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The central-satellite alignment 1297

Figure 2. Same as Fig. 1 but for different subsamples of central and satellite galaxies. In the upper panels, we show f pairs(θ ) for groups with a different

ellipticity, e, of the central galaxy, as indicated. Note that groups with a strongly elongated central galaxy (0.6 ! e < 0.8) are consistent with a perfectly

isotropic distribution of satellites. As we argue in the text, and show in Fig. 3, this owes to the fact that strongly elongated systems are mainly blue, late type

disc galaxies, which show no significant alignment. The lower panels show how f pairs(θ ) depends on the luminosities of the satellite galaxies, Ls, expressed

in units of the luminosity of their central galaxy, Lc. There is a clear indication that fainter satellites are more strongly aligned.

Figure 3. Same as Fig. 1, but for different subsamples of hosts and satellites,

selected according to their 0.1(g − r ) colour. See text for discussion.

galaxies. In particular, satellite galaxies in groups with a blue, central

galaxy are consistent with a perfectly isotropic distribution; there

is no sign of any significant alignment (⟨θ⟩ = 44.◦5 ± 0.◦5). On the

contrary, groups with a red central galaxy show a very pronounced,

major-axis alignment with ⟨θ⟩ = 41.◦5 ± 0.◦2. In addition, red satel-

lites show a significantly stronger major-axis alignment than blue

satellites.

As shown in Weinmann et al. (2006), haloes with a central red

galaxy have a significantly larger fraction of red satellites than a

halo of the same mass, but with a blue central galaxy. This so-called

‘galactic conformity’ implies that the upper and lower panels are

not independent. In Fig. 4, we therefore examine how f pairs(θ ) de-

Figure 4. Same as Fig. 3, except that here we split the sample according to

the colours of both the central and the satellite galaxies, as indicated.

pends on the colours of both the central galaxy and the satellites.

As can be seen, systems with a blue central galaxy show no sig-

nificant alignment, neither with their blue satellites nor with their

red satellites. Systems with a red central galaxy, however, show a

very pronounced alignment, which is significantly stronger for red

satellites than it is for blue satellites. Since redder colours typically

indicate older stellar populations, these results suggest that a sig-

nificant alignment between the orientation of central galaxies and

the distribution of their satellite galaxies only exists in haloes with a

relatively old stellar population. Clearly, such a correlation between

the alignment strength and the age of the stellar population must
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Theoretical modeling (Pure N-body 
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Fig. 1.— Dark matter distribution within the most massive halo in the LCDM100 simulation.
The physical size of the figure is 2 times the halo virial radius.
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3 T H E A L I G N M E N T I N DA R K M AT T E R
H A L O E S

In this section, we first study the alignment signal between central
and satellite galaxies using the distribution of galaxies taken directly
from the simulation box and projected along the z-axis (arbitrary).
Here we ignore all observational selection effects: we do not model
redshift-space distortions, nor do we consider a flux limit. In ad-
dition, we consider all central–satellite pairs (with MbJ ! −16)
that reside in the same dark matter halo (with M " 1012 h−1 M⊙).
The analysis of Y06, to which we will compare our results, how-
ever, is based on a flux-limited redshift survey, in which centrals
and satellites are grouped together using a galaxy group finder. This
results in interlopers and incompleteness, which are not accounted
for here. Rather, the results presented in this section represent the
true, uncontaminated alignment strengths present in our (projected)
simulation box. In Section 4 we will examine the impact of observa-
tional selection effects by using realistic mock catalogues to which
we apply the same galaxy group finder as used by Y06.

Fig. 1 plots the probability distribution, P(θ ), obtained under the
assumption that the major axis of the central galaxies is perfectly
aligned with the major axis of its projected dark matter halo. The
open triangles correspond to the results obtained with FOF haloes,
counting all satellites that are part of the FOF halo. As one can see,
the probability distribution P(θ ) peaks at small θ , indicating that
the satellite galaxies are distributed preferentially along the major
axes of their projected dark matter haloes. This is also evident from
the fact that ⟨θ⟩ = 36.◦2 ± 0.◦9, which deviates from the case of no
alignment (i.e. ⟨θ⟩ = 45.◦0) by almost 10σ . This alignment is simply
due to the non-spherical nature of dark matter haloes and to the fact

Figure 1. The normalized probability distribution, P(θ ), of the angle θ be-
tween the major axis of the central galaxy and the direction of each satellite
as measured from the central galaxy. The open squares and open triangles
show the results obtained from our SAM using VIR and FOF haloes, respec-
tively. The solid and dashed lines show P(θ ) for the dark matter particles
in VIR and FOF haloes. Note that the satellite galaxies in the SAM reveal
a stronger alignment than the dark matter. For comparison, the solid dots
with error bars are the observational results obtained by Y06 from a SDSS
galaxy group catalogue. Note that the alignment signal in the SAM is much
stronger than observed.

that satellite galaxies are a reasonable tracer of the overall mass
distribution (e.g. Kang et al. 2005b; Libeskind et al. 2005; AB06;
Zentner et al. 2006). The open squares in Fig. 1 show the alignment
signal obtained with the VIR haloes, only counting those satellites
with r < rvir. Note that the alignment signal for these VIR haloes
is somewhat lower than that for the FOF haloes. This simply owes
to the fact that the VIR haloes are confined to a spherical radius.
Given that the observational results of Y06 are also confined to a
spherical (group) radius, and that the virial masses are physically
better defined than the FOF masses, in what follows we focus on
the VIR haloes, unless specifically stated otherwise.

The dashed and solid lines in Fig. 1 show the P(θ ) distributions for
the dark matter particles of the FOF and VIR haloes, respectively.
Clearly the dark matter particles also reveal an alignment signal,
though it is somewhat weaker than that of the satellite galaxies. This
suggests that satellite galaxies are not a perfect tracer of the dark
matter distribution, but that in fact their distribution is somewhat
more flattened than that of the halo itself. This holds for both the FOF
and VIR haloes. This is in qualitative agreement with AB06, who
also noticed a similar weak enhancement of the alignment strength
of satellites with respect to the dark matter. It is also in agreement
with the simulation results of Libeskind et al. (2005) and Zentner
(2006), who demonstrated that (massive) subhaloes (in Milky Way
type haloes) tend to be more strongly aligned with the major axis of
the host halo than the dark matter particles themselves. This owes to
the preferred infall along filaments which tend to be preferentially
aligned with the major axis of the halo. In Sections 3.2 and 3.3 we
show that this difference between the P(θ ) of satellite galaxies and
dark matter particles is a function of halo mass and satellite colour,
and that it disappears for massive haloes.

Finally, for comparison, the solid dots with error bars [reflect-
ing σ R(θ )/⟨NR(θ )⟩] show the observational results obtained by Y06
from the SDSS group catalogue, using only those groups with an
inferred mass M " 1012 h−1 M⊙. With ⟨θ⟩ = 42.◦2 ± 0.◦2 it is clear
that the observed alignment signal is much weaker than what is
obtained from our SAM (see also AB06). This indicates that ei-
ther (i) there are large observational selection effects that reduce the
strength of the alignment signal, or (ii) that the orientation of the
central galaxies is not perfectly aligned with the major axis of
the projected host halo. We will test these two hypotheses in de-
tail in Section 4.

3.1 Redshift dependence

In a recent study, Donoso, O’Mill & Lambas (2006) used the SDSS
Data Release 4 (DR4) (Adelman-McCarthy et al. 2006) to study
the alignment of luminous red galaxies at z ∼ 0.5. They found that
the major axes of these systems are aligned with their surrounding
galaxy distributions, similar as in the local universe. Motivated by
these findings, we investigate how the alignment signal evolves with
redshift in our SAM. The results are shown in Fig. 2, where the
triangles, circles and squares indicate the model predictions for VIR
haloes at z = 2.0, 0.5 and 0, respectively. The differences between
the alignment signals at different redshifts are extremely small, with
⟨θ⟩ that are all consistent with each other at the 1σ level. Note that
these results are obtained by selecting, at each redshift, all galaxies in
FOF haloes with M " 1012 h−1 M⊙ and with MbJ ! −16. In a flux-
limited survey, however, brighter galaxies, which typically reside
in more massive haloes, sample higher redshifts. If the alignment
strength depends on halo mass, as in the data analysed by Y06
(see also Section 3.3 below), then one has to be careful to properly
separate redshift dependence from halo mass dependence.
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Central galaxy follows major axis of halo 
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Figure 8. The alignment signal obtained from our Mock Group sample
for two different alignment models. The dashed (solid) line corresponds to
a model in which we assume that the minor axis of the central galaxy is
perfectly aligned with the minor axis (spin axis) of its dark matter halo.
Whereas the Minor Axis model overpredicts the alignment signal obtained
by Y06 (solid dots with error bars), the Spin Axis model accurately fits the
data, suggesting that the orientation of central galaxies is governed by the
angular momentum vector of their dark matter halo.

to be preferentially aligned with the minor axis, the alignment is far
from perfect. For the VIR haloes in our simulation, we find an aver-
age angle (in 3D) between the minor axis and angular momentum
axis of 43.◦2, in good agreement with Bailin & Steinmetz (2005) and
Bett et al. (2007).

To test the Minor Axis and Spin Axis models in more detail, Fig. 9
shows P(θ ) obtained from the Mock Group catalogue for blue and
red satellites (upper panels) and for blue and red centrals (lower
panels). The Minor Axis model only provides a good fit to the Y06
data for the blue satellites. In all other cases it significantly over-
predicts the observed alignment signal. The Spin Axis model, on the
other hand, matches the Y06 results remarkably well in all cases,
providing strong support for a picture in which the orientation of
central galaxies is governed by the angular momentum vector of
their dark matter halo.

In order to study the impact of interlopers, the dot–dashed lines
show the results for the Spin Axis model in which we have manually
removed the interlopers from the group catalogue. The differences
with the solid lines therefore highlight the impact of interlopers.
Overall the differences are small; only the alignment signal of the
blue centrals seems to have been significantly diluted by interlopers.
This owes to the fact that blue centrals have a larger interloper
fraction (∼35 per cent) than red centrals (∼15 per cent). This in
turn owes to the fact that group masses are estimated from the group
luminosities. At the low-mass end, where the group luminosity is
dominated by the luminosity of the central galaxy, blue galaxies
typically get an assigned mass which is somewhat too high (see More
et al.,in preparation). Consequently, the assigned virial radius is
somewhat too large, which results in a larger fraction of interlopers.
Since the P(θ ) for blue centrals and red centrals are similar when the
interlopers are removed (cf. Fig. 3), we conclude that the finding by

Y06, that blue centrals are more strongly aligned with their satellites
than red centrals, is most likely an artefact of the method used to
assign masses to the groups.

The difference between the alignment signal of blue and red satel-
lites, on the other hand, seems to be a genuine effect, not significantly
distorted by interlopers. Indeed, as shown in Section 3.2, this dif-
ference is also evident when analysing the simulation box directly,
and is due to the fact that red satellites are associated with subhaloes
that were more massive at the time of accretion. We therefore con-
clude that the enhanced alignment signal for red satellites has a
natural explanation within the framework of hierarchical structure
formation.

Finally, Fig. 10 compares the alignment signal obtained from our
Mock Group catalogue with the Spin Axis model to the data of Y06
for three different bins in group mass. The width of the shaded
band reflects σ R(θ )/⟨NR(θ )⟩, and is shown to highlight the random
scatter in our Mock Group catalogue. Consistent with what we found
in Section 3.3, the alignment signal from our Mock Group catalogue
reveals no significant mass dependence. Although the Y06 data seem
to hint towards a decrease of ⟨θ⟩ with increasing group mass, the
overall agreement with our model predictions is very satisfactory,
providing further support for a picture in which the central galaxy
is aligned with the spin axis of its dark matter halo.

5 C O N C L U S I O N S

We have used a high-resolution N-body simulation combined with a
semi-analytical model for galaxy formation to study the alignment
between the orientation of central galaxies and the distribution of
their satellite galaxies. Since dark matter haloes, in general, are flat-
tened, and satellite galaxies are a reasonably fair tracer of the dark
matter mass distribution, satellite galaxies will reveal an alignment
signal as long as the orientation of the central galaxy is correlated
with that of its dark matter halo. In particular, the major axis align-
ment detected by several recent studies (Brainerd 2005; Y06; Azzaro
et al. 2007) requires that the major axis of a central galaxy is some-
how aligned with the major axis of its dark matter halo. Using our
simulation we have constructed a mock SDSS, to which we applied
the same halo based group finder as used by Y06. Using exactly
the same analysis as Y06, we find that a perfect alignment of the
minor axes of central galaxy and dark matter halo yields a central–
satellite alignment signal that is significantly stronger than observed.
However, if we assume that the minor axis of the central galaxy is
perfectly aligned with the spin axis of its dark matter halo, which
has an average misalignment with the halo minor axis of 43.◦2, we
can accurately reproduce the results of Y06.

AB06 have also obtained similar conclusions as presented here.
First, they also found that if the major axis of the central galaxy
aligns well with the major axis of the projected dark matter halo,
the signal from the model is stronger than observed. On the con-
trary, if the spin axis of the central galaxy aligns with the net angular
momentum of the dark matter halo, the signal is decreased. AB06
claimed that the signal is decreased too much, and is lower than
observation of Brainerd (2005). Here we find that our Spin Axis
model matches well with the observations of Y06. It is deserved to
clarify the disagreement. First, AB06 compared their model results
with the observation results of Brainerd (2005), who measured the
average alignment angle as 40.◦5, but Y06 obtained 42.◦2. The differ-
ence in the two observational results owes to the fact that AB06 and
Y06 measured the alignment signal in different halo mass. AB06
measured the signal mostly from isolated host galaxies, but Y06
measured the signal from groups and clusters. Secondly, in fact our

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 378, 1531–1542

 by guest on June 26, 2014
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

Kang+ 2007 

Follow minor or Spin 



color dependence 
The Alignment between Satellites and Central Galaxies 5

Figure 3. The normalized probability distribution, P (θ), for various subsamples. The upper panels show the results for blue (left panel)
and red (right panel) satellites, while the lower panels show the results for haloes with blue centrals (left panel) and red centrals (right
panel). In each panel, the open triangles show the results for the satellite galaxies in the SAM, the solid line shows the results for the
dark matter particles in the SAM, and the solid dots with errorbars show the observational results of Y06.

by using realistic mock catalogues to which we apply the
same galaxy group finder as used by Y06.

Fig. 1 plots the probability distribution, P (θ), obtained
under the assumption that the major axis of the central
galaxies is perfectly aligned with the major axis of its pro-
jected dark matter halo. The open triangles correspond to
the results obtained with FOF haloes, counting all satellites
that are part of the FOF halo. As one can see, the prob-
ability distribution P (θ) peaks at small θ, indicating that
the satellite galaxies are distributed preferentially along the
major axes of their projected dark matter haloes. This is
also evident from the fact that ⟨θ⟩ = 36.2◦ ± 0.9◦, which
deviates from the case of no alignment (i.e., ⟨θ⟩ = 45.0◦)
by almost 10σ. This alignment is simply due to the non-
spherical nature of dark matter haloes and to the fact that
satellite galaxies are a reasonable tracer of the overall mass
distribution (e.g., Zentner et al. 2005; Kang et al. 2005b;
Libeskind et al. 2005; AB06). The open squares in Fig. 1
show the alignment signal obtained with the VIR haloes,
only counting those satellites with r < rvir Note that the

alignment signal for these VIR haloes is somewhat lower
than for the FOF haloes. This simply owes to the fact that
the VIR haloes are confined to a spherical radius. Give that
the observational results of Y06 are also confined to a spher-
ical (group) radius, and that the virial masses are physically
better defined than the FOF masses, in what follows we fo-
cus on the VIR haloes, unless specifically stated otherwise.

The dashed and solid lines in Fig. 1 show the P (θ) dis-
tributions for the dark matter particles of the FOF and VIR
haloes, respectively. Clearly the dark matter particles also
reveal an alignment signal, though it is somewhat weaker
than that of the satellite galaxies. This suggests that satellite
galaxies are not a perfect tracer of the dark matter distri-
bution, but that in fact their distribution is somewhat more
flattened than that of the halo itself. This holds for both
the FOF and VIR haloes. This is in qualitative agreement
with AB06, who also noticed a similar weak enhancement of
the alignment strength of satellites with respect to the dark
matter. It is also in agreement with the simulation results
of Libeskind et al. (2005) and Zentner (2005), who demon-
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tidal force in the host halo. This enable us to study the galaxy
alignment in the halo center.

2. THE SIMULATION

The cosmological SPH simulation used in this paper was
run using the massive parallel code Gadget-2 (Springel et al.
2001; Springel 2005), a non-public version (including gas
physics) kindly provided by Volker Springel. It is evolved
from redshift z = 120 to the present epoch in a cubic box
of 100h−1Mpc with 5123 dark matter particles and gas par-
ticles, assuming a flat � CDM “concordance" cosmology with
� m = 0.268, � Λ = 0.732, σ8 = 0.85. A Plummer softening
length of 4.5kpc was adopted. Each dark matter particle has a
mass of about 4.62×108h−1M⊙. The initial mass of gas parti-
cle is 9.20×107h−1M⊙ and one gas particle can turn into two
star particles later on. The simulation includes the physical
processes of radiative cooling, star formation, supernova feed-
back, outflows by galactic winds, as well as a sub-resolution
multiphase model for the interstellar medium. The readers
are referred to (Springel & Hernquist 2003) for more details
about the treatment of gas physics.

Dark matter halos were found using the standard friends-of-
friends (fof) algorithm with a linking length of 0.2 times the
mean particle separation, while the ‘galaxies’ were defined
as the stellar fof groups with a linking length of 4.88h−1kpc
(c.f. Jiang et al. 2008). The central galaxy was identified
as the biggest galaxy in the fof halo and the others are called
as satellite galaxies. To ensure accurate determination of the
shape of centrals and exclude spurious satellites, only those
with more than 50 and 20 particles are included in our sample.

To get the luminosity/color of each galaxy, for each star
particle we record its formation time and the metallicity of
the cold gas at that time. The luminosity of each star par-
ticle at z = 0 can be calculated using the stellar population
synthesis model of Bruzual & Charlot (2003) with the as-
sumed initial mass function of Chabrier (2003). The sum of
all stellar particles gives the total luminosity of each galaxy.
In our simulation, we calculate the magnitude at the SDSS g,
r bands.

Fig.1 shows the predicted color-stellar mass diagram from
the simulation. The left, right panels are for centrals and satel-
lites, respectively. Here 0.1(g − r) is used to represent galaxy
color at z = 0.1 and computed from (g − r) using the method
described in Yang et al. (2006). Note that here we do not apply
the dust extinction for the model galaxies. The solid line is the
fit to the SDSS data by van den Bosch et al. (2008), dividing
galaxies into red and blue. Compared to the data, the pre-
dicted massive central galaxies in the simulation is too blue.
This is a well known problem in hydrodynamical simulation
that without additional feedback, the gas cooling and star for-
mation in massive haloes are too strong, and the central galax-
ies are too blue (e.g., Saro et al. 2006). It has been recently
shown that by inclusion of AGN feedback, galaxy stellar mass
and color in massive haloes will be well reproduced (Vogels-
berger et al. 2014). The right panel shows that the colors of
satellites agree more better with the data that most of them are
red. It is known that the main mechanisms for star formation
halt in satellites are from ram-pressure stripping and the in-
trinsic starvation by star formation, and both machenisms are
included in our simulations.

Yang et al. (2006) studied the dependence of galaxy align-
ment on color, and they simply adopted 0.1(g − r) = 0.83 as a
threshold for red and blue galaxies. In fact it is more reason-
able that the division between red and blue galaxies is stellar

mass dependent (e.g., Baldry et al. 2006; van den Bosch et
al.2007). Thus in our work we devide the galaxies into red
and blue using the fitting line of van den Bosch et al. (2007)
which is the solid line in Fig.1.
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FIG. 1.— The scatter relation between stellar mass and color for the simu-
lated galaxies.

3. RESULTS

To compare with the data more consistently, we project the
model galaxies along one axis of the simulation box, and ob-
tain the reduced inertia tensor of central galaxy by using its
stellar particles as Ii j ≡ � nxi,nx j,n/r2

i j,n where xi,n is the posi-
tion of the n th stellar particle in the halo center coordination
and ri j,n =

√
x2

i,n + x2
j,n. The eigenvectors of Ii j define the ori-

entation of the galaxy, and with this form of inertia tensor the
major axis is corresponding to the vector with the large eigen-
value. The angle θ (0◦ ≤ θ ≤ 90◦) is defined as the angle on
the projection plane between the off-center vector of satellite
position and the major axis of the central galaxy. The distri-
bution probability of θ is defined as P(θ) = N(θ)

<NR(θ)>
where

N(θ) and < NR(θ) > are the number of central-satellite pairs
in the simulation sample and random samples. An alignment
is found if < P(θ)θ > is less than 45◦. The bootstrapping
method is used to derive < NR(θ) > by selecting 100 sub-
samples randomly from the overall data.

The predicted alignment and comparisons with data are
shown in Fig.2. The triangles with solid lines are the obser-
vational results of Yang et al. (2006), and model results are
plotted with circles connected by dashed lines. The upper left
panel shows that the predicted alignment effect for all galax-
ies agree well with the data. For satellite galaxies, the model
predictions roughly agree with the data, and it is slight higher
for blue satellites and lower for red satellites. However, the
predicted alignment for central galaxies is inconsistent with
the data. The lower left and middle panles show that the blue
centrals have higher alignment than the red ones, contrary to
the observed dependence on color in the data.

As seen in Fig.1 and the discussion above, there are too
many massive blue galaxies in our model due to neglection of
effective feedback in massive haloes (such as AGN feedback).
It is commonly believed that these massive galaxies should be
red and living in massive haloes. Both theoretical and obser-
vational work suggest that there should be a critical halo mass,
below which most of the central galaxies are blue, and those
are red above the critical halo mass (e.g., Yang et al. 200?,
Keres et al. 200?). However, the cirtical halo mass is not well
determed, ranging from 2× 1011M⊙ (e.g., Keres et al.?) to
1012M⊙ (e.g., ?). To simply illustrate this effect, in the lower

Lin+ 2014, In preparation 
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FIG. 2.— The predicted galaxy alignment and comparisons with observa-
tional results.The upper left panel is for all sample, and lower right panel for
central galaxies with different host halo mass. Other panles are for satellite
and central with red/blue colors. The average alignment angle of observed
and model galaxies are labeled in each panel.

right panel we show the predicted alignment for red/blue cen-
tral galaxies divided by Mc, where Mc = 2× 1011M⊙ (dotted
line), and Mc = 1012M⊙ (dashed line). It is found that the pre-
dicted alignment is close to the data with Mc = 2× 1011M⊙,
and the prediction is increasing with critical halo mass.

The exersie presented in the lower right panel of Fig.2 sug-
gests that the observed alignment with dependence on color of
central galaxies is mainly determined by the host halo mass.
We will later see that the halo mass dependence is rooted
in the shape correlation between central galaxy and the host
halo.

In Fig.3, we further show the dependence of alignment on
galaxy properties from the simulation. The solid lines are for
centrals and dashed lines for satellites with dependence on
metallicity, color, stellar mass and halo mass. The upper pan-
els show that the alignment of satellites depends on metallicity
and color, with stronger dependence on metallicity that metal-
rich satellites have very strong alignment. The lower panels
show that the dependence on stellar mass is very weak and
fainter satellites have slightly weaker alignment, in a broad
agreement with the finding in Y06. Note the error-bar for the
point at the bin with biggest mass is big due to small num-
ber statistics. The halo mass dependence in the lower right
panel is close to the dependence from the data that alignment
in massive halos are stronger and consistent with the depen-
dence on stellar mass for central galaxies in the left panel.

In addition to the dependence of galaxy alignment on color,
the data also have shown that the alignment angle is a strong
function of radial distance to the centrals (Brainerd 2005;
Yang et al. 2006). In the left panel of Fig.4 we show the radial
spatial distribution of satellite in the dark matter halo, with de-
pendence on color and metal. It is found that both metal rich
and red satellites are distributed predominately in the central
halo. This distribution agrees with the observational facts that
galaxy properties, such as color, metallicity or morphology
depends strongly on its environment/local density as metal re-
cycle and star formation quenching are more efficient in the
inner halo (ref?). The middle panel in Fig.4 shows the align-
ment of satellites as function as radius. The observational re-
sults of Y06 is shown as triangles. Good agreement between
the simulation and the data is found that satellites residing in
inner halo have stronger alignment with central galaxy than

FIG. 3.— The dependence of alignment strength (2D) on the properties of
simulated galaxies and dark matter halos. See the text for more details.

FIG. 4.— Left panel: The radial distribution of red and blue SGs within
dark matter halos. Middle panel: The dependence of average alignment angle
on radii toward halo center. Right panel: The distribution of mis-alignment
angles between the major axis of CGs and that of dark matter halo within
radius of 0.1, 0.3 and 1.0R200.

their counterparts residing in outer halo.
To understand the origin of satellite alignment with respect

to the central galaxy, theoretical work using N-body simula-
tion often assumed that the shape of central galaxy follows
the overall dark matter halo, and that leads to a strong align-
ment than the data (e.g., Kang et al. 2007). To decrease the
predicted signal, one has to introduce some degree of mis-
alignment between the central galaxy and that of the dark
matter halo without resort to the physical origin (Kang et al.
2007; Agustsson & Brainerd 2010). More physical solution is
proposed that if the central galaxy follows better the shape of
dark matter in the central region, the alignment will be better
reproduced (Faltenbacher et al. 2009; Wang et al. 2014), how-
ever the dependence on galaxy color is hardly reproduced in
these works.

As our SPH simulation includes the stellar component, we
can directly predict the shape of central galaxy and is able to
test the above assumption. The right panel of Fig.4 shows the
alignment angle between central galaxy and dark matter ha-
los with dependence on halo mass. The results for the angle
between the major axis of central galaxy and the overall dark
matter halo were plotted as solid line, dashed line and dot-
ted line for the whole halo (inside of R200), the intermediate
halo (inside of 0.3R200) and the inner halo (inside of 0.1R200)
respectively. Here R200 is the virial radius of spherical halo.
It is found that the shape of central galaxy traces better that
of the inner halo, and this alignment is increasing with halo
mass. The mean mis-alignment angle varies from ∼ 35 − 10
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line), and Mc = 1012M⊙ (dashed line). It is found that the pre-
dicted alignment is close to the data with Mc = 2× 1011M⊙,
and the prediction is increasing with critical halo mass.

The exersie presented in the lower right panel of Fig.2 sug-
gests that the observed alignment with dependence on color of
central galaxies is mainly determined by the host halo mass.
We will later see that the halo mass dependence is rooted
in the shape correlation between central galaxy and the host
halo.

In Fig.3, we further show the dependence of alignment on
galaxy properties from the simulation. The solid lines are for
centrals and dashed lines for satellites with dependence on
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show that the dependence on stellar mass is very weak and
fainter satellites have slightly weaker alignment, in a broad
agreement with the finding in Y06. Note the error-bar for the
point at the bin with biggest mass is big due to small num-
ber statistics. The halo mass dependence in the lower right
panel is close to the dependence from the data that alignment
in massive halos are stronger and consistent with the depen-
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In addition to the dependence of galaxy alignment on color,
the data also have shown that the alignment angle is a strong
function of radial distance to the centrals (Brainerd 2005;
Yang et al. 2006). In the left panel of Fig.4 we show the radial
spatial distribution of satellite in the dark matter halo, with de-
pendence on color and metal. It is found that both metal rich
and red satellites are distributed predominately in the central
halo. This distribution agrees with the observational facts that
galaxy properties, such as color, metallicity or morphology
depends strongly on its environment/local density as metal re-
cycle and star formation quenching are more efficient in the
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sults of Y06 is shown as triangles. Good agreement between
the simulation and the data is found that satellites residing in
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the overall dark matter halo, and that leads to a strong align-
ment than the data (e.g., Kang et al. 2007). To decrease the
predicted signal, one has to introduce some degree of mis-
alignment between the central galaxy and that of the dark
matter halo without resort to the physical origin (Kang et al.
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proposed that if the central galaxy follows better the shape of
dark matter in the central region, the alignment will be better
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ever the dependence on galaxy color is hardly reproduced in
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As our SPH simulation includes the stellar component, we
can directly predict the shape of central galaxy and is able to
test the above assumption. The right panel of Fig.4 shows the
alignment angle between central galaxy and dark matter ha-
los with dependence on halo mass. The results for the angle
between the major axis of central galaxy and the overall dark
matter halo were plotted as solid line, dashed line and dot-
ted line for the whole halo (inside of R200), the intermediate
halo (inside of 0.3R200) and the inner halo (inside of 0.1R200)
respectively. Here R200 is the virial radius of spherical halo.
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right panel we show the predicted alignment for red/blue cen-
tral galaxies divided by Mc, where Mc = 2× 1011M⊙ (dotted
line), and Mc = 1012M⊙ (dashed line). It is found that the pre-
dicted alignment is close to the data with Mc = 2× 1011M⊙,
and the prediction is increasing with critical halo mass.

The exersie presented in the lower right panel of Fig.2 sug-
gests that the observed alignment with dependence on color of
central galaxies is mainly determined by the host halo mass.
We will later see that the halo mass dependence is rooted
in the shape correlation between central galaxy and the host
halo.

In Fig.3, we further show the dependence of alignment on
galaxy properties from the simulation. The solid lines are for
centrals and dashed lines for satellites with dependence on
metallicity, color, stellar mass and halo mass. The upper pan-
els show that the alignment of satellites depends on metallicity
and color, with stronger dependence on metallicity that metal-
rich satellites have very strong alignment. The lower panels
show that the dependence on stellar mass is very weak and
fainter satellites have slightly weaker alignment, in a broad
agreement with the finding in Y06. Note the error-bar for the
point at the bin with biggest mass is big due to small num-
ber statistics. The halo mass dependence in the lower right
panel is close to the dependence from the data that alignment
in massive halos are stronger and consistent with the depen-
dence on stellar mass for central galaxies in the left panel.

In addition to the dependence of galaxy alignment on color,
the data also have shown that the alignment angle is a strong
function of radial distance to the centrals (Brainerd 2005;
Yang et al. 2006). In the left panel of Fig.4 we show the radial
spatial distribution of satellite in the dark matter halo, with de-
pendence on color and metal. It is found that both metal rich
and red satellites are distributed predominately in the central
halo. This distribution agrees with the observational facts that
galaxy properties, such as color, metallicity or morphology
depends strongly on its environment/local density as metal re-
cycle and star formation quenching are more efficient in the
inner halo (ref?). The middle panel in Fig.4 shows the align-
ment of satellites as function as radius. The observational re-
sults of Y06 is shown as triangles. Good agreement between
the simulation and the data is found that satellites residing in
inner halo have stronger alignment with central galaxy than
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their counterparts residing in outer halo.
To understand the origin of satellite alignment with respect

to the central galaxy, theoretical work using N-body simula-
tion often assumed that the shape of central galaxy follows
the overall dark matter halo, and that leads to a strong align-
ment than the data (e.g., Kang et al. 2007). To decrease the
predicted signal, one has to introduce some degree of mis-
alignment between the central galaxy and that of the dark
matter halo without resort to the physical origin (Kang et al.
2007; Agustsson & Brainerd 2010). More physical solution is
proposed that if the central galaxy follows better the shape of
dark matter in the central region, the alignment will be better
reproduced (Faltenbacher et al. 2009; Wang et al. 2014), how-
ever the dependence on galaxy color is hardly reproduced in
these works.

As our SPH simulation includes the stellar component, we
can directly predict the shape of central galaxy and is able to
test the above assumption. The right panel of Fig.4 shows the
alignment angle between central galaxy and dark matter ha-
los with dependence on halo mass. The results for the angle
between the major axis of central galaxy and the overall dark
matter halo were plotted as solid line, dashed line and dot-
ted line for the whole halo (inside of R200), the intermediate
halo (inside of 0.3R200) and the inner halo (inside of 0.1R200)
respectively. Here R200 is the virial radius of spherical halo.
It is found that the shape of central galaxy traces better that
of the inner halo, and this alignment is increasing with halo
mass. The mean mis-alignment angle varies from ∼ 35 − 10
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independent ways in the SDSS data to measure the ellipticity of
galaxies (Stoughton et al. 2002). Following the previous work
which investigated the central-satellite alignment (e.g., Brainerd
2005; Yang et al. 2006; Faltenbacher et al. 2007), we adopt the
latter and define the ellipticity of galaxies with the ellipticity
of the 25 mag arcsec−2 isophote in the r band. In addition, the
point-spread function (PSF) has been corrected when measuring
galaxy shapes in the SDSS imaging pipelines (Fischer et al.
2000; Lupton et al. 2001; Stoughton et al. 2002). More accurate
schemes for correcting the PSF were adopted in previous work
of weak lensing (Hirata et al. 2004; Mandelbaum et al. 2005).
However, the original correction for the PSF in the SDSS should
be sufficient for the current analysis because only the position
angles of LRGs are used in most of our study.

3. ELLIPTICITY CORRELATION OF LRGS

3.1. Measuring the LRG Ellipticity Correlation Functions

The ellipticity correlation is examined by measuring the
ellipticity of each galaxy. The two components of the ellipticity
are defined as

(
e1
e2

)
= 1 − q2

1 + q2

(
cos 2β
sin 2β

)
, (1)

where q is the ratio of minor and major axes (0 ! q ! 1) and β is
the position angle of the ellipticity from the north celestial pole
to east (Stoughton et al. 2002). Then the ellipticity correlation
functions are defined (e.g., Miralda-Escudé 1991; Heavens
et al. 2000; Croft & Metzler 2000; Jing 2002) as

cab(r) = ⟨ea(x)eb(x + r)⟩ , (2)

where r is the three-dimensional vector of separation r joining a
pair of galaxies. The comoving distance to every galaxy, x(z), is
calculated by assuming a flat universe with Ωm = 1−ΩΛ = 0.3,
where Ωm and ΩΛ are the mass density parameter and the
cosmological constant parameter, respectively. In Equation (2)
the components of the ellipticity, e1 and e2, are redefined
by rotating by an angle between the north pole and the line
connecting the two galaxies on the celestial sphere. Thus, the
ellipticity component e1 (e2) corresponds to the elongation
and compression along (at 45◦ from) the line joining the two
galaxies.

The resulting ellipticity correlation functions for the observed
central LRGs (see Section 2) are shown in the top panel of
Figure 1. For comparison, the result of c11 measured from all
the LRGs including satellites is also given, which shows that the
difference between the results with and without satellites is very
small, because the contribution from the satellites is negligible.
The error bars shown in the figure represent 1σ errors estimated
with the jackknife resampling method. A description of the
method is given at the end of this section.

As for the autocorrelation functions, while we clearly detect
the positive correlation of ellipticity in c11 particularly on scales
less than 30 h−1 Mpc, the amplitude of c22 is found to be much
smaller. It is simply because c11 is nearly isotropic but c22 is
very anisotropic (Croft & Metzler 2000; Jing 2002); thus the
amplitude of c22 is suppressed when averaged over different
directions. On the other hand, the cross-correlations c12 and c21
should vanish on all scales (Heavens et al. 2000; Croft & Metzler
2000; Jing 2002) and our results observationally confirm that
(c12 + c21)/2 fluctuates around zero within the measurement
errors except for a point at r ≈ 4 h−1 Mpc with a 2σ deviation.
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Figure 2. Normalized covariance matrix for the c11(r) measurement of the
central LRG sample. Contour spacing is 0.2 going from 1 on the diagonal (thick
line) down to 0. The dashed line denotes the 0.4 contour. This is a similar plot
to Figure 7 of Zehavi et al. (2005) who focused on the LRG clustering.

In the following analysis the function c11 is mainly discussed
and c22 is used only for a cross-check of the results obtained
from the measurement of c11.

The bottom panel of Figure 1 is the same as the top panel,
except that it shows the results when the axis ratio q in Equation
(1) is set to be zero. It is equivalent to assuming that a galaxy
is a line along its major axis, and the measurement indicates
the correlation between the orientations of two galaxies with
their shape not being considered. This prescription is important
because only information on position angles is necessary when
we examine the misalignment between LRGs and their parent
dark halos. Throughout this paper, we perform all the statistical
analyses using the ellipticity correlation functions with q = 0.
We note that this c11 with q = 0 is about 10 times larger than
that with q ̸= 0, consistent with the fact that the median value
of q is 0.73 for the sample.

Statistical errors on the measurement of the ellipticity corre-
lation functions are estimated using jackknife resampling (e.g.,
Lupton 1993) with 99 angular subsamples. Because the number
of data points used for our statistical analysis is 8, this number
of subsamples is large enough to obtain a nonsingular matrix.
Each subsample includes a region contiguous on the sky, the co-
moving size of which is about 120 h−1 Mpc on a side at z = 0.3.

We obtain the covariance matrix of c11 for the central LRGs
from the jackknifed realizations by

Cij = N − 1
N

N∑

l=1

(
cl

11(ri) − c̄11(ri)
) (

cl
11(rj ) − c̄11(rj )

)
, (3)

where N = 99, cl
11(ri) represents the value of c11(r) of the

ith separation bin in the lth realization, and c̄11(ri) is the
mean value of c11(ri) over all realizations. Figure 2 shows
the obtained covariance matrix normalized by the diagonal
elements, Cij /(Cii · Cjj )1/2. As is clearly seen, almost all
the contribution of statistical errors comes from the diagonal
elements. The error bars shown in Figure 1 are a square root of
the diagonals of the matrix, C

1/2
ii . We have tried several values

of N, and found that the error bars we obtain are very stable
against the changes of N.
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independent ways in the SDSS data to measure the ellipticity of
galaxies (Stoughton et al. 2002). Following the previous work
which investigated the central-satellite alignment (e.g., Brainerd
2005; Yang et al. 2006; Faltenbacher et al. 2007), we adopt the
latter and define the ellipticity of galaxies with the ellipticity
of the 25 mag arcsec−2 isophote in the r band. In addition, the
point-spread function (PSF) has been corrected when measuring
galaxy shapes in the SDSS imaging pipelines (Fischer et al.
2000; Lupton et al. 2001; Stoughton et al. 2002). More accurate
schemes for correcting the PSF were adopted in previous work
of weak lensing (Hirata et al. 2004; Mandelbaum et al. 2005).
However, the original correction for the PSF in the SDSS should
be sufficient for the current analysis because only the position
angles of LRGs are used in most of our study.
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3.1. Measuring the LRG Ellipticity Correlation Functions
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ellipticity of each galaxy. The two components of the ellipticity
are defined as
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cab(r) = ⟨ea(x)eb(x + r)⟩ , (2)

where r is the three-dimensional vector of separation r joining a
pair of galaxies. The comoving distance to every galaxy, x(z), is
calculated by assuming a flat universe with Ωm = 1−ΩΛ = 0.3,
where Ωm and ΩΛ are the mass density parameter and the
cosmological constant parameter, respectively. In Equation (2)
the components of the ellipticity, e1 and e2, are redefined
by rotating by an angle between the north pole and the line
connecting the two galaxies on the celestial sphere. Thus, the
ellipticity component e1 (e2) corresponds to the elongation
and compression along (at 45◦ from) the line joining the two
galaxies.

The resulting ellipticity correlation functions for the observed
central LRGs (see Section 2) are shown in the top panel of
Figure 1. For comparison, the result of c11 measured from all
the LRGs including satellites is also given, which shows that the
difference between the results with and without satellites is very
small, because the contribution from the satellites is negligible.
The error bars shown in the figure represent 1σ errors estimated
with the jackknife resampling method. A description of the
method is given at the end of this section.

As for the autocorrelation functions, while we clearly detect
the positive correlation of ellipticity in c11 particularly on scales
less than 30 h−1 Mpc, the amplitude of c22 is found to be much
smaller. It is simply because c11 is nearly isotropic but c22 is
very anisotropic (Croft & Metzler 2000; Jing 2002); thus the
amplitude of c22 is suppressed when averaged over different
directions. On the other hand, the cross-correlations c12 and c21
should vanish on all scales (Heavens et al. 2000; Croft & Metzler
2000; Jing 2002) and our results observationally confirm that
(c12 + c21)/2 fluctuates around zero within the measurement
errors except for a point at r ≈ 4 h−1 Mpc with a 2σ deviation.
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Figure 2. Normalized covariance matrix for the c11(r) measurement of the
central LRG sample. Contour spacing is 0.2 going from 1 on the diagonal (thick
line) down to 0. The dashed line denotes the 0.4 contour. This is a similar plot
to Figure 7 of Zehavi et al. (2005) who focused on the LRG clustering.

In the following analysis the function c11 is mainly discussed
and c22 is used only for a cross-check of the results obtained
from the measurement of c11.

The bottom panel of Figure 1 is the same as the top panel,
except that it shows the results when the axis ratio q in Equation
(1) is set to be zero. It is equivalent to assuming that a galaxy
is a line along its major axis, and the measurement indicates
the correlation between the orientations of two galaxies with
their shape not being considered. This prescription is important
because only information on position angles is necessary when
we examine the misalignment between LRGs and their parent
dark halos. Throughout this paper, we perform all the statistical
analyses using the ellipticity correlation functions with q = 0.
We note that this c11 with q = 0 is about 10 times larger than
that with q ̸= 0, consistent with the fact that the median value
of q is 0.73 for the sample.

Statistical errors on the measurement of the ellipticity corre-
lation functions are estimated using jackknife resampling (e.g.,
Lupton 1993) with 99 angular subsamples. Because the number
of data points used for our statistical analysis is 8, this number
of subsamples is large enough to obtain a nonsingular matrix.
Each subsample includes a region contiguous on the sky, the co-
moving size of which is about 120 h−1 Mpc on a side at z = 0.3.

We obtain the covariance matrix of c11 for the central LRGs
from the jackknifed realizations by

Cij = N − 1
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where N = 99, cl
11(ri) represents the value of c11(r) of the

ith separation bin in the lth realization, and c̄11(ri) is the
mean value of c11(ri) over all realizations. Figure 2 shows
the obtained covariance matrix normalized by the diagonal
elements, Cij /(Cii · Cjj )1/2. As is clearly seen, almost all
the contribution of statistical errors comes from the diagonal
elements. The error bars shown in Figure 1 are a square root of
the diagonals of the matrix, C

1/2
ii . We have tried several values

of N, and found that the error bars we obtain are very stable
against the changes of N.
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dry mergers (Dubinski 1998; Naab et al. 2006; Boylan-Kolchin
et al. 2006), because the orientations of the central ellipticals and
of the host dark matter halos are respectively determined by the
orbital angular momenta of their progenitor galaxies and halos
that are correlated. In observation, by studying the alignment of
central galaxies with their satellite spatial distributions in SDSS
groups (Yang et al. 2006) and by assuming that the satellites
follow dark matter in spatial distribution, Kang et al. (2007)
and Wang et al. (2008) have reached somewhat conflicting
conclusions about the misalignment angle between the central
galaxies and their host halos (typically 40◦in Kang et al. (2007)
and 23◦ in Wang et al. (2008)).

In this paper, we present the ellipticity correlation functions
of a spectroscopic luminous red galaxy (LRG) sample from the
Sloan Digital Sky Survey (SDSS; York et al. 2000). We esti-
mate the luminosity and redshift dependences of the ellipticity
correlations. LRGs are massive, and most of them are located
in the central regions of rich groups or galaxy clusters. A small
fraction of satellites can be reliably identified in the observa-
tion. Therefore, we are able to study the misalignment between
central LRGs and their parent dark halos by comparing the ob-
served ellipticity correlation function with that of the dark halos
in an N-body simulation.

Compared to previous work concerning the misalignment, our
analysis using the LRG sample have at least three advantages.
First, the orientation of satellite galaxies relative to their host
halos might be very different from that of the central galaxies.
Central LRGs are easy to identify, which enables us to reliably
determine the misalignment of central galaxies with their host
halos without contamination from satellite galaxies. Second, all
LRG galaxies are believed to be the product of dry mergers,
and their formation processes are distinct from those of spiral
(disk) galaxies. Our analysis will be on central ellipticals with-
out contamination from disk galaxies. Finally, because LRGs
preferentially reside in massive halos and such host halos have
stronger ellipticity correlations than less massive ones hosting
fainter galaxies (Jing 2002), it is easier to accurately measure
their ellipticity correlations and determine their misalignment
angle relative to their host halos.

The structure of this paper is as follows. In Section 2, we
describe the SDSS LRG sample used in our analyses. We
measure the ellipticity correlation functions of SDSS LRGs
in Section 3. The luminosity and redshift dependences of the
ellipticity correlation function are also presented. In Section 4,
we calculate the model ellipticity correlation functions of LRGs
using an N-body simulation with the assumption that central
LRGs are completely aligned with their parent dark matter halos.
We examine and constrain the misalignment between central
LRGs and their parent halos in Section 5. Our conclusions are
given in Section 6.

2. SDSS LUMINOUS RED GALAXY SAMPLE

We analyze the LRG sample from the SDSS (York et al. 2000;
Stoughton et al. 2002). The LRG selection algorithm (Eisenstein
et al. 2001) selects ∼ 12 galaxies per square degree using color
and magnitude cuts. The resulting galaxies have a Petrosian
magnitude r < 19.5, which tend to be luminous early-types and
to be located in rich groups or clusters of galaxies. All fluxes are
corrected for reddening (Schlegel et al. 1998) before use. The
LRG selection is so efficient that it produces a volume-limited
sample, and thus the comoving number density of the sample is
close to a constant out to z ∼ 0.36 and drops thereafter due to
the flux limits (see Figure 1 of Zehavi et al. 2005).
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Figure 1. Top: ellipticity correlation functions for the central LRG sample.
Bottom: as the top panel, but setting q = 0 when the ellipticity of the LRGs is
measured in Equation (1). The dashed black line shows c11 for the combined
sample of central and satellite LRGs. To clearly show the fluctuations of c22
and (c12 + c21)/2, mixed logarithmic and linear scalings are used for the vertical
axis. Bins in r are in logarithmic separation of 0.25. The circles/triangles have
been respectively offset in the negative/positive direction for clarity.
(A color version of this figure is available in the online journal.)

For our analysis we use 83,773 LRGs in the redshift range
from 0.16 to 0.47 from the SDSS Data Release 6 (Adelman-
McCarthy et al. 2008) which is publicly available. We choose
only the LRGs for which the redshift confidence parameter
is greater than 0.95. The galaxies in the sample have rest-
frame g-band absolute magnitudes −23.2 < Mg < −21.2
(H0 = 100 km s−1 Mpc−1) with K + E corrections of passively
evolved galaxies to a fiducial redshift of 0.3 (see Appendix B of
Eisenstein et al. 2001).

The goal of this study is to investigate the misalignment
of central galaxies and their host dark matter halos. Accurate
measurement of redshifts enables us to divide the LRGs in
our sample into centrals and satellites. Following Reid &
Spergel (2008), we adopt criteria of r⊥ ! 0.8 h−1 Mpc and
r∥ ! 20 h−1 Mpc for two galaxies to be in the same halo, where
r⊥ and r∥ are their separations perpendicular and parallel to
the line of sight, respectively. The criteria imply that 79,493
LRGs (94.9%) are centrals, which is consistent with the results
not only from mock LRGs described in Section 4.2 but also
from observational work by Zheng et al. (2008) and Reid &
Spergel (2008). For the halos with two or more LRGs, we
regard the brightest as the central one and the others as the
satellites.

Besides a sample of LRGs, we also need information on
their shapes. There are several model-dependent and model-
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Figure 5. Comparison of the real space correlation functions between the
observed and mock LRGs. The black points with the error bars show the
observed correlation function (Zehavi et al. 2005). The dashed line is that
of the mock galaxy catalog using the best-fit HOD model for the LRGs (Seo
et al. 2008).
(A color version of this figure is available in the online journal.)

LRGs are then assigned to each halo with a central based on the
Poisson distribution with the average of ⟨Nsat(M)⟩. The satel-
lite LRGs inside dark matter halos are distributed following the
Navarro–Frenk–White profile (Navarro et al. 1997). The result-
ing fraction of central LRGs is 93.7%, consistent with that from
the observation (Section 2).

In Figure 5, we show a comparison of the real-space cor-
relation function between the mock and observed (Zehavi
et al. 2005) LRGs. Very good agreement of the results be-
tween the observation and mock catalog can be seen except
for r < 0.5 h−1 Mpc, as was seen by Seo et al. (2008). This
small discrepancy is irrelevant to the current study because the
satellite distribution within halos dominates on this scale and
only central LRGs are used for the statistical analysis below.

4.3. Modeled Ellipticity Correlation Function

The principal axes of each halo in a projected plane are
computed by diagonalizing the momentum of inertial tensor
(e.g., Miralda-Escudé 1991; Croft & Metzler 2000)

Iij =
∑

xixj , (5)

where the sum is over all the particles in the halo. The ellipticity
components of each halo are then estimated in the same way as
those of LRGs (Equation (1)), where the value of q is assumed
to be zero again.

First, we assume that all central galaxies are completely
aligned with their parent dark matter halos. Then the ellipticity
correlation functions of central galaxies are equal to those of
their parent halos. With this assumption, we plot the ellipticity
autocorrelation functions of the mock LRGs, c11 and c22, in
Figure 6. In order to refine the statistics, we averaged over seven
mock LRG samples with different random seeds for assigning
LRGs to dark halos. Interestingly, the ellipticity correlation
function c11 of the mock LRGs has a very similar shape to
the observed function, but the amplitude is about four times
higher. The function c22 is significantly negative at r about a few
h−1 Mpc, compared to the real observed one. In the next section,
we will explain these differences between the observation and
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Figure 6. Ellipticity autocorrelation functions of the central LRGs, (top) c11(r)
and (bottom) c22(r). In both panels, the data points with the error bars are the
measurements from the SDSS, the same ones as those in the bottom panel of
Figure 1. The dashed red lines are results of the mock central LRGs with no
misalignment with their parent halos. The solid red lines are those with the
misalignment parameter of σθ = 35◦. The horizontal axis at the top shows the
corresponding angular scale when all the galaxies are located at z = 1.
(A color version of this figure is available in the online journal.)

simulation by considering misalignment of central galaxies with
their host halos. In Figure 6 we also show the angular separations
with the assumption of all the galaxies being at z = 1, which is
the typical redshift of recent weak lensing surveys (see Section
6). Note that the values of the ellipticity correlation function of
halos are about an order of magnitude larger than the previous
result by Jing (2002), because we assume q = 0 in the current
study.

5. CONSTRAINTS ON MISALIGNMENT

In this section we consider a more general case in which the
position angle of each central galaxy is not completely aligned
with its host halo. We assume that the probability distribution
function (PDF) of the misalignment angle θ between the major
axes of central LRGs and their host halos is a Gaussian function
with a zero mean and a width σθ ,

f (θ; σθ )dθ = 1√
2πσθ

exp

[

−1
2

(
θ

σθ

)2
]

dθ, (6)

where σθ is the misalignment angle parameter or the typical
misalignment angle. We artificially assign misalignment to
position angles of each mock central LRG according to Equation
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Fig. 2.— Halo distributions and environmental classifications. The left panel is similar to the lower-right panel of Fig. 1, but for halos
with at least 500 particles (i.e. ≥ 1010.54 h−1M⊙). The halos in four different environments are classified by different colors: clusters
(orange), sheets (blue), filaments (red), voids (green). The cyan arrow indicates the direction of the filament at the center of each halo.
The direction of the filament is given by the eigenvector corresponding to the single positive eigenvalue of the density Hessian matrix. The
middle panel shows the environmental classifications of 2562 grid points in the middle plane of the slice. Black corresponds to clusters, dark
gray to filaments, clear gray to sheets, and white to voids. The right panel is similar to the left panel, but shown for filamentary structures
identified using the segment extraction method (Method II). The halos in the filaments (both node and member halos) are plotted using
red color. In addition, each member halo is also marked with an arrow indicating the direction of the filament it resides in.

From equations (3), (4) and (5), we find

Hαβ =
1

R4
s

∫

dy
[

(xα − yα)(xβ − yβ) − δαβR2
s

]

ρcic(y)GRs
(y, x), (6)

where δαβ is the Kronecker delta (Aragón-Calvo et al.
2007a). Finally, the eigenspace structure of the symmet-
ric Hessian matrix can be computed at the center of mass
of each halo.

According to the number of positive eigenvalues at the
locations of the dark matter halos we classify them into
four categories, as outlined above. The numbers of halos
in cluster, sheet, filament and void regions are, respec-
tively, 13803, 13230, 45755 and 280, corresponding to
18.89, 18.11, 62.62 and 0.38 per cent of the total num-
ber of halos. In the left panel of Fig. 2, we show the
distribution of halos in a slice of thickness 4 h−1Mpc,
indicating the classification according to their environ-
ments with different colors. In addition, the directions
of the filaments are marked with arrows for those halos
associated with them. The right panel of Fig. 2 shows
the environmental classification of 2562 grid point put
down regularly in the mid-plane of the slice. Accord-
ing to visual inspection, the general appearance of the
filamentary structures identified with this method is re-
markably good.

3.2. Segment extraction method

As shown in the previous section, filamentary struc-
tures can be well identified using the Hessian matrix of
the density field. However, this approach relies on an
accurate knowledge of the matter density field, which is
in many cases highly non-trivial to obtain. In particular,
for observational data one may wish to use the distribu-
tion of galaxies, groups or halos directly to identify the
filaments of the cosmic web. For this purpose, we now
present a halo-based method for filament finding which is
based on a slightly modified version of the ‘Candy model’
proposed by Stoica et al. (2005). The Candy model re-
constructs filaments by connecting individual segments
that are found in a basic point distribution (galaxies,

Fig. 3.— Distribution of dark matter halos around the most
massive halo in our simulation, where only halos with at least 500
particles and within a (20 h−1Mpc)3 box centered at the most mas-
sive halo are plotted. In each panel, the colored halos are within
one filamentary segment: (blue: starting node halo; green: ending
node halo; red: member halos). Four segments in a total of six
associated with the most massive halo are shown in four panels.
For better visual quality, the distributions of halos are rotated so
that the segment is always displayed along the x-axis.

halos, etc.). In this study, we only aim to compare halo
shape orientations with the orientations of the segments
they are residing in, thus we do not discuss in detail
the problem of composing individual segments into long
connected filaments. Hereafter, the segment extraction
method derived from the Candy model will be referred
to as Method II. In brief, there are two fundamental dif-
ferences between Method I and II. One is the use of a
biased tracer of the density field in Method II. The other
is that halos in Method II are automatically grouped into
given filaments. That is, we know what halo belongs to
what filament.

The requirements which a group of points has to fulfill
to be considered a candidate segment have to be adjusted
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Fig. 9.— The probability distribution of the cosine of the an-
gles between the halo major axis vectors and the directions of the
filaments in Method I (left panel) and Method II (right panel).

tain a robust measurement of the alignment signal, espe-
cially with respect to a possible transition from alignment
to anti-alignment. However, for the well constrained halo
mass ranges ≤ 1013 h−1M⊙, our alignment signals and
strengths are in very nice agreement with those found
by Hahn et al. (2007b), and slightly larger than those
predicted by Aragón-Calvo et al. (2007b).

In Method II, the filaments are defined via segments
extracted from the distribution of dark matter halos. As-
sociated with each segment, there are two node halos,
one of which is the most massive one among all the as-
sociated halos. Thus we can probe the alignment sig-
nals separately for halos in filaments with different most
massive node halos. In Fig. 7, we show the results for
four mass bins. There is a hint for a very weak positive
mass dependence on the most massive halo in the seg-
ment, but this is statistically not significant. In addition
to the mass dependence itself, we can further investigate
the alignment signals at different separations to the most
massive halo. The solid line in Fig. 8 displays the align-
ment signals, the mean cosine of the angle between the
spin and filament, for halos at different distances. We
find that the strength of the alignment is slightly sup-
pressed if the halos are either very close to or far away
from the most massive node halos. To better understand
this, we also measure the alignment signals for the mean
cosine of the angle between spin and direction of the most
massive node halo. The results are shown in Fig. 8 as
the dotted line. At large separation, since the direction
of the most massive node halo and the filament direction
is almost parallel, the two kinds of alignment signals are
very similar. At very small separation, however, the spin
and direction of the most massive halo show opposite
alignment signal compare to that between the spin and
filament. This feature clearly indicates a transition of the
2-D collapse phase of the filaments to the 3-D collapse
phase of the cluster/node halos at small separation.

4.3. Shape-filament alignment

Next, we probe another important structural parame-
ter, the orientation of the halo shape with respect to the
direction of the filament. Similar to the last section, we
measure the alignment signals between the shapes and
filaments for filament halos.

In Fig. 9, we show the probability distribution of the
cosine of the angle between the halo major axis and the
direction of the filament. The left and right panels show
the results for Methods I and II, respectively. We find
significant alignment signals with both methods. In fact,
the shapes of dark matter halos tend to be parallel to the

filaments. Again, we use the average value of ⟨cos(θ)⟩
to quantify the strength of the alignment signal. From
Method I, we obtain an average cosine of 0.526 ± 0.001,
whereas Method II results in a slightly smaller value of
0.524 ± 0.002. Similar alignment trends are reported in
other recent studies (e.g., Altay et al. 2006; Aragón-
Calvo et al. 2007b; Hahn et al. 2007b).

In analogy to our investigation of spin-filament align-
ment, we now examine the dependence of the alignment
strength on mass and separation. Fig. 10 shows the re-
sults for the filament halos in three mass bins. The up-
per and lower panels display results derived with Meth-
ods I and II, respectively. The strength of the align-
ment grows significantly with halo mass. Interestingly,
the observed mass dependence shows an opposite trend
compared to the spin-filament alignment. These trends
agree well with results obtained by Hahn et al. (2007b)
and Aragón-Calvo et al. (2007b).

In Fig. 11, we show the alignment signals for halos in
segments with most massive halos in four mass bins (note
that this can only be done for Method II). An obvious
mass dependence of the alignment signals is visible. Ha-
los in segments with more massive node halos exhibit
stronger alignment signals. The solid line in Fig. 12 dis-
plays the alignment signals between shape and filament
for halos at different separations to the most massive
node halo. One can see a pronounced distance depen-
dence. Halos at smaller separations to the most massive
node halos, except at the smallest distance bin, tend to
have stronger alignment strength. Similar to the spin of
the halos, we also measure the alignment signals between
shape and direction of the most massive node halo. The
results are shown in Fig. 12 as the dotted line. Obvi-
ously in this measure the distance dependence is much
enhanced and monotonic. Again, this feature indicates
the transition of the 2-D collapse phase of the filaments to
the 3-D collapse phase of the cluster/node halos at small
separation. This distance dependence, if not restricted to
the filament members, is in general agreement with the
alignment signals measured by Faltenbacher et al. (2008)
for central and satellite halos as a function of radius and
Pereira et al. (2008) for substructures with their host
halos.

4.4. Spin-sheet and Shape-sheet alignment

Method I differentiates between four cosmic environ-
ments: clusters, filaments, sheets and voids. Filaments
are distinguished by the condition that their Hessian
matrix has only one single positive eigenvalue, and the
corresponding eigenvector determines a unique direction.
Sheets on the other hand are defined by having only one
single negative eigenvalue. The associated eigenvector
also determines a unique direction, which can be identi-
fied with the normal to the sheet.

The alignment signal for the angle between the halo
spin and the normal of the sheet is shown in the left
panel of Fig. 13. We obtain an anti-alignment signal,
which means that there is a trend for sheet halos to have
their angular momentum vector parallel to the plane of
the sheet. The alignment strength, quantified by the
average of the cosine is ⟨cos(θ)⟩ = 0.473 ± 0.002. This
alignment strength is in very good agreement with that
obtained by Aragón-Calvo et al. (2007b).

The right panel of Fig. 13 shows the probability dis-
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Summary (take home message) 

! Galaxy alignment on small scale is mainly 
from the non-spherical/tri-axial nature of 
DM halo 

! Central galaxy follows better the shape of 
DM in inner region, and it increases with 
halo mass 

! Large scale alignment  is mainly from 
halos in Nodes 


