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ABSTRACT

Motivated by observational results, we use IllustrisSTNG hydrodynamical numerical simulations to study the alignment of the
central galaxies in groups with the surrounding structures. This approach allows us to analyse galaxy and group properties not
available in observations. To perform this analysis, we use a modified version of the two-point cross-correlation function and a
measure of the angle between the semi-major axes of the central galaxies and the larger structures. Overall, our results reproduce
observational ones, as we find large-scale anisotropy, which is dominated by the red central galaxies. In addition, the latter is
noticeably more aligned with their group than the blue ones. In contrast to the observations, we find a strong dependence of the
anisotropy on the central galaxy with mass, probably associated with the inability of observational methods to determine them.
This result allows us to link the alignment to the process of halo assembly and the well-known dependence of halo anisotropy on
mass. When we include the dark matter distribution in our analysis, we conclude that the galaxy alignment found in simulations
(and observations) can be explained by a combination of physical processes at different scales: the central galaxy aligns with the
dark matter halo it inhabits, and this, in turn, aligns with the surrounding structures at large scales.

Key words: large-scale structure of Universe — methods: statistical — galaxies: haloes — dark matter — Galaxies: groups: general

1 INTRODUCTION

The shapes and angular momentum of dark matter halos are driven
by accretion and tidal processes with the surrounding matter (Ciotti
& Dutta 1994; Usami & Fujimoto 1997; Porciani et al. 2002a; Fleck
& Kuhn 2003). In this context, galaxies form and evolve in the
potential well of dark matter halos and, in consequence, tend to
follow a preferential shape, orientation and distribution (Pen et al.
2000; Catelan et al. 2001; Crittenden et al. 2001; Porciani et al.
2002b; Jing 2002; Ciotti & Dutta 1994; Usami & Fujimoto 1997,
Porciani et al. 2002a; Fleck & Kuhn 2003). These features imprint
information on the way the environment influences their formation
history.

Observational evidence shows that galaxy alignments vary ac-
cording to their colours, luminosity and star formation history. In
particular, early-type/red galaxies tend to be more aligned with the
large-scale dark matter distribution as a consequence of their build-
up of matter, than late-type/blue galaxies (see, e.g., Sales & Lambas
2004; Yang et al. 2006; Agustsson & Brainerd 2010; Kirk et al. 2015).
On the other hand, several works show that satellite galaxies tend to
be distributed along the galactic plane of the central galaxies (Yang
et al. 2005; Wang et al. 2008; Libeskind et al. 2015; Welker et al.
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2018; Pawlowski 2018), and red satellite galaxies are more aligned
when the central one is red than when it is blue (Kiessling et al.
2015; Kirk et al. 2015; Johnston et al. 2019). The dependence on
the galaxy colours is referred as anisotropic quenching and angular
conformity in several works (see Wang et al. 2008; Stott 2022, and
references therein), and it can be related to the galactic conformity
(Bray et al. 2016; Otter et al. 2020; Maier et al. 2022). As mentioned
above, the preferential alignments and galaxy occupancy in haloes
can be explained as a manifestation of the large-scale environmental
conditions in combination with baryonic processes such as stellar
and AGN feedback.

In a recent work, Rodriguez et al. (2022) study the alignment of
the central galaxies of the groups with the surroundings, using spec-
troscopic data from the Sloan Digital Sky Survey Data Release 16
(SDSS DRI16, Ahumada et al. 2020) and the galaxy group finder
presented in Rodriguez & Merchdn (2020). Their results show that
central galaxies are aligned with the satellite galaxies within the same
halo (which agrees with Yang et al. 2006) and with nearby structures
up to a distance of ~ 10 Mpc. Moreover, the galaxy alignment shows
a strong dependence on the colour, where red central galaxies are
more aligned with the environment than the blue ones. Other proper-
ties such as the ellipticity of the central galaxy and the halo mass do
not show a dependence with galaxy alignments. Rodriguez & Mer-
chén (2020) also investigate the correlation function taking the group
shape as a reference. They find, as expected, that the one-halo term
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show a large anisotropy, higher than that obtained using the shape
of the central galaxy as a reference. On the other hand, the two-halo
term is very similar in both amplitude and anisotropy as it is cal-
culated with respect to the shape of the halo or the central galaxy.
However, the probability distribution function of the angle between
the major axes of the central galaxy and that of its group shows an
overall faint alignment dominated by the central red galaxies.

Based on the findings presented in Rodriguez et al. (2022), in
this work we use the cosmological hydrodynamical simulation Il-
lustrisSTNG' (hereafter, simply TNG) to extend the analysis. This
approach mainly allows for a three-dimensional analysis without
projection effects. In addition, it enables us to take advantage of the
dark matter distribution provided by the TNG suite to study other
secondary dependencies of the dark matter halo besides the halo
mass. Cosmological simulations and in particular, hydrodynamical
cosmological simulations, have proven to be a powerful tool to study
the intrinsic alignments and spatial distribution of galaxies and dark
matter haloes (Deason et al. 2011; Dong et al. 2014; Shao et al.
2016; Welker et al. 2018; Zjupa et al. 2020; Shi et al. 2021b,b,a;
Ragone-Figueroa et al. 2020; Samuroff et al. 2020).

Here we use the cosmological hydrodynamical simulation Illus-
triSTNG. Previous works based on this simulation analyzed the align-
ments of satellite galaxies with respect to the central ones (Tenneti
et al. 2021), and Jagvaral et al. (2022) report an alignment of the
elliptical galaxies in two-halo term scales of the order of 1 — 4 Mpc.
Furthermore, Zhang et al. (2022) finds that galaxies with mass above
M, > 10105 Mg present an excess of alignment between the galaxy
shapes and the cosmic web filaments. Our results complement pre-
vious findings with the TNG simulation and we intend to investigate
numerically the findings showed by Rodriguez et al. (2022).

This paper is organised as follows. Section 2 provides a descrip-
tion of the TNG simulation box and the halo and galaxy properties
analysed. Section 3 presents the results for the anisotropic correlation
function for central galaxies split by halo mass, colours, luminosity
and elipticity. In Section 4 we study the connection of central and
group alignments. We make a further exploration on the dark mat-
ter halo distribution and central galaxy alignments in Section 5, and
we discuss other possible secondary dark matter halo dependences
in Section 6. Finally, we present a summary and discuss the im-
plications of our results in Section 7. The TNG simulation adopts
the standard ACDM cosmology from (Planck Collaboration et al.
2016), with parameters Q, = 0.3089, €, = 0.0486, Q) = 0.6911,
Hy = 100 hkms™'Mpc~! with & = 0.6774, oy = 0.8159, and
ng = 0.9667.

2 THE ILLUSTRIS TNG HYDRODYNAMICAL
SIMULATION

Here we use the galaxy and dark-matter halo catalogues of the
IustrisTNG300-1 run at z = 0 (hereafter TNG300, Nelson et al.
2019). The magneto-hydrodynamical cosmological simulations Il-
lustrisTNG, are performed with the ArREPO moving-mesh code
(Springel 2010) and represent an updated version of the Illustris
simulations (Vogelsberger et al. 2014a,b; Genel et al. 2014). The Il-
lustrisTNG simulations include sub-grid models that account for ra-
diative metal-line gas cooling, star formation, chemical enrichment
from SNII, SNIa and AGB stars, stellar feedback, supermassive-

I http://www.tng-project.org

MNRAS 000, 1-9 (2022)

black-hole formation with multi-mode quasar, and kinetic black-hole
feedback.

TNG300 represents the largest simulated box of the IllustrisTNG
suite with the highest resolution available. It adopts a cubic box of
205 h~! Mpc side, and it is run with 25003 dark-matter particles of
mass 4.0 x 107h~"Mg. The initial conditions includes 2500° gas
cells of mass 7.6 x 1O6h_1M@.

A friends-of-friends (FOF) algorithm is used to identify the dark-
matter haloes (also named as groups in this paper) using a linking
length of 0.2 times the mean inter-particle separation (Davis et al.
1985). The substructures gravitationally bound are identified with the
SUBFIND algorithm (Springel et al. 2001; Dolag et al. 2009). Those
subhaloes with a stellar component above a certain limit are defined
as galaxies. We use the stellar mass of the galaxies, My, defined as
the total mass of all stellar particles bound to each subhalo. In our
analysis, we use all the simulated galaxies with stellar mass above
108 Mg represented by 429982 in total. We define colours in our
sample using the galaxy photometric bands g and r provided by the
IustrisTNG database.

2.1 Galaxy and dark matter halo properties

Besides the galaxy properties from the IllustrisTNG database, in
this work we compute the galaxy shapes. For this, we assume that
galaxies are modelled by three-dimensional ellipsoids, where the
axes are represented by the eigenvectors of the inertia tensor. We
compute the inertia tensor by using the information of the individual
stellar, dark matter particles and gas cells within the radius enclosing
the half-dark matter mass of each subhalo. With this information,
each element of the inertia tensor is computed as,

L= Z mu X, 1)
n

where i, j = 1, 2, 3 correspond to the axis of the simulated box,
and m, represents the mass of the n-th particle. The position of
each individual particle is measured with respect to the centre of the
subhalo it belongs, defined by using the particle with the minimum
gravitational potential energy.

We compute the three axis of each central galaxy with the ein-
genvalues of the inertia tensor defined as a = Vg, b = VAp, and
¢ = VA, where a > b > c. We investigate the galaxy alignments
based on these three axis. Assuming that central galaxies can be de-
scribed as ellipsoids (and defined analogously to eccentricity), the
ellipticity of the central galaxies, e, is computed as,

a2 -2
e:

> @

In this work we explore the role of other secondary galaxy prop-
erties on galaxy alignments such as the major mergers of central
galaxies. For this, we make use the suBLINK merger tree (Rodriguez-
Gomez et al. 2015) available on the IllustrisTNG database, and we
count the number of major mergers, Nyergers, that happen to each
individual central galaxy. Following previous works, we define a ma-
jor merger as those where the stellar mass ratio between galaxies is
larger than 0.25 (Peschken & Lokas 2019).

For the dark matter haloes we use their virial mass, My [Mg],
defined as the total mass enclosed within a sphere of radius Ry;,
enclosing a density equals to 200 times the critical density. We also
study the role of the formation time of the dark matter haloes, z o m,
computed as the time when it reaches half of the total mass obtained
at z = 0. We compute the dark matter halo shapes using the same
methodology as the one described above for central galaxies.
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Figure 1. Schematic showing the regions we use for the calculation of the
anisotropic cross-correlation function. The green, red, and blue lines represent
the major, intermediate, and minor axis of the central galaxy of the group,
respectively. The shaded areas indicate the regions selected to compute the
anisotropic cross-correlation for each axis.

3 CORRELATION FUNCTION

To statistically study the distribution of galaxies, we use the cross-
correlation function, £(r), between central galaxies of each group
and different targets. This function measures the excess probability
dP of finding a target in the volume element dV at a distance r away
from a central galaxy (Peebles 1980):

dP = ndV(l +&(r))

where n is the target numerical density. Here we use two different
targets: the total galaxy sample and the dark matter particles. To
measure £(r) in the simulation box, we use the Davis & Peebles
(1983) method consisting of counting central galaxy-target pairs in
a distance bin and normalising this quantity by the expected number
of pairs for a homogeneous random distribution.

We will refer to the standard &(r), as the “isotropic” cross-
correlation function, &(r);s,, since we will later use a modified ver-
sion that considers the orientation of the central object with respect
to the targets (see Section 3.1). As we have done in previous work,
such as Rodriguez et al. (2022), we performed correlation function
calculations using codes developed by us for this purpose.

3.1 Anisotropic correlation function

As mentioned above, the goal of this work is to determine whether
matter tends to align with respect to the central galaxies of the groups
in the TNG300 simulation, and compare the results with those from
Rodriguez et al. (2022). We follow the same approach as in Paz et al.
(2008) to study the galaxy alignment with respect to a particular
direction. In our implementation, we define the anisotropic cross-
correlation functions as those computed using all pairs subtending
an angle with respect to the shape axes smaller than a threshold
(6 = 45°). We denote £(r), the function corresponding to the major

axis, d, £(r)p the one corresponding to the intermediate axis, b,
and £(r). the one corresponding to the minor axis, ¢. For a clearer
understanding of this, see the schematic presented in Figure 1, where
green, red, and blue areas correspond to those used for £(r)q, £(r)p
and &(r)., respectively.

Using the sample of galaxies described in Section 2, we made a
first measurement of £(r) 4, £(r)p and £(r) cross-correlating central
galaxies with the total sample. The purple lines in the top panel of
Figure 2 represent our results. In these measurements and throughout
this paper, we use the jack-knife technique to calculate the errors of
the correlation functions. For this, we split the total sample into 32
equal-size sub-boxes, representing ~ 10 % of the full box. We note,
however, that most times the error bars are smaller than the points
used to graph the correlation function. The subplot on the bottom
panel of Figure 2 displays the ratio between the anisotropic cross-
correlations (£(r)q4, £(r)p and £(r)) and the isotropic one (£(7)iso)-
Hereafter, we will use this ratio to quantify the anisotropy. A ratio
above or below 1 is a sign of anisotropy in the galaxy distribution. Our
results show a weak anisotropy signal for the two-halo term of the
full galaxy sample. When we restrict the sample to those halos whose
central galaxy is brighter than M, < —21.5 (represented by 14135
halos) the anisotropy increases (see black lines and symbols in Figure
2). Interestingly, the two-halo term shows a significant increase in
the anisotropic signal. Furtheremore, the correlation increases at the
same time as the anisotropy. This is consistent with the results shown
by Rodriguez et al. (2022) for the SDSS-DR16. Using the former
sample, we analyse the dependence of the anisotropy on different
properties of the galaxies and the halos in which they are located.

Our results show that the anisotropy signal is higher for the d
direction than for 5 and ¢, suggesting the existence of a preferential
direction for the matter distribution to be aligned along the major
axis. On the other hand, the anisotropic cross-correlation of the ¢
direction is lower than the one for the b. This difference indicates
that the matter is mostly triaxially distributed rather than in a purely
prolate configuration. This feature extends to the outskirts and is
present in the 2-halo term. The distinction in the anisotropic cross-
correlation function for the three galaxy axis is in agreement with
Paz et al. (2011), using dark matter-only simulations.

3.2 Colour dependence

In Rodriguez et al. (2022) the authors find a strong dependence of the
anisotropy with the colour of the central galaxy. Here we investigate
whether the same trend is present in the TNG300. Following previous
works, we define a threshold of g —r = 0.6 to split the galaxy sample
in red and blue (see Figure 1 in Lacerna et al. 2022 for the colour
distribution of the TNG300 simulated galaxies). With that threshold,
68% of the sample are red central galaxies while 32% are blue.

Figure 3 presents the anisotropic cross-correlation functions for
the groups with red and blue central galaxies. The top panel shows
that the red central galaxies have a larger amplitude (i.e., are more
clustered) than the blue ones. This result reflects that red central
galaxies inhabit halos of higher masses. The most important result is
shown in the subplot of Figure 3, where we find that the red central
galaxies have a significantly higher anisotropy than the blue ones.
In particular, red central galaxies reach an anisotropy of ~ 1.5 and
0.5 for the major and minor axis, respectively, while the intermediate
axis does not show anisotropy signal. These results suggest that the
red central galaxies are aligned with the surrounding structures at
least up to ~ 25 Mpc. The blue central galaxies, on the other hand,
have almost no anisotropy, showing only a very slight signal at small
scales below ~ 0.847! Mpc.

MNRAS 000, 1-9 (2022)
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Figure 2. The anisotropic cross-correlation function using a total sample of
central galaxies (violet) and those with 0-1p1,. < =21.5 (black). The main
panel shows the results for the @ (dashed line), b (dash-dotted line) and ¢&
(dotted line) directions for both samples. The errors are computed with the
jackknife method using a set of 50 subsamples and are typically smaller than
the size of the points. The subplot presents the fractional difference between
the &, b or ¢ axis and the ‘isotropic’ cross-correlation functions, & (r);se-
The shaded regions correspond to the error propagation.

These results are consistent with those obtained in Rodriguez et al.
(2022). We chose to show only these measurements because they
condense the most relevant information: the red central galaxies are
responsible for the anisotropy. However, when we perform cross-
correlations between central galaxies and target galaxies of different
colours, we get analogous results.

3.3 Mass dependence

Considering that red galaxies are responsible for the anisotropy and
that they tend to inhabit more massive haloes, it would be expected
a dependence of the anisotropy on the halo mass, as demonstrated
by Paz et al. (2011). However, a controversial result obtained in
(Rodriguez et al. 2022) from observations using halo mass derived
from the abundance matching method was that no such dependence
was detected.

Figure 4 presents the correlation functions for the first and third
halo mass terciles of the distribution. For the sake of clarity, we
omit the central tercile, but the corresponding curves lie between the
first and third terciles. As expected, the cross-correlation function
corresponding to the more massive sample has a higher amplitude
than the low-mass one (top main panel). Our findings show that
massive haloes present a strong anisotropy while the less massive
ones show almost no signal (see the subplot, bottom panel). The fact
that this dependence was not observed in Rodriguez et al. (2022)
could be related, in the first place, to the fact that the mass range
covered was smaller (where the three halo mass bins were defined as
logg(Mp/Mo) = [< 13.43,13.43-13.65 > 13.65]). In addition, it
is natural that the masses have more observational uncertainties due

MNRAS 000, 1-9 (2022)
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Figure 3. The anisotropic cross-correlation function in the same format as
Figure 2 for the central galaxies sample with %! M,. < —21.5 split by colour.
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Figure 4. The anisotropic cross-correlation function in the same format as
Figure 2 for the sample of central galaxies with ©-! M, < —21.5 split by group
mass.

to several factors, such as the abundance matching method applied
for their determination, errors in the identification of galaxy systems,
or the assignment of the central galaxy.

Our results are consistent with previous findings from other cosmo-
logical simulations (see Shao et al. 2016; Welker et al. 2018; Tenneti
et al. 2021), suggesting that the trends are robust irrespective of sub-
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Figure 5. The anisotropic cross-correlation function in the same format as
Figure 2 for the central galaxies with %! M, < —21.5 split by group ellipticity.
In the figure, we show the first and third terciles of for the group ellipticity.

grid physics in the simulation. In particular Tenneti et al. (2021) show
that the alignment angle between satellite galaxies and the major axis
of the central galaxy strongly depends on the dark matter halo, and
similar results are found for IllustrisTNG and MassiveBlack-II.

3.4 Ellipticity dependence

We now study the dependence of the anisotropy on the ellipticity of
the central galaxies determined from the eigenvectors of the shape
tensor calculated using the stellar particles within two radii at half
mass.

Figure 5 shows the cross-correlation functions and anisotropies
determined for the first and third terciles of the ellipticity distribution
for the central galaxies. No differences are observed either in the
correlation function or in the anisotropy. These findings support the
results found in Rodriguez et al. (2022). This is relevant because, in
the observations, the ellipticity is affected by projection effects and
the anisotropy signal could be distorted. The simulation is free of
these projection effects, yet no dependence of anisotropy on ellipticity
is observed.

4 CENTRAL AND GROUP ALIGNMENT

As a final comparison with the observational results of Rodriguez
et al. (2022), we propose to determine the anisotropic correlation
functions but, in this case, relative to the direction of the group axis.
We calculate these directions from the eigenvectors associated with
the eigenvalues of the shape tensor:

|
Iij = N_g az_lxaixaj, (3)
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Figure 6. Comparison between the anisotropic cross-correlation function
using three different shape estimators. Black lines represent the sample of
central galaxies with -1 M, < —21.5 in the directions as shown in Figure 2
(black), green lines the main axis of the shape of the galaxy group in which
they reside (green), and calculated with dark matter particles (orange). We
present our results for the three directions a, boré.

where X,; is the i'" component of the Cartesian coordinates of the
a object relative to the centre of the group and Ny is the number of
objects in the group.

Figure 6 presents the comparison between the result obtained when
using the axis from the central galaxies shape (presented in Figure 2,
black lines) and the one using the axis from the groups shape (green
lines). As in Rodriguez et al. (2022), we find that the one-halo term
alignment signal is larger for the case when the group shape is used.

However, the difference found in TNG300 is smaller than the result
obtained from observations. This can be explained by projection ef-
fects, together with the method used to calculate the correlation func-
tion, both enhancing the anisotropies on the smaller scales. A striking
result obtained from the observations was that both the anisotropy
associated with the central galaxy and the group were indistinguish-
able on large scales. However, when we analyze it in the simulation,
we can detect a small difference, which means that the groups are
more aligned with the distant environment than their central galaxy.
This result suggests that the observed anisotropy signal for the central
galaxy could be because of an alignment between it and its group.
It is possible that two effects are involved in this phenomenon. First,
non-linear physical processes would produce the alignment of the
central galaxy within the dark matter halo. Second, the large-scale
structure distribution of matter is imprinted in the hierarchical nature
of the dark matter halo formation (Paz et al. 2011). This mechanism
would explain the galaxy cluster alignment at large scales beyond the
halo.

Taking advantage of the dark matter information in the simulation,
we calculate the halo shape with the same procedure as in equation
3 but using the dark matter particles. The results with the latter
determination are shown in orange in Figure 6. We find a similar trend
to the results obtained when member galaxies are used to estimate

MNRAS 000, 1-9 (2022)
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Figure 7. The measured probability density distribution of the alignment
between the central galaxy and the group shape for the total sample of central
galaxies with -1 M, < —21.5, and separating these central galaxies by colour.
Solid lines correspond to the halo shape determinations using the galaxies
residing in the halo, while dashed lines are the measurements with the dark
matter particles.

the group shapes, but the alignment increases slightly. Our results
are at some point expected since over-dense dark matter regions are
linked with the satellite galaxies’ position within the halos.

Since the alignment obtained by calculating the shape of the halo
with galaxies or dark matter is very similar and slightly larger than
that estimated with the central galaxy shape, it is clear that the align-
ment between the central galaxy and its host group/halo needs to be
explored. To quantify this alignment, we measure the angle between
the corresponding major axes. Figure 7 shows the measured proba-
bility density distribution for total, red, and blue samples of central
galaxies regarding the halo shape calculated with the galaxies mem-
bers (solid lines) and with the dark matter particles (dashed line). As
expected from Figure 6, the alignment of the central galaxy with the
dark matter in its host halo is slightly stronger.

Therefore, in both cases, the red galaxies show more alignments
than the total while the blue galaxies show a very low alignment
signal. As in Rodriguez et al. (2022), when we divide the sample into
red and blue central galaxies, we obtain a larger alignment signal for
the red galaxies while it almost disappears for the blue ones. Looking
at the alignment calculated using dark matter, it can be seen that while
the alignment for the red central galaxies increases, it remains the
same for the blue ones. To better understand this result, in the next
section we will concentrate on dark matter.

5 DARK MATTER ALIGNMENT

In the previous section, we show that the stellar component of blue
galaxies is not aligned with the dark matter of the host halo. At this
stage, we want to see if the dark matter in the central galaxies behaves
similarly. In Figure 8, we show the alignment between the main axis
of the central galaxy and the corresponding to the host halo, both
calculated using the dark matter particles and following the same
procedure as in Section 4. As can be seen, both the total sample and
red galaxies maintain a similar behavior to that found when the stellar

MNRAS 000, 1-9 (2022)

6 (degrees)

Figure 8. The measured probability density distribution of the alignment
between the dark matter of the central galaxy and the dark matter of the group
shape for the same samples as Figure 7.

component was used to calculate their shapes. Only a slight increase
in alignment is observed. However, something very different happens
with the blue galaxies, which in this case, have a considerably higher
alignment than the one found in figure 7.

The above result should be evidenced in the correlation function
if we use dark matter instead of stars. Figure 9 shows the correlation
function and anisotropy resulting from considering the central galaxy
with the three shape axes calculated from the dark matter particles of
the subhalo it inhabits and using dark matter particles as targets. In
contrast to what we obtained in Figure 3 both the central blue and red
galaxies show a strong anisotropy signal. Although the anisotropy
of the blue central galaxies is slightly lower, it is comparable to
that of the red ones, both evidently aligned with the host halo and
surrounding structure.

These latest results suggest a misalignment between the stellar and
dark matter components for blue galaxies. Consequently, we study
the alignment between stars and dark matter in the sub-halo inhabited
by the central galaxies. We present this in Figure 10. Evidently, the
main axis of the red central galaxies is strongly aligned with that of
their halo, while that of the blue ones is close to arandom distribution.
That is, the stars are good tracers of the shape of the subhalo of the red
central galaxies but not of the blue ones. This allows us to understand
why this alignment occurs up to scales larger than ~ 10 Mpc: The
stars of the red central galaxies are aligned with their dark matter
subhalo, which is aligned with the halo containing the group, which,
in turn, is aligned with the surrounding structures. The behavior of
blue central galaxies could be explained in the same way, but, unlike
the red ones, they have the stellar component misaligned with their
own subhalo, which makes the anisotropy signal fade when only stars
are considered.

6 SECONDARY DEPENDENCIES OF ANISOTROPIES FOR
RED GALAXIES

In previous sections, we show that red central galaxies are aligned
with their surroundings, while the blue ones are misaligned. In addi-
tion, we find a dependence of the alignment of the central galaxies on
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Figure 9. The anisotropic cross-correlation function in the same format as
Figure 3 but taking as axes those obtained from the shape of the dark matter

in the sub-halo containing the central galaxy.
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Figure 10. The measured probability density distribution of the alignment
between the dark matter and stars on the central galaxy for the same samples

as Figure 7.

the halo mass they inhabit. This leads us to think that there may be
other (secondary) dependencies linked to the evolutionary processes
of galaxy assembly and mass accretion history. Two properties that
hold information of this type are the redshift at which half of the
haloes’ mass was assembled (z £ o) and the number of major merg-
ers (of one-fifth of their mass) they underwent during their lifetime

(Nmergers)-

In previous sections we show that blue central galaxies do not
present any alignment signal when we split the sample by halo mass
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Figure 11. The anisotropic cross-correlation function for red central galaxies
to analize dependence of halo mass (top panel), formation redshift (central
panel) and the number of major mergers (bottom panel).
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regardless of the parameters used and the selection within the sample.
Consequently, in this section we focus on the results corresponding
to red central galaxies.

We first split the red central galaxies according to the mass of the
halo they inhabit. We divide the sample by the median of the mass
distribution, whose value is log (M},) = 12.86. Then, following sec-
tion 3, we calculate the cross-correlation function and the anisotropy
for high-mass and low-mass samples. We present the results for these
samples in the top panel of Figure 11. Red central galaxies hosted
in massive haloes are more aligned with the surrounding structures
than those in less massive haloes. This means that the dependence of
anisotropy on mass is still present even when we only consider red
central galaxies. This outcome supports what we found in the previ-
ous section: the anisotropy signal on large scales is more related to
the host halo than the central galaxy. It is pertinent to mention that,
as the stellar mass of the central galaxy correlates very well with
the host halo mass, we reach similar results if we perform the above
analysis, but in terms of this mass instead of that of the halo.

We will now analyse the dependence of anisotropy on zy opm-
Following the same procedure as in the previous paragraphs, we split
the sample according to the median of the z ¢ oy, distribution. We
present the results in the middle panel of Figure 11. Although the
correlation function shows some difference in the one halo term, the
variation in anisotropy for halos with different z ¢ -, is negligible.

We also investigate if the number of major mergers, Npmergers,
has an impact on the anisotropy. In the lower panel of Figure 11, we
present the results corresponding to the samples with a number of
mergers above and below the median value (Nergers = 2). Asinthe
formation redshift study, we observe minor differences in the one halo
term of the correlation function. However, we did not find relevant
differences in the anisotropies. We carry out this analysis considering
the number of major mergers based on the stellar material, but the
results are similar when we use the dark matter mass budget to define
the mergers.

Unexpectedly, we do not find a dependence on the redshift and
the number of mergers. However, we know from Figures 4 and 11
that there is a strong dependence on the mass. Consequently, we
investigated the influence of the redshift and the number of mergers
on the anisotropy for the highest mass bin. This selection yielded
no difference in the anisotropic correlation functions, suggesting that
the colour and halo masses may be the properties that best summarise
information about anisotropy. We do not include figures for these tests
because they are very similar to those already presented in Figure 11.

7 DISCUSSION AND CONCLUSIONS

We use the cosmological hydrodynamical simulation IllustrisTNG to
determine the alignment of the central galaxies with the environment
to deepen the observational results obtained by Rodriguez et al.
(2022).

When we restrict the sample by the colour or brightness of the
central galaxies, our results show good agreement with the results
obtained in Rodriguez et al. (2022), i.e. the brighter central galaxies
show more anisotropy and, within this subsample, the red central
galaxies are responsible for most of the signal.

When we consider more specific galaxy properties, such as the
ellipticity of the central galaxy and the mass of the host halo, we find
a dependence of the anisotropy on the mass but not on the elliptic-
ity. While the result for the ellipticity agrees with the observations,
this does not happen for the mass, where the observations do not
show any dependence. This discrepancy is probably because of the
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way the masses of the galaxy groups are assigned in the observa-
tions. Although the abundance matching method used to estimate
the masses of galaxy groups is statistically better than dynamical
estimates, it is still not sufficiently accurate for the determination of
individual masses. This would explain the observational inability to
detect the dependence of the anisotropy on the mass observed in the
simulations. The fact that, in observations, it is possible to detect the
dependence of the anisotropy on the colour of the central galaxy, but
not on the mass of the host halo, would show that the colour of the
central galaxy is a better indicator of the mass of the host halo than
the masses assigned by traditional methods.

A remarkable result of this work is the detected increase of the
anisotropy with the host halo mass taking into account the shape of
the central galaxy. According to the determinations of other authors,
the dependence of the anisotropy with the mass associated with the
shape of the host halo is well known. So the alignment of the central
galaxy with the environment on large scales could be an effect of the
alignment of the central galaxy and its host halo.

From the comparison of the anisotropies estimated using the
shapes of central galaxies or groups, we observe that the signal of the
one-halo term is higher in the groups, while they are similar in the
two-halo term. This supports the reasoning in the previous paragraph
that the alignment of the central galaxy with the large-scale structure
is a consequence of the alignment with the halo it inhabits. To figure
this out, we studied the alignment between the central galaxy and the
host halo. We find that, in general, there is a remarkable alignment,
with the red central galaxies being most closely aligned with their
host halo. This result is in agreement with previous observational
results.

All the above analysis was performed using the stellar component
of the simulation. However, since various astrophysical processes
could influence the orientation of the central galaxy, we study the
behavior of the anisotropy based on the shapes determined using dark
matter particles. Using these determinations, we repeat the analysis of
the previous paragraph and observe that, remarkably, the alignment
of both red and blue central galaxies increases. When we study the
anisotropy using the correlation function, we find that unlike the case
when we calculated the shape with the stars, the blue central galaxies
present a similar anisotropy signal to the red galaxies. This leads us
to understand the origin of the lack of anisotropy in the blue central
galaxies. Analysing the alignment between stars and dark matter in
the central galaxies, we find that the blue galaxies are misaligned
with their own halo compared to the red galaxies, which show a
significant alignment.

Since the alignment is dominated by the colour of the central
galaxy in both observations and simulations, it is worth wondering
whether the alignment is actually determined by the assembly process
of the central galaxy. To see this, we study for red central galaxies
(because they show an anisotropy signal) the dependence of the
anisotropy on the mass of the host halo, the formation redshift and
the number of mergers. While the dependence on the host halo mass
resembles that of the total sample, unexpectedly, the anisotropy seems
to be neither sensitive to the formation redshift nor the number of
mergers.

The results found in this work can be summarized as follows: the
alignment signal or anisotropy found from the shape axes of the cen-
tral galaxies is the consequence of a concatenation of alignments.
Starting at the smallest scales, the baryonic material of the central
galaxy aligns with the dark matter of its own halo, which in turn
aligns with the host halo, and eventually, the host halo aligns with
the structures surrounding it. The unexpected independence of the
alignment signal with respect to the formation redshift and the num-
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ber of mergers does not allow us to link the assembly process of the
central galaxy with the detected anisotropy. It is probably necessary
to study in detail and individually the alignment process of the central
galaxies both with their own halo and with the host halo, to explain
the processes that determine the alignment or misalignment of the
baryonic material with the halos of dark matter. Other halo properties
such as the tidal field and the evolution of the galaxy alignment will
be evaluated in the future for further exploration. This is essential to
understand observations in which only the two ends of this sequence
can be measured.
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