finite number of galaxiesmédro
clusters by ‘stacking’ several clusters, which is pregigbe pro-
cedure we followed to extract signal from our simulationgsalty,
Weak lensing predicts no ‘curl’ component in the shear field.(
Pen et 4.[(200)) and such ‘curl’ configurations would seive
extract the intrinsic signal. Even though satellites eithibth ‘cir-
cular’ and ‘radial’ configurations in our simulations, we ot ob-
serve a clear signature of a 'curl’ component of orientatiahour
level of detection.

(© 0000 RAS, MNRASD00, 000—-000
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Figure 16. A schematic representation of all estimate of anisotropéretion considered in this papé&j: we measured the distribution of the angle between
the orbital momentum on the virial sphere and the halo’s.Sfle average orbital momentum measured on the virial sphenestly aligned with the spin of
the halo embedded in the virial sphere (discussed in s n2): we compared the accretion in the plane orthogonal to tleetim of the halo’s spin with
the average accretion on the sphere. On the virial spherdeteeted an excess of ring-like or harmonic accretion iretheatorial plane (discussed in section
an )3): in projection, we used a ‘synthetic’ halo to look at the dlisttion of satellites detected with ADAPTAHOP and at thptation of their spin
around the direction of the spin. In projection, satellitereferentially in the projected equatorial plane (disged in sectio@.lt}): We measured the angle
between the halo’s spin and the orbital momentum of eachiigat&he orbital momentum of satellites is preferentiadligned with the spin of their hosting
core (discussed in secti.B).' We compared the orientation of each satellite velocitytae(in the core’s rest frame) with the orientation of theivro
spin. The velocity vector of satellites (in the core’s reatiie) is orthogonal to the direction of their spin (discdsiaesectioZ)G): In the equatorial plane,
the projected orientation of satellites is more 'radialhile® near the direction of the spin a 'circular’ configuratiof orientation seems to emerge (discussed

in sectio).

Table 1. Summary of the fitting parameters for the angular corretatio Table 2. Summary of other quantities related to anisotropic acameti
angle a1 as as aq (0m)(z)  0.0161¢ 0.0103) z +0.147+ 0.005)

0L 2.3510.006 -0.178:0.002 1.343-0.002 0.66%0.000 S3(6m) 0.44

0. 3.370£0.099  -0.884:0.037  1.283-0.016 0.7280.001  €(Rm) 0.1

Ocs 0.399+-0.003 0.052-0.008 0.88%0.005 0.9380.000 asgo -0.654+ 0.04

Ovs 0.295+0.004 1.544-0.001 0.804-0.005 0.914-0.001 a4o 0.124+ 0.02

0p 0.099+ 0.003  1.548+ 0.003 0.825+-0.013 0.973+0.000 aeo -0.0544 0.015

Hered,, is the angle between the halo’s spin and the angular momentum agg 0.0145+ 0.0014

measured on the virial spher;,,1, is the angle between the halo’s spin
and the accreted angular momentum measured on the viriatesphs is

the angle between the core’s spin and the satellite orbitethemtum;ds¢

is the angle between the satellite velocity in the core 's fregne and the
satellite’s spin;f,, is the projected angle between the satellite’s spin and
its direction relative to the core s’ position. The fitting deb we used is

1+ £(0) = a1/(v2raz) exp [—(0 — a2)?/(2a3)] + aa.

(6m ) (z) is the redshift evolution of the average excess of accretiche
plane orthogonal to the direction of the spifs.(d,. ) is the skewness of the
distribution of excess of accretion(R.) is the axis ratioa/b — 1 with

a > b of the projected satellite distributiofigo, a40, aso andaso are the
normalized harmonic coefficients of the ‘equatorial’ mades

7 CONCLUSION & PROSPECTS
7.1 Conclusion

Using a set of 5000CDM simulations, we investigated the proper-
ties of the spatial configuration of the cosmic infall of danktter

(© 0000 RAS, MNRASD00, 000-000
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around galactiez L, haloes. The aim of the present work was to
find out if the existence of preferential directions exigton large
scales (such as filaments) is reflected in the behaviour afemat
accreted by haloes, and the answer is a clear quantitative ye

e The distribution of satellites projected onto the sky idéiaed,
with an axis ratio ofl.1 at the virial radius.

e |t seems that the orientation of satellites around theiodml
is not random, even if the two dimensional representatidutas

Two important assumptions were made in the present pa- the effects of alignments. The ‘radial’ orientation, whée satel-

per.We did not consider different class of haloes’ masses(# for
Fig.@), but instead applied normalisations to includésalbes in
our measurements (considering e.g. the statistical agevhgon-
strasts). We also did not take in account outflows and focosed
accreted quantities.

First we looked at the angular distribution of matter at tie i
terface between the intergalactic medium and the inneonsgdf

the haloes. We measured the accreted mass and the accreted a

gular momentum at the virial radius, describing these dtiestas
spherical fields.

lites main axis is aligned with the line joining the satelltb the
halo centre, is~ 5% more frequent than the one expected in a
completely random distribution of orientation. The ‘citadi con-
figuration, where the satellites main axis is perpendicidéne line
joining the satellite to the halo centre, is also presenkaess com-
pared to an random distribution near the pole of the hoskgala

All corresponding fits are summarized in Table 1 and 2, whitg F
gives a schematic view of the measurements we carried out.
We investigated how the self-consistent dynamical respons
of the halo would propagate anisotropic infall down to galac
tic scales. In particular we gave the corresponding paltios

e The total (resp. advected) angular momentum measured at theoperator in the context of an opened system. We have shown

virial radius is strongly aligned with the inner spin of th@dwith

a proportion of aligned configuratiod0% (resp.50%) more fre-
guent than the one expected in an isotropic distributiorcofeted
angular momentuml(+ £rs(0) ~ 1.5). This result reflects the
importance of accreted angular momentum in the buildinghef t
haloes’ inner spin.

e The accretion of mass measured at the virial radius in tfge rin
like region perpendicular to the direction of the halo’snsjg ~
15% larger than the one expected in the case of an isotropid infal
of matter.

We also detected the excess of accretion at the same levaé in t
equatorial plane using a spherical harmonic expansioneofrtass
density flux.

e In the spin’s frame, the average of the harmomig coeffi-
cients does not converge toward zero, indicating that tiseaesys-
tematic accretion structured in rings parallel to the eguaitplane.

Using the substructure detection code ADAPTAHOP, we con-
firmed that the existence of a preferential plane for thellinfa
mass is reflected in the distribution of satellites arouridés

e Investigating the degree of alignment between the orbital m
mentum of satellites and the central spin of the halo, it@shthat
the aligned configuration is present in excess-0f2%. Satellites
tend to revolve in the plane orthogonal to the direction efiiblo’s
spin. The two methods (using spherical fields and satélttetec-
tion) yield consistent results and suggest that the imagespher-
ical infall on haloes should be reconsidered at the quotesl.le
We studied the distribution of the angle between the dioectf
accretion of satellites and their own spin.

e An orthogonal configuration i§% more frequent than what
would one expect for an isotropic distribution of spin ancedi
tions of accretion. Satellites tend to be accreted in thectlon
orthogonal to their own spin.

These findings are interpreted as the results of the filamenta
flows of structures, where satellites and haloes are accedteg
the main direction of filaments with their spins orthogorathis
preferential direction. The flow along filaments also expdaivhy
the matter is accreted preferentially in the equatoriah@lat the
virial radius. The halo points its spin perpendicular tofloes and
sees a larger flux in the regions normal to the flow directian, i
near the equator. Thus, it appears that the existence ofrpref
tial directions on large scales is still relevant on gatastiales and
should have consequences for the inner dynamics of the halo.

We addressed the issue of observing these alignments iecproj
tion.

in appendixD\ that accounting for dark matter infall reqdire
the knowledge of the first three moments of the flux densities,
wﬁ(ﬂv T)7 wﬁv(ﬂ7 T)7 Wpo;o; (Qv T)'

It is suggested that the existence of a preferential plare-of
cretion of matter, and thus of angular momentum, should bave
influence on warp generation and disk thickening. If the@tnipic
properties of infalling matter measured in the outer paitsatoes
are conserved in the inner region of galaxies, there may @igp-
ical’ warp amplitude and this anisotropic accretion of reathay
explain the properties of warp line of nodes. In the samatstiie
efficiency of the thickening of the disk may be enhanced ouced
by equatorial accretion. Finally, our finding of intrinsiégaaments
on small scales as well as specific orientations of strustsineuld
be relevant for cosmic shear studies on wide and shallovegarv

7.2 Prospects

The main purpose of our investigation was to provide quatii
measurements of the level of anisotropy involved in thellida
scales< 500 kpc. The next step should clearly involve working
out quantitatively their implications for warp, disk hewgietc... as
was discussed in sectitﬁh 6.

Our measurements were carried oufab,, which on galac-
tic scales is a long way from the inner region of the galaxyeOn
should clearly propagate the infall (and its anisotropwanls the
centre of the galaxy, and more radial infalling componeni$ w
play a more important role and should be weighted accorgingl
It should also be stressed that we did not take into accoerextra
polarisation induced by the presence of an embedded diskhwh
will undoubtedly reinforce the polarisation and the anigpy of
the infall. We also concentrated on mass accretion, as theslo
order moment of the underlying “fluid” dynamics. Clearly héy
moments involving the anisotropically accreted momenttine ki-
netic energy etc. are dynamically relevant for the evotutib the
central object as is discussed in section 6 and in the appehidé
time evolution of the statistics of these flux densities soads-
sential for the inner dynamic of the halo and should be adeks
systematically as well. It will be worthwhile to explore f@ifent
cosmologies and their implications on small scale dynanzos
on the characteristics of infalling clumps, though we hdyp the
qualitative results sketched here should persist.

It should be emphasized that some aspects of the present work
are exploratory only, in that the resolution achievéd,f, >
5 - 10"2 M) is somewhat high foi, galaxies. In fact, it would
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be interesting to see if the properties of infall changesldarer
mass (Mnao < 5 - 10'°Mg) together with the intrinsic proper-
ties of galaxies. In addition a systematic study of biasdaéed by
the estimators of angular correlations should be conduetgdthe
mass weighted errors we introduced in sec 3.2.

Observationaly, the synthetic halo described in sec@w 5.
could be compared to stacked satellite distributions melybn
galactic surveys such as the SDSS. Once the anisotropy kas be
propagated to the inner regions of the galactic halo folhgathe
method sketched in secticﬂw 6, we should be in a position to-com
pile a synthetic edge-on galactic disk and compare the fjaoin
the disk with the corresponding predictions. The residuvelgured
orientation of galactic disks around more massive objestadsed
in section| 52 should be observed on the scalé®)Okpc.

Using larger simulations will allow us to combine high rasol
tion with the statistics required to detect the anisotragicretion of
mass and angular momentum. A wide range of halo masses will be
come accessible and the halo mass dependency of our findithgs w
be constrained without suffering from the lack of statstiBetter
angle determinations will naturally follow from a bettesotution
and will improve the accuracy of our quantitative resultesimu-
lations (zoom simulations) should give access to a largeyeaf
satellite masses, while we were here mostly sensitive tbitigest
substructures. Large infalling objects are likely to feiledently
the effects of tidal forces or dynamical friction than sraakatel-
lites. Resimulated haloes allow us to investigate the digecy on
the spatial distribution of satellites with their massesespond-
ing to a given cosmological environment. However using aaly
few resimulations may not be sufficient to overcome cosmit va
ance and, given the difficulty to produce a large number oh hig
resolution haloes, such a project remains challenging.

The inclusion of gas physics in these simulations and their
impact on the results is the natural following step. For gxam
gas filaments are known to be narrower than dark matter filesnen
thus we expect to see a higher level of anisotropy in theiblistr
tion of accreted gas by the haloes. Furthermore, the trassoni
of angular momentum from one parcel of gas to another (oreo th
underlying dark matter) may be highly effective and wouldde
to higher homogeneity of the properties of the accreted langu
momentum direction, enhancing the effect of spin alignmehie
loss of angular momentum from the gaz to the halo will lead to a
modification of our pure dark matter findings. Yet, the inabasof
gas physics in simulations would force us to address issi@sas
the over-cooling, the requirement to take star formatiahratated
feedback processes into account. It remains that in theskaiegm,
the inclusion of gas physics cannot be avoided and will g n
insights into the anisotropic accretion of matter by haloes
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APPENDIX A: LINEAR RESPONSE OF A SPHERICAL HALO TO INFALLING DARK MATTER FLUXES

In the following section, we extend to open spherical stedigstems the formalism developed py Tremaine & Weinberg41@nd e.g.
) by adding a source term to the collisionlesétBoann equation.For an open system, the dark matter dynamics within the
R200 sphere is governed by the collisionless Boltzmann equatiopled with the Poisson equation:

% = %—I; +{F,H} = s°(r,v,t), and V¥ = 47rG/d3vF(v). (A1)
where{ } is the standard Poisson brackB{r, v, t) is the system’s distribution function submitted®¢r, ¢), the total gravitational potential
(self-gravity + external perturbation). The r.h.s. (A&hon-zero because of infalling fluxes from the environnveiich require adding a
source terms®(r, v, t), to the Vlazov equation. We may now discriminate betweeratostary part corresponding to the unperturbed state
from a weak time-dependent perturbation induced by ther@meement. Thus the DF can be writtenfas= Fy + f. Provided the mass
of the incoming flux of dark matter is small compared to the snafsthe halo, we may assume thats small compared tdj. Similarly,

the HamiltonianH of the system can be expandedfds + AH, with AH = v¢° + 1) wherey® and+ stand respectively for the external
perturbative potential and for the small response in pa@kot the open system.

Al TheBoltzmann egquation in action-angle

Given the periodicity of the system, the most adequate septtation of a spherical halo corresponds to action-argi@ables |(Goldstdin
)). The linearized Boltzmann equation in such a regmgion is:
It F
% + ik - wfik(I,t) =1k- %AHk(I, t) + sp(Lt). (A2)
The new variables are the actichand the angless together with the angular rates= dw/dt¢. In equatio we have Fourier expanded
the linearized equati(ﬂ\l over the periodic angles:
1

X(r,v,t) = ZXk(I, t)exp (tk -w), with Xyx(I,¢) = COE /d3w exp(—ik - w)X(r,v,t), (A3)
Kk

where X is any function of(r, v, ¢) with k being the Fourier triple index corresponding to the thregreles of freedom on the sphere. The
equilibrium statel, does not depend on time nor angles since it is assumed totlmmats. Then the solution tcE\Z) can be written as:

dFo

Se(@t) = /t drexp(ik - w(T — 1)) [zk- i

—o0

[e(L,7) + U (L, 7] + sk 7) | (Ad)

where we have writted\ Hy (I, 7) = ¥ (I, 7) + ¥ (I, 7). We can integrat4) over velocities and sum okeo recover the density
perturbation:

t
p(r,t) = Z/ dr/dgv (exp(zk cw(T—t)+1k-w) [k - % [tn(X,7) + (X, 7)] + s(I,7) }) . (A5)
k —00
Let us expand the potential and the density over a bi-orthalgzomplete basis functiofy™ | p[}such that
Y(r,t) = Z an(®)yY™(r);  plr,t) = Z an(®)p™ (r); ViR =axgp™; / ey (r)plPl(r) = o7 (A6)

The external potential can be expanded along the same Isasis a

V(e ) = D ba(t)y™ (r). (A7)

Note that in Eq.@) the expansion runs over a triple index (n, ¢, m) corresponding to the radial, azimuthal and alt-azimutlegrees
of freedom, while in Eq.@G) the three coefficients are natependent since the radial variation of the external piateist fixed by its

boundary value on the spheReo,. Making use of the biorthogonality, muItipIyin@AS) hy["]*(r) for some giverp and integrating over
r yields:

ap(t) = ; [ too dr / / d*vd®rexp(ik - w(r — t) + 1k - w)P*(r) Ezk- % [an(7) 4 ba ()] YI"N(T) + s (L, 7) (A8)

1 This is formally equivalent to summing the response of tHe twa point-like particle for all entering particles.

(© 0000 RAS, MNRASD00, 000-000



20 D. Aubert, C. Pichon and S. Colombi

A2 Self-consistency of theresponse

We may now swap from position-velocity to angle-action ahfes sincel®vd®r = d*wd®I. In @) only P! (r) depends onv so we may
carry thew integration overy[P*, yielding szp]*(I) which leads to

H=>" / dr / d*Texp(ik - w(r — 1)) sz-%[anm b (T W (D (I)+si(lm>wL‘”*<I>] (A9)

Note that the last term of Eﬂw) corresponds to the moddigiotential along the unperturbed trajectories weightethb number of
entering particles witlv, ©2) at timer. This is expected since it just reflects the fact that coulehimearly summed over all incoming indi-
vidual particles (since the interaction between partigies collisionless fluid is purely gravitationnal). In thisrse, this terms corresponds
to a ray tracing problem in a variable index medium. Note #ist Eq. ) does not account for dynamical friction sinaeintegrate over
the unperturbed trajectories. At this point, we expand thece term over a complete basis; this basis should alseibdegknown) velocity
space variations. We assume that such a h#8igr, v) exists. We write:

s(r,v,t) = ch(t)d)["] (r,v) so sg(I,7) = Z Cn (T)ULH]E(I) where UL"]E(I) = (271r)3 /d3w exp(—ik - w)o™ (r,v).  (A10)

Callinga(r) = [a1(7), -+, an(7)], b(7) = [b1(7), -+, bu(7)], e(7) = [c1(7), -+, ca(7)], andO(7) the Heaviside function, we define
two tensors:
Kpn(7) = Z AT exp(ik - wr )ik - TL0 [P 1yl (1) (A11)
pn d k )
which depends only on the halo equilibrium state Fggand
Hon(r) = (1-0(7))- > / PLexp(ik - wr)o M (T) P (1), (A12)
k
which depends only on the expansion basis, equ@n (ADrbes:
a(t) = / dr {K(r —t)-[a(r) + b()]+ H(r —t) - c(7)}. (A13)

We now perform a Fourier transform with respect to time, leezmnvolutions become multiplications and we get:
a(p) = I -K(p)~ ' [K(p) b(p)+ H(p)-&(p)] , (A14)

wherep stands for the frequency conjugate to time. The computatidhe variance-covariance matrix is straightforward:
-~ -~ ~ ~ -~ ~ A~ T* A,
(a-a" )=(I-K)' [K-b+H-¢|-[K-b+H-¢] SI-R)Y, (A15)

wherel the identity matrix. Note thata - é*T> involves autocorrelation likéb - B*T) and(é - é*T) but also cross correlation terms such
as(b - é*T>. In other words, recalling thds andc stand respectively for the expansion coeficients of thereatgotential, Eq.@?), and
the parametrized velocity distribution, E@\lO), theiogs-correlation willn finemodify the correlation of the response of the inner halo.
Two-points statistics are sufficient to caracterize statéwy perturbations and therefore the induced responsertideless, higher statistics
of the response can be easily expressed in terms of higher ocadrelations of the pertubation if needed. For examplean be shown
that the three-point correlation function of the respanseefficients can be written as function of the two- and tp@iats correlation of
the perturbations’ coefficients. There are yet quite a feveats involved; for instance, it is not completely clearapthat we have a good
understanding of what the unperturbed distribution fuorctf a halo+disk should be.

A3 Thesourceterm

A possible choicgfor the source term consistent with the first two velocity nemits of the entering matter, involves constructififr, v, t)
in the following manner:

v )P0 = Bano) Zom(D(@m) 2 ) L (V_ fvpv,mu))T (&’an%m(t))l (V - Lm(t))
vt = Y Yl g B Bnm l 2\ Bl Fpm (D) Zpm(?)

Z Yin(92)60 (r — R200)Con (v, 1) , (A16)

wherem stands for the two harmonic numbéf, m) andYm, (©2) = Y, (€2). Here the Dirac functiodp (r — Rz00) is introduced since we
measure the source terms at the virial radius. The global fsiGaussian and is constructed Usiig m, @Wov,m, @po,;0;,m, the harmonic

2 An alternative choice is made jn Aubert & Pic @04) tocantt for the bimodality of the velocity distribution.
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components of respectively the mass flux density field, Wsidiux density vector field and the specific kinetic energyftiensity tensor
field measured on thB2¢o sphere. When taking the successive moment of this flux loligtdn over velocity, we get:

/dsvse (r,v) = w,(r), /dgvvse(r,v) = wpv(r), (A17)
while

/ dv (o — ZE) (1) — ZE ) (1 v) = 0, (1) + <Z Von()3(r — Ragg) Zem)”_ v (1)

Wp Wp Wp,m(t) @p(r)

) N Wpoia; (1), (AL8)

so that the Ansatz, E@G), satisfy the first two momentd, approximatively the third moment of the fluid equationst iis now expand
Cm(v,t) over alinear complete basis, say b-splines covering thalnaelocity component and spherical harmonics for the edggtribution
of the velocity vector:

Con(V,1) = > Coma(H)ba(v)- (A19)

The particular choice of Eq6) has led to the paramdtdasa
en(t) = Cma(t) and @™ (r,v) = ba(v) Y (£2)0p(r — Raoo), (A20)

while Eq. ) becomes

nje 1 3
o) = W/d wexp (—1k - W) Yin [Q(I, W)]ba (v[I, w])dp (r(I, W) — Raoo) . (A21)

Note that we can make use of thg function occurring in Eq.l) since, = w,(r, I). Therefore Eq.l) reads:
d’w

ol = / e / duwr exp (—tke - w) Yo (L w)lb (VL W) ey /18T|_15D(wr*wr[RmIl)v

= / ((;Tv)vg exp (—tk - w) Ym[Q(L W, Wy [R2007 I])]ba (V[Iv w, Wy (R200, I)])7|r(;;(()3 I)| exp (—tkr - Wr [R2007 I]) (A22)

In Eq. ) we sum over all intersections of the orbivith the R200 sphere, at the radial phase corresponding to that intéraggtith a
weight corresponding t@, /|7|).
Given Eq. [Ap), Eq.[(A1l), together with Eq._(422), Efl. (Ak®)n be recast formally as

p(r,t) = R{Fo,t, 7,2} [¢e(2,7), @p(2,7), @pv (2, 7), Tpos0; (2, 7)] (A23)

which corresponds to the form given in the main textin Eqn@. It should be emphasized once again that the splitfitigeagravitationnal
field into two components, one outside®$o0, and one inside, via point particles obeying the distrinutic (r, v, t) is completely arbitrary
from the point of view of the dynamics. In fact, one shouldagt that. (€2, t) should be switched on long before any particles eRigp
since no particle is created at the boundary. This last cainsis clearly satisfied by our simulations.
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APPENDIX B: ADAPTAHOP: A SUBSTRUCTURE
FINDER BASED ON SADDL E POINT HANDLING

Dark matter haloes can contain a hierarchy of subhaloeszhwhi
can be viewed as a tree of structures and sub-structuresn @iv
mass resolution (a finite number of particles such as imédrody
simulations), there is a limit to this hierarchy, which cas for-
malised as an ensemble of leaves in a tree. The goal hereravto d
this tree by applying the simplest principles of Morse tlye(@.g.
Podt [200R2)). Morse theory basically involves relatingttigology

of an excursion, e.g., the regions of space with density elzov
given thresholdp > py, to the set of critical points it contains,
{x,Vp(x) = 0}, and to the field lines connecting these points
together, i.e. the curves obtained by following the grad@rthe
density field. In that approach, the smallest substructwssch
are the leaves of the tree, can be identified as peak patohesni
sembles of field lines converging to the same local maximune. T
connectivity between substructures is ruled by the sadolietq
which are local maxima in the surfaces defining the contofitiseo
peak patches: from the knowledge of these saddle pointshend t
local maxima they connect, it is possible to extract the thelé of
structures (haloes) and sub-structures (subhaloes) irsfeps:

(i) In order to eliminate, at least partly, the effects of $3min
noise and to have an estimate of the local density as closesas p
sible to a Morse functiod,while conserving as much as possible
details of the distribution, we perform adaptive smoothirighis
distribution with standard SPH technique (Smooth Partiidro-
dynamics, e.gQZ)). This smoothing assunags th
each particle is a smooth spherical cloud of given radiye.g. a
splineS(r). For each particle, the list of it¥spu closest neighbors
is found, typicallyNspu of a few tens (here we taki¥spn = 64).
The distance from the furthest neighbor fix&s while the SPH
density at the particle of interest is estimated by a sumonaiver
its neighbors with weighf(r). To find rapidly the closest neigh-
bors of each particle, we use a standard Oct-tree algorittirich
decomposes hierarchically space in subcells untill theyaio zero
or one particle.

(ii) The leaves of the tree of structures and substructures a
identified while associating each particle to the peak pétble-
longs to. This is performed by a simple walk from particle otp
cle, while following the gradient until convergence: atleatep of
the walk, the SPH density of the particle is compared td\Vitsp
closest neighbors (which were stored during the SPH smupthi
step), the particle for the next step of the walk being the witke
the largest SPH density. We taRé&iop 16, as advocated by
Eisenstein & Hut|(1998).

(iii) For each leave of the tree, the connections with theepth
leaves are created by searching the saddle points on thiedaote
ing surfacesS;; between peak patchésindj. Each surface;; is
made of particles belonging to one of the peak patches ariddhav
at least one of their closest neighbors amdwgor in the other
peak patch, and vice versa. If the s&} contains only particles
belonging toi or only particles belonging tg, the connection be-
tweeni andj is considered as non significant (because non sym-
metric) and eliminatedS;; = . Saddle points are local maxima in
S;ij. To establish the connectivity as a function of a densitgghr
old, only the highest saddle point matters, when there arerake

3 i.e. a smooth function such that the ensemble of criticahtpisi discrete
and the matrix of second derivatives in their neighborh@odan degener-
ate.

The search for this saddle point involves finding the maximaim
the SPH density among particles belongingSte. We proceed as
follows to estimate accurately the SPH densityin. For each par-
ticle A in S;;, say belonging to peak patétand with densityp 4,

we consider the list of its closest neigbors ama¥igopr belong-

ing to peak patcly, with densityps, £ = 1,---, N; < Nuop.
The density associated to this particle 8; is then given by

p = min(pa, pr). By applying this procedure, we locate accu-
rately .S;; and avoid slight overestimation of the SPH density at the
saddle point.

(iv) It is possible to build the tree of structures and sub-
structures, when the list of neighboring leaves to which\emi
leave is connected is given, as well as the correspondindlesad
points. This is performed recursively by increasing pregneely
a threshold parametes,, from an initial valuepru, correspond-
ing to the typical overdensity used to select galaxy halbese
called structures. A typical choice f@rru is pru = 81, which
corresponds approximately to friend-of-friend haloegsield with
a linking paremeteb = 0.2 (e.g.,8)). Sup-
pose we are at stepof the process and let us compute step 1.

At this point, we are sitting on a branch of the tree —a stmactu
or a sub-structure— and we aim to draw the details of thisdbran
This (sub-) structure contains a number of peak patchesecteth
by saddle points of densitigs. For the considered value pf, the
connections inside that (sub-) structure are examined esiriayed
whenps < p¢. The (sub-) structure is then broken into as many
components as necessary. During the process, the padiote®
p+ belonging to each sub-component are tagged, which allows us
to determine at any time various properties of a given (sstotic-
ture, namely the number of particles it contains, its massver-
age and maximum SPH density, for possible application tmuar
morphological criterions of selection. One such critei®Roisson
noise. In order to asses if a given sub-structure containingar-
ticles should be considered as statistically significamgared to
Poisson noise, its average density must be sufficientlyifignt
fPoisson

compared t::

where fpoisson IS @ “fPoissonc” detection parameter, typically a few
unities. A good choice i$poisson = 4. If the sub-structure is below
this threshold, it disappears, i.e. it is not consideredeixt step of
the recursion. At the end of the selection, two situatiorspmssi-
ble: (i) two sub-structures or more are detected and newshacke
created in the tree (i) the (sub)-structure was not brokém rinul-
tiple components and nothing happens at this step. The ggdse
then repeated on the new sub-structures by increasindyidbal
JPoisson

thresholdp:

until there is only one peak patch in the (sub-)structureeNbat
the Poisson noise selection, eE](Bl) is not applied to theeba
whenpt, = pru.

<p>sub—structure > P 1+ (Bl)

pe — pe X {1 + (B2)

At the end of the process, one obtains a tree of structures and
sub-structures, where each node of the tree correspor@an¢stib-
)structure, with its position, its number of particles, isan square
radius, its average and maximum SPH density, and the densify
the highest saddle point which connects it to another sudtstre.

In addition, a flag is given to each particle. This flag is a peito
the node the closest possible to a leave (if not a leave) hndiiows
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one to find recursively the list of particles belonging to #syb-
)structure and thus perform some more ellaborate posetreat,
such as some relying on dynamical prescriptions (bounjin€se
difficulty in that case is to estimate accuratly the graidtaal po-
tential. Its computation can be rather costly, since “pegilithe
(sub-)haloes requires iterating several forward and baottwalks
in the tree of structures and sub-structures with corredipgrcal-
culations of the gravitational potential. Our prescriptis there-
fore at the present time purely morphological and does noive
the estimate of the gravitational potential. The currernplemen-
tation is rather fast, most of the CPU time being taken by thEl S
smoothing, e.g. 1-3 hours on 16 millions particles on curfast
scalar processors.

Our algorithm is called ADAPTAHOP since we aim at im-
proving HOP [Eisenstein & Huf (1998)): the first two step abov
are exactly the same as in HOP, but the last two are diffehent.
deed, in HOP, the idea is to combine informations on the saddl
point densitiesps, on the local maximagmax, inside a connected
set of peak patches to decide whether it has to be broken inko m
tiple disjoint haloes The aim of HOP is indeed to improve stan-
dard friend-of-friend methods in order to obtain more cootzend
spherical haloes. The goal of ADAPTAHORP is quite differents
it focuses on sub-structure detection.

In spirit, ADAPTAHOP is in fact very similar to the substruc-
ture finder of SpringpI[(19D9): SUBFIND (see a[so Springelpt
(R001)). Of course, there is a major difference, since SWEFI
has in addition a sophisticated dynamical prescriptiomliring
exact calculation of the gravitationnal potential. Spehgses also
a slightly more elegant method to construct the tree of giras
and substructures prior to dynamical post-treatment.rAteEp one
above, the idea is to rank the particles by decreasing geasi
treat them in this order. Investigating the distributiorpafticules
is such a way is equivalent to examining isocontours of desing
density. It uses (as in ADAPTAHOP) the closests neighbora of
particle to decide if the particle examined during the pssd@) cre-
ates a new (sub-)structure since it is isolated (ii) beldogmn ex-
isting substructure or (iii) connects two substructurdsicv makes
the construction of the tree of structures and substrustomech
simpler than in ADAPTAHOP and more accurate, since there no
need for using the threshold parameterin SUBFIND, no treat-
ment is made to account for the local Poisson noise: it is ot n
essary because of the dynamical post-processing, whidhoges
unbounded structures.

Itis important to note that since ADAPTAHOP has no dynam-
ical post-treatment, it gives slightly different resultsmpared to
SUBFIND in its present form. In particular, for a given sufiatly
massive dark matter halo , SUBFIND (Springel gt pl. (200%) d
scribes it in terms of a large, smooth central component, and
bunch of much less massive sub-haloes. In ADAPTAHOP, the re-
sult is quite similar, except that the central componentusimess
spatially extended (it is extended up to the isocontourl legee-
sponding to the saddle point connecting it to a sub-hala},itis
therefore less massive.

Fig. illustrates how well ADAPTAHOP performs in one of
the simulations we realized for this work, for the most maskialo
detected in this realization.

APPENDIX C: STATISTICSON THE SPHERE

When dealing with spherical fields, there are different wayshar-
acterize their angular structure. In the present papersaergially
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Figure B1. lllustration of the output of ADAPTAHOP for one of the simu-
lations of this work. A sphere of radius 5 Mpc centered on tlstmassive
halo is represented. In the upper pannel, the dark mattesitgéa shown
using a logarithmic scale. Darker regions correspond thérigensity con-
trasts. The lower pannel displays the detected subhal@eghe most el-
ementary structures corresponding to the peak patchee dedkes of the
tree). The size of the circle scales witti'/3, where)M is the mass of the
subhalo. Most of the subhaloes seen on the figure belong tmdisé mas-
sive halo. Clearly, ADAPTAHOP is rather successfull at detg all the
significant substructures.

deal with centered statistics, i.e. we describe the angtiiactura-
tion of scalar or vector fields relative to a specific directidefined
by the halo or satellite’s spifi. Let us first formally introduce fil-
tering on the sphere, statistical and angular averagespi@sent
one-point statistics (probability distribution funct®rwhile post-
poning two-point statistics (correlation functions, ocess proba-
bility of joint events) to| Aubert & Pichdn (20p4).
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C1l Onepoint statistics

For any field,x, on the sphere, let us introduce the smoothed field,
(z)« (filtered on scaley) , as

1 , / /
() = —— [ 0,2 —Q)z(2)dQY (C1
@) = 5o / (@~ 2)x(2)de’ (C1)
= /wa(ﬂ - QNz(Q)d, (C2)
where®,stands for the top hat function,
0.(2)=1 if Y <a (C3)

andw,, is defined bE? the standard top hat filter on the sphere.
Consider now the centered top-hat-filtered (on segléeld,
[x]a, defined by

lala = (@)a(3), (C4)
1 ’ ! /
m /@Q(ﬂ - 7T/2)l'(ﬂ )dﬂ 5 (C5)

= Q)de’. (C6)

/ We (2
Note that Eq. |@6) defindd’,,. Our filtering is now centred, in that
the average is carried on a window which is centred at thetedak
plane (since we are in this paper interested in the pol&isatf
accretion processes with respect to that plane). Let usrateduce
the average af on the sphere, as

1
T=(T)nje = —— 0)dQ, c7
P= @en = Tam [ @ ©
We may also for a givem define its contrast as
bo=2 1. (C8)

Note that, in contrast to standard cosmology, we expectathgt
(z), (i.e. no ergodicity) since the angular average over onialvir
sphere is not representative of the whole cosmological s,
since(x) depends onf whereast doesn'’t. As a consequence,

L@
(6 = (3 —1# 5 -

Consider now the top-hat-filtered-centred flux density asit

[0=]a, defined by
/Wa Jwd2 —1.

Since by constructiorf-]., is a filtered version 0§, it inherits
some of it statistical properties. In particular, the PDBofr/2)
and[d=]~ should be quite similar providedl is small enough.

In the main text, we consider the anisotropic paramétgr=
[0v,]x/s, Which therefore corresponds formally to the centered
top-hat-smoothed (on scales #f8) mass flux density contrast.
Following the same spirit, we could also consider quargtitiech
as(d,,, ,2]~/s, Which would measure the anisotropy in the accreted
kinetic energy: the excess of accreted kinetic energy shailbw
us to track the excess of incoming virialised objects in theae
torial plane without performing their explicit identifiéah. One
should also considéb,.,..] /s, the anisotropy in the accreted mo-
mentum, since this quantity is directly related to the tergpplied
onto the system by the infall. More generally still we couldds-
tigate (0w ) (), the flux density contrast top-hat-smoothed on a
ring of size« centred onj.

[0x]a = (0x)a(m/2) = (C9)

Note that we can think of the harmonic coefficient$; in-
troduced in sectioEA as a specific type of filtering, whéee t
window function,W,, is replaced by an axisymmetric spherical
harmonic,Y,? (£2):

0
Boa]e = — /Yf*(ﬂ)w(ﬂ) Q=2 (C10)
w w
We can also writew in terms of spherical harmonics:
_ 1 1 O* ag
= — dQ=— [ Y57 (Q)wd2 = . C11
Therefore we obtain :
0
a
Sl = ¢ (C12)
[o=le sign(al)v/Co’
whereCy = |a§|?/4x is the? = 0 component of the angular power
spectrumCy.
Since a step function can be expanded along spherical har-
monics as
o= = me (9,0); (C13)
therefore [0 ] defined by EqEQ obeys
[bla =D be[0cle — 1. (C14)
4
Takingz = pv., for example, we have :
_ por(¥,9)
81 (0, ) Zdz O I
where
7 —i/cwd o (9, ) sin 9 — 20 (C16)
o= am PP ISR = Vi
Since
/dﬂd(pYZm(ﬁ, ) sind = V4wd100mo
(e.g[Varshalovich et [ (1988)), we find :
d;n = a;ﬂ —V 471'61()(57”0. (017)
We finally obtain :
Sipun) (0, 0) = Y a7 V{™(B,0) — 1 (C18)

l,m

APPENDIX D: CONVERGENCE ISSUES
D1 Substructures& thehaloe's spin

For each tree of substructure-satellites, we computedtaégpin
inside the mother structur8,,;, and the momentum of each sub-
structure inside the mother structuke,. Then we compared the in-
ner satellites’ and the contribution of the core to the midsepin.

The comparison is only made on the components of the substruc
tures momentum parallel t§,,. The results are shown in Fig. P1.
We plotted thetotal contribution of satellites to the mother’s spin
versus the core’s contribution. From the barycenter of theildu-

tion shown in Fig , it appears that substructures cordhut

80 % of the total host's spin with a satellites contribution of/60
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Figure D1. Comparison of the substructure’s and the core’s contobuid
the amplitude of the mother’s spin and to the mother’s megys.Compar-
ison of the core’s contribution to the mother’s spin compai® the con-
tribution of all the satellites for each mother detected um simulations.
Bottom same comparison but for the core’s and satellites’ masasivelto
the mother’s total mass. In both figures, the symbol ind&ctie barycenter
of the cloud of points while the thick line’s slope is unity.Hi\¢ the total
mass is dominated by the core’s contribution, the mothegis & domi-
nated by satellites showing that their specific orbital motme is more
important than that of the core.

and about 305 for the core. The bottom panel shows the total con-
tribution of substructures to the mother’s mass versusah&itu-
tion of the core. As expected given the definition of the core,
found that the relative proportion are almost reversed @etpto
the previous plot. A core contains about half of the total snalile
satellites represent about4®f the total mass. Clearly the specific
angular momentum is larger in satellites than in the core. dik-
tance of satellites relative to the mother’s centre and tretocities
induce a ‘lever arm’ effect. Even if satellite remnants agatlin
terms of mass they are important if not dominant for the spthe
galactic system. This effect also suggests that the matlkeih is
aligned with the orbital momentum of infalling satellitesdause
they determine the direction of the halo’s spin.

D2 themassdependenceof (4,)

We measured the average excess of accretipn) ( see sec-
tion @) for three different class of masses at redshift: =0
10My < m < 1.25 - 108 Mg, 1.25 - 108 My < m <

2.5 - 10 Mg andm > 2.5 - 10'* M. Each class contains ap-
proximatively 16 500 haloes. The results are shown in EJ; D2

is found that(d,,) increases with mass but does not change signif-
icantly even if the three classes cover different mass nhades.
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Figure D2. Comparison ofd,, ) for different classes of halo mass at z=0.
The error bars stand for therZrror. The thin lines separate the three classes
of mass5 - 1012 Mg < m < 1.25- 1013 Mg, 1.25 - 1013 Mg < m <
2.5-10'3 Mg andm > 2.5- 1013 M. Each class contains 16500 haloes.

Consequently, no class of mass dominates when all the hatees
being used in the computation @f...).



