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• Galaxies acquire their initial angular momenta via tidal torques  

• Tidal torque theory (Hoyle 1949, Peebles 1969) 

• In ideal circumstances, galaxies in filaments have spin axes aligned with 
nearby filaments

Connecting LSS to the spin of DM haloes 3329

Figure 9. Trajectories of tracer particles in the outer region (left-hand panel) and inner region (right-hand panel). On large scales, the gas departs from voids,
flows along the walls (red arrows) and winds up in filaments along well-defined ribbons (green arrows), forming low-mass haloes. In the inner region of the
tracks, the flow is indeed along the filament and spiralling in into a disc whose axis is roughly aligned with the filament.

in Appendix A, which are derived using a more classic approach of
considering excess alignment of the halo spin with the tidal tensor
eigendirections. Since the tidal tensor probes larger scales than the
Skeleton of the density, the mass transition is detected for a larger
mass M t

0 ≃ 8(±2) × 1012 M⊙, which scales slightly differently
with redshift, that is, γ t = 3 ± 0.3. Both redshift evolutions are
roughly consistent with that of the formal non-linear mass scale.

4.1 Discussion

This unambiguous result confirms and quantifies recent findings
(Bailin & Steinmetz 2005; Aragón-Calvo et al. 2007; Hahn et al.
2007b; Paz et al. 2008). It is also consistent with Sousbie et al.
(2009) who found that the spin of DM haloes tends to be perpendic-
ular to filaments. Indeed, weighting our statistics by the spin magni-
tude (which corresponds to their strategy), we recover their results.
Zhang et al. (2009) found the same result, but did not have enough
statistics to probe the signal above the critical mass. The study of
Faltenbacher et al. (2002) focused on haloes above 1014 h−1 M⊙,
that is, above the critical mass at redshift zero, which is why, in
agreement with this work, they found a trend for these haloes to have
a spin perpendicular to their closest filament. In contrast, Hatton &
Ninin (2001) considered haloes with mass around 1011–1012 M⊙,
that is, below the critical mass and thus found an alignment of the
spins with the filaments, again in agreement with this work. This pa-
per also confirms the very recent findings of Libeskind et al. (2012)
who claimed that low-mass haloes (around 1010–1011 M⊙) tend to
be aligned with the filaments and to lie in the plane of walls.

Note that Appendix A predicts a strong trend for the spin vec-
tor of DM haloes to lie in the plane of large-scale walls. Such a
signal was claimed to have been detected in observations by Lee
& Erdogdu (2007), Trujillo et al. (2006), Navarro et al. (2004)
and should be re-investigated in view of this paper’s predictions.
Furthermore, observers should now also be able to investigate the
spin–filament correlations in a way directly comparable to the the-
oretical predictions for DM presented in this paper (Fig. 3). Indeed,
the code DISPERSE (Sousbie 2011), which identifies filaments using

persistence, can accurately deal with discrete and sparse data sets
and should provide a good estimator for the direction of observed
filaments.

The time evolution of the angular momentum of individual DM
haloes obtained by following their progenitors using merger trees
suggests that the spin direction results, on the one hand, from
the winding of the walls into filaments (first-generation, low-mass
haloes) and, on the other hand, from significant mergers occurring
along those filaments (second-generation, more massive haloes).
More specifically, the arguments we developed throughout this pa-
per strongly suggest that the measured correlations can be under-
stood as a consequence of the dynamics of large-scale cosmic flows.
Indeed, low-mass haloes mostly form at high redshift within the
filaments generated by colliding/collapsing walls. Such a process
naturally produces a net halo spin parallel to the filaments. In con-
trast, high-mass haloes mainly form by merging with other haloes
along the filaments at a later time when the filaments are themselves
colliding/collapsing. Therefore, they acquire a spin which is pref-
erentially perpendicular to these filaments. Visual examination of
‘smoothed’ DM and hydrodynamical simulations lends extra sup-
port to this picture (see also Appendix B). Measurements of the
orientation of the spin relative to the eigenvectors of the tidal tensor
are also consistent with such a scenario, provided one takes into
account the fact that they probe typically larger scales of the density
field.

From the point of view of a large-scale filament, most low-mass
haloes are formed early from patches that are part of a planar, flat-
tened inflow of matter on to that filament. For Gaussian random
fields, the tidal tensor in such patches is correlated with the fila-
ment’s direction (via the shape parameter γ , Pogosyan et al. 2009),
resulting in the preferential alignment of the spin of such haloes
along that filament. This process is related to the theoretical predic-
tions of Pichon & Bernardeau (1999) who demonstrated, using the
Zel’dovich approximation, how vorticity was generated during the
first shell crossing. This vorticity will lie in the plane of the forming
walls. Extending their predictions while focusing now on a 2D flow,
we speculate that secondary shell crossing will lead to the formation
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• Later type galaxies are aligned more with filaments in 
both simulations and observations
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Figure 1. Orientation probability distribution between the short axes of elliptical
galaxies and the filament/sheet axes. The upper panel shows the distribution for
vectors parallel to filaments; the middle panel shows the distribution for vectors
perpendicular to filament but parallel to the sheet; the lower panel shows the
distribution for vectors perpendicular to the sheet where filament is located. The
black line and the gray filled region show the null-hypothesis together with its
95% confidence limit. The solid red line shows the measured alignment signal.
(A color version of this figure is available in the online journal.)

null-hypothesis of a random alignment is calculated together
with its 95% confidence limits.

The galaxy spin vector is not uniquely defined since we do
not know which side of the galaxy is closer to us. In order to
handle this, both spin vectors of a given galaxy are used. Varela
et al. (2012) also tested this approach with several Monte-Carlo
simulations and showed that the procedure recovers correctly
the probability distribution function.

4. RESULTS

4.1. Elliptical Galaxies

Figure 1 shows the probability distribution P (| cos θ |) for
the angle θ between the short axes of elliptical galaxies and
the orientation vectors of filaments/sheets. The probability
distribution is calculated for three principal vectors: e3, the
filament axis, e1, the normal to the sheet where the filament
is located, and e2, a vector perpendicular to these two. In each
panel of Figure 1 we also show the average ⟨cos(θ )⟩, the average
deviation from uniform distribution ⟨σ ⟩ (assuming a Gaussian
distribution where 95% confidence limit corresponds to ± 2σ )
and the Kolmogorov–Smirnov (KS) test probability pKS that the
sample is drawn from a randomized distribution.

The alignment between the filament axes and the short axes
of elliptical galaxies is preferentially perpendicular as found

previously (Tempel et al. 2013b). Note, however, that the
filament finding algorithm is different—Tempel et al. (2013b)
used a locally defined morphological filtering, while here the
object point process and global optimization is used. This shows
that the result we obtained are rather robust and it does not
depend on the filament finding algorithm (for fixed filament
scale).

Moreover, estimating the short axes of elliptical galaxies
is tricky since early type galaxies are triaxial ellipsoids seen
in projection. Due to the degeneracy between the intrinsic
oblateness of the galaxy and the inclination angle, it is nearly
impossible to properly estimate a spin axis. The visible short
axis of the elliptical galaxies, however, is easily observed,
while the inclination angle is largely undefined. Tempel et al.
(2013b) showed that the correlation signal arises mostly from
the position angle of galaxies and not from the inclination angle.
This implies that the true alignment signal is even stronger than
what we are able to measure.

The middle and lower panels in Figure 1 show the alignment
signal between the short axes of elliptical galaxies and the e2-
and e1-vector, respectively. The correlation is practically the
same for these two vectors. It shows that the short axes of
elliptical galaxies are preferentially perpendicular to filaments
and the sheet orientation is not important.

Assuming that the short axis of an elliptical galaxy is aligned
with both its spin axis and the spin of the parent DM halo
(however, there might be offset up to 30◦; see, e.g., Hahn et al.
2010), our findings allow us to comment on the formation
mechanism of elliptical galaxies. It is known that elliptical
galaxies formed predominantly through major mergers (e.g.,
Sales et al. 2012; Wilman et al. 2013). In mergers, the rotation
axis of the resulting galaxy tends to be perpendicular to the
merger direction. Our results are consistent with a picture
wherein galaxies are fed with mergers that occur along the
filament within which they are embedded. A similar mechanism
has been proposed for the formation of high-mass DM halos
(Codis et al. 2012).

4.2. Spiral Galaxies

Figure 2 shows the correlation for spiral galaxies. The lines
and designations are the same as in Figure 1. Figure 2 shows
that the spin axes of spiral galaxies tend to align with filaments
(upper panel), which is consistent with previous results (Tempel
et al. 2013b). The middle panel of Figure 2 indicates that the
spin axes of spirals are preferentially perpendicular to the e2-
vector. The amount of correlation is statistically the same as for
the e3-vector. The lower panel of Figure 2 shows that there is no
statistically significant correlation between the e1-vector (sheet
normal) and the spin axes of spiral galaxies. This implies that the
formation of spiral galaxies is driven by the plane of the sheet
along which most of the matter/gas falls in to the filaments.

Figure 3 shows the correlation between the spin of spiral
galaxies and e2, e3 as a function of distance to the filament
axis. Correlations are considerably stronger (based on KS-
test probabilities) for galaxies that are slightly farther away
(in the range 0.2–0.5 h− 1 Mpc) than those that are closer
(0–0.2 h− 1 Mpc) to the filament axis, which are consistent
with random. This implies that the correlations seen above are
actually driven by those galaxies slightly farther away from
the main filament axis. This is consistent with the idea that the
origin of the alignment of angular momentum is related to the
regions outside filaments, namely sheets, where most of the gas
is falling in from. Along filament axes more chaotic motions
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Figure 2. Orientation probability distribution between the spin axes of spiral
galaxies and the filament/sheet orientation vectors. The panels and lines are the
same as in Figure 1.
(A color version of this figure is available in the online journal.)

dominate. Codis et al. (2012) also shows that the correlation
between the rotation axes of DM halos and filaments is stronger
in outer parts of filaments, supporting our findings.

5. DISCUSSION AND CONCLUSIONS

We have examined the alignment of spiral/elliptical galaxies
with respect to the large-scale cosmic filamentary network.
The correlation signal is calculated only for bright galaxies
that are located in filaments, where we also estimate the sheet
orientation. The alignment between galaxy spins and the axis of
filaments/sheets is characterized by the shape of the probability
distribution of cos θ , where θ is the angle between the two
vectors.

A significant correlation between the short axes of elliptical
galaxies and filament axes is found (the KS-test p-value is
7.7 × 10−9); these galaxies tend to be spinning perpendicular to
the filament axis. For bright spiral galaxies, on the other hand,
the opposite is found: they tend to be aligned with the host
filament axis. Both these results confirm earlier findings which
employed different filament finding algorithms (Tempel et al.
2013b).

In this study, no alignment between the spin axes of spiral
galaxies in filaments and the e1-vector (sheet normal) is found.

A basic interpretation of filament formation suggests that as
a matter flows toward filaments, it wraps its up, thus aligning
the filament axis with its angular momentum (as well as the
vorticity of the filamentary matter; see Libeskind et al. 2013b).
Spiral galaxies that condense out of filaments should thus
preserve the perpendicular alignment between their spin and the
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Figure 3. Orientation probability distribution between the spin axes of spiral
galaxies and the filament/sheet axes. The left (right) panels show the alignment
signal for galaxies that are close to (slightly away from) the filament axis. The
upper (lower) panels show the correlation for the e3 (e2) vector.
(A color version of this figure is available in the online journal.)

direction of matter infall. If gas infall from sheets to filaments is
laminar, it gives the parallel alignment between the spin axes of
spiral galaxies and orientation of filaments. Assuming that more
matter flows along e2 than e1, our results confirm this picture
observationally.4 A similar scenario is observed in low-mass
DM halos that form through quiet accretion of ambient matter
(Codis et al. 2012).

That no correlation is found between the e1-vector and spin
axes of spirals is surprising given that such correlations are
measured in N-body simulations (Aragón-Calvo et al. 2007;
Libeskind et al. 2013a). There are a number of possible
explanations for this null-result. One may be that since the
correlations published in numerical studies are weak, the present
work may simply be too limited by observational constraints to
pick up the signal.

Another explanation is that the spin of low-mass galaxies is
more poorly aligned with the dark halo’s spin than high-mass
galaxies (Hahn et al. 2010). This may be because of stronger
susceptibility to feedback (Sales et al. 2012) or to spin flips
(Bett & Frenk 2012). The angular momentum of spiral galaxies
may be somehow redistributed from within the plane of the
sheet where it was “born.” The angular momentum that is at
first aligned with the e2 and perpendicular to the e1-vector may
be torqued toward the e3-vector. Although we do not have the
full quantitative explanation for this effect, it may be related to
the fact that gas has a laminar infall from sheets to filaments.
This is also supported by the fact that the alignment of the spiral
galaxy spin with the filament axis is dependent on the distance
from the filament axis—a stronger correlation is found in the
outer parts than in the inner parts.

For elliptical galaxies, the spin correlation is the same for e1-
and e2-vectors, indicating that mergers occur mostly along the
filament axis and the sheet orientation does not have any impact
on preferred merger direction.

4 Note that e1 is the axis along which matter is compressed the most, not the
axis along which most matter flows.
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Figure 5. Excess probability, ξ , of the alignment between the spin of galaxies and their closest filament is shown as a function of galaxy properties at
z = 1.83: Ms (top row, left column), V/σ (top row, middle column), sSFR (top row, right column), g − r (middle row, left column), r − i (middle row, middle
column), metallicity Z (middle row, right column), age (bottom row, left column), M20 (bottom row, middle column) and Gini (bottom row, right column).
Half-sigma error bars are shown for readability. Dashed line is uniform PDF (excess probability ξ = 0). Massive, dispersion-dominated, passive, red, smooth
and old galaxies tend to have a spin perpendicular or randomly oriented with the direction of their filament. Low-mass, centrifugally supported, star-forming,
blue, irregular and young galaxies tend to align with the direction of their closest filament.

panel of Fig. 5 shows ξ as a function of the galaxy age. Older
galaxies have their spin more randomly oriented with that of the
filaments, and young galaxies with age below ≃1.2 Gyr exhibit a
stronger alignment. Finally, the bottom-middle and bottom-right
panels of Fig. 5 show ξ as a function of the M20 and Gini quan-
titative morphological indices. Galaxies with high M20 are more
aligned with filaments than galaxies with low M20. Galaxies with
low Gini are more aligned with filaments than galaxies with high
Gini. Galaxies with low M20 and high Gini tend to trace elliptical

galaxies (Lotz et al. 2008). Note that for age, M20 and Gini, galax-
ies in the Horizon-AGN simulation do not seem to present enough
leverage to identify a complete misalignment (in contrast to the
other tracers).

To summarize, massive, dispersion-dominated, passive, red,
smooth, metal-rich and old galaxies tend to have a spin perpen-
dicular or randomly oriented to filaments. In contrast, low-mass,
centrifugally supported, star-forming, blue, irregular, metal-poor
and young galaxies tend to align with filaments.

MNRAS 444, 1453–1468 (2014)
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• Simulation 

• Yonsei Zoom-in Cluster Simulations (Choi & Yi 2017) 

• 17 haloes in log M200/M⊙ ~13.5-15 at z=0  

• RAMSES with AGN feedback (Teyssier 2002; Dubois+2012) 

• Minimum cell size~0.78kpc/h, Minimum stellar particle mass~5×105 M⊙

Log M200/M⊙~13.7 at z=0 Log M200/M⊙~15 at z=0



• Parameterizing spin orientation changes 

• Galaxies with Log M*/M⦿ > 9.5 at z=0 

• Reference axes - galaxy spin vectors at infall epochs
epoch is averaged over± 0.25 Gyr. We defined the net angular
change of a galaxy’s spin vector between two simulation time
steps i and j as follows:
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where L t( ) is the angular momentum of a galaxy at time t, and
ti and tj are the look-back time at the ith and jth time steps.
Figure 1 displays the evolutionary tracks of eight randomly
chosen galaxies that finish up as cluster satellites, plotted in the
plane of net angular change versus clustocentric distance
(normalized by R200). In this figure, the net angular change at
any instant is measured with respect to its spin vector at a look-
back time of 10 Gyr. The galaxy tracks show a range of
behavior before and after falling into the clusters.

Unlike the net angular change, the cumulative angular
changes of the spin vector are a summation of the changes with
time. This quantity enables us to parameterize the angular
stability of spin vectors for a period of time t t tj iD = -∣ ∣ by
summing the angular changes between two serial snapshots
from the ith to jth time steps as follows:
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We note that, in some circumstances, the net and cumulative
changes in spin vector may deviate significantly with time. For
example, consider the case where, in a first step, a galaxy
changes its spin vector and then, in a second step, suffers a
reversal of that change. The cumulative change will sum up
both changes, whereas the net may return to the value it had
before the first step. As such, if we are looking to see if galaxies
maintain their pre-infall spin vectors in the cluster environment,
the net change may be a better indicator for comparison with
the observations, as it shows the current alignment with respect
to an earlier one. However, the cumulative change may be
more useful for quantitatively understanding the impact of
dense environments on spin vectors within the simulation.

In this study, we mainly focus on the spin vector changes of
satellite galaxies after falling into clusters. Therefore, t

t
z 0

infallf
=

and

t
t
z 0
infallF
=
, where tz=0 is the epoch at z=0 and tinfall is the epoch

when the satellites are first crossing the virial radii of their final
host halos, are reduced to f and Φ for simplicity.
Figure 2 shows the time-averaged cumulative and net

angular changes of satellite spin vectors Φ/Δt and f/Δt,
where t t tzinfall 0D = - = , plotted as a function of tinfall in look-
back time. The median Φ/Δt (top panel; cumulative change)
tends to steadily increase with time since infall (the median of
the total sample ∼17° Gyr–1). Meanwhile, f/Δt (bottom panel;
net change) is more constant with time since infall. Also,
the net values are typically lower than the cumulative values
(the median of the total net sample is ∼4° Gyr–1, compared to
∼17° Gyr–1 for the total cumulative sample). In most galaxies,
spin vectors swing in a varying direction with time and thus
end up canceling out three-quarters of their angular changes
over time. We try to estimate the contribution of nonphysical
processes to Φ/Δt by using a control sample. This control

Figure 1. Evolutionary tracks of eight randomly chosen satellite galaxies in a
net angular change–clustocentric distance space. The net angular change
indicates the angle between spin vectors at 10 Gyr and t in look-back time. The
color code on the tracks denotes the look-back time. The filled red circles mark
the final positions of the satellites on the space.

Figure 2. Time-averaged cumulative angular changes of spin vectors Φ/Δt
(top) and time-averaged net angular changes of spin vectors f/Δt (bottom),
where Δt=tinfall–tz=0, as a function of infall epochs tinfall. The black solid
lines and vertical bars present the median and 16th–84th percentile
distributions of Φ/Δt and f/Δt at a given tinfall. We note that the top and
bottom panels have different scales in the y-axis.
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• Spin orientation change rates after infall

epoch is averaged over± 0.25 Gyr. We defined the net angular
change of a galaxy’s spin vector between two simulation time
steps i and j as follows:
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where L t( ) is the angular momentum of a galaxy at time t, and
ti and tj are the look-back time at the ith and jth time steps.
Figure 1 displays the evolutionary tracks of eight randomly
chosen galaxies that finish up as cluster satellites, plotted in the
plane of net angular change versus clustocentric distance
(normalized by R200). In this figure, the net angular change at
any instant is measured with respect to its spin vector at a look-
back time of 10 Gyr. The galaxy tracks show a range of
behavior before and after falling into the clusters.

Unlike the net angular change, the cumulative angular
changes of the spin vector are a summation of the changes with
time. This quantity enables us to parameterize the angular
stability of spin vectors for a period of time t t tj iD = -∣ ∣ by
summing the angular changes between two serial snapshots
from the ith to jth time steps as follows:
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We note that, in some circumstances, the net and cumulative
changes in spin vector may deviate significantly with time. For
example, consider the case where, in a first step, a galaxy
changes its spin vector and then, in a second step, suffers a
reversal of that change. The cumulative change will sum up
both changes, whereas the net may return to the value it had
before the first step. As such, if we are looking to see if galaxies
maintain their pre-infall spin vectors in the cluster environment,
the net change may be a better indicator for comparison with
the observations, as it shows the current alignment with respect
to an earlier one. However, the cumulative change may be
more useful for quantitatively understanding the impact of
dense environments on spin vectors within the simulation.

In this study, we mainly focus on the spin vector changes of
satellite galaxies after falling into clusters. Therefore, t
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=
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, where tz=0 is the epoch at z=0 and tinfall is the epoch

when the satellites are first crossing the virial radii of their final
host halos, are reduced to f and Φ for simplicity.
Figure 2 shows the time-averaged cumulative and net

angular changes of satellite spin vectors Φ/Δt and f/Δt,
where t t tzinfall 0D = - = , plotted as a function of tinfall in look-
back time. The median Φ/Δt (top panel; cumulative change)
tends to steadily increase with time since infall (the median of
the total sample ∼17° Gyr–1). Meanwhile, f/Δt (bottom panel;
net change) is more constant with time since infall. Also,
the net values are typically lower than the cumulative values
(the median of the total net sample is ∼4° Gyr–1, compared to
∼17° Gyr–1 for the total cumulative sample). In most galaxies,
spin vectors swing in a varying direction with time and thus
end up canceling out three-quarters of their angular changes
over time. We try to estimate the contribution of nonphysical
processes to Φ/Δt by using a control sample. This control

Figure 1. Evolutionary tracks of eight randomly chosen satellite galaxies in a
net angular change–clustocentric distance space. The net angular change
indicates the angle between spin vectors at 10 Gyr and t in look-back time. The
color code on the tracks denotes the look-back time. The filled red circles mark
the final positions of the satellites on the space.

Figure 2. Time-averaged cumulative angular changes of spin vectors Φ/Δt
(top) and time-averaged net angular changes of spin vectors f/Δt (bottom),
where Δt=tinfall–tz=0, as a function of infall epochs tinfall. The black solid
lines and vertical bars present the median and 16th–84th percentile
distributions of Φ/Δt and f/Δt at a given tinfall. We note that the top and
bottom panels have different scales in the y-axis.
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epoch is averaged over± 0.25 Gyr. We defined the net angular
change of a galaxy’s spin vector between two simulation time
steps i and j as follows:
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where L t( ) is the angular momentum of a galaxy at time t, and
ti and tj are the look-back time at the ith and jth time steps.
Figure 1 displays the evolutionary tracks of eight randomly
chosen galaxies that finish up as cluster satellites, plotted in the
plane of net angular change versus clustocentric distance
(normalized by R200). In this figure, the net angular change at
any instant is measured with respect to its spin vector at a look-
back time of 10 Gyr. The galaxy tracks show a range of
behavior before and after falling into the clusters.

Unlike the net angular change, the cumulative angular
changes of the spin vector are a summation of the changes with
time. This quantity enables us to parameterize the angular
stability of spin vectors for a period of time t t tj iD = -∣ ∣ by
summing the angular changes between two serial snapshots
from the ith to jth time steps as follows:
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We note that, in some circumstances, the net and cumulative
changes in spin vector may deviate significantly with time. For
example, consider the case where, in a first step, a galaxy
changes its spin vector and then, in a second step, suffers a
reversal of that change. The cumulative change will sum up
both changes, whereas the net may return to the value it had
before the first step. As such, if we are looking to see if galaxies
maintain their pre-infall spin vectors in the cluster environment,
the net change may be a better indicator for comparison with
the observations, as it shows the current alignment with respect
to an earlier one. However, the cumulative change may be
more useful for quantitatively understanding the impact of
dense environments on spin vectors within the simulation.

In this study, we mainly focus on the spin vector changes of
satellite galaxies after falling into clusters. Therefore, t
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and

t
t
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=
, where tz=0 is the epoch at z=0 and tinfall is the epoch

when the satellites are first crossing the virial radii of their final
host halos, are reduced to f and Φ for simplicity.
Figure 2 shows the time-averaged cumulative and net

angular changes of satellite spin vectors Φ/Δt and f/Δt,
where t t tzinfall 0D = - = , plotted as a function of tinfall in look-
back time. The median Φ/Δt (top panel; cumulative change)
tends to steadily increase with time since infall (the median of
the total sample ∼17° Gyr–1). Meanwhile, f/Δt (bottom panel;
net change) is more constant with time since infall. Also,
the net values are typically lower than the cumulative values
(the median of the total net sample is ∼4° Gyr–1, compared to
∼17° Gyr–1 for the total cumulative sample). In most galaxies,
spin vectors swing in a varying direction with time and thus
end up canceling out three-quarters of their angular changes
over time. We try to estimate the contribution of nonphysical
processes to Φ/Δt by using a control sample. This control

Figure 1. Evolutionary tracks of eight randomly chosen satellite galaxies in a
net angular change–clustocentric distance space. The net angular change
indicates the angle between spin vectors at 10 Gyr and t in look-back time. The
color code on the tracks denotes the look-back time. The filled red circles mark
the final positions of the satellites on the space.

Figure 2. Time-averaged cumulative angular changes of spin vectors Φ/Δt
(top) and time-averaged net angular changes of spin vectors f/Δt (bottom),
where Δt=tinfall–tz=0, as a function of infall epochs tinfall. The black solid
lines and vertical bars present the median and 16th–84th percentile
distributions of Φ/Δt and f/Δt at a given tinfall. We note that the top and
bottom panels have different scales in the y-axis.
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epoch is averaged over± 0.25 Gyr. We defined the net angular
change of a galaxy’s spin vector between two simulation time
steps i and j as follows:
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where L t( ) is the angular momentum of a galaxy at time t, and
ti and tj are the look-back time at the ith and jth time steps.
Figure 1 displays the evolutionary tracks of eight randomly
chosen galaxies that finish up as cluster satellites, plotted in the
plane of net angular change versus clustocentric distance
(normalized by R200). In this figure, the net angular change at
any instant is measured with respect to its spin vector at a look-
back time of 10 Gyr. The galaxy tracks show a range of
behavior before and after falling into the clusters.

Unlike the net angular change, the cumulative angular
changes of the spin vector are a summation of the changes with
time. This quantity enables us to parameterize the angular
stability of spin vectors for a period of time t t tj iD = -∣ ∣ by
summing the angular changes between two serial snapshots
from the ith to jth time steps as follows:
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We note that, in some circumstances, the net and cumulative
changes in spin vector may deviate significantly with time. For
example, consider the case where, in a first step, a galaxy
changes its spin vector and then, in a second step, suffers a
reversal of that change. The cumulative change will sum up
both changes, whereas the net may return to the value it had
before the first step. As such, if we are looking to see if galaxies
maintain their pre-infall spin vectors in the cluster environment,
the net change may be a better indicator for comparison with
the observations, as it shows the current alignment with respect
to an earlier one. However, the cumulative change may be
more useful for quantitatively understanding the impact of
dense environments on spin vectors within the simulation.

In this study, we mainly focus on the spin vector changes of
satellite galaxies after falling into clusters. Therefore, t
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and
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=
, where tz=0 is the epoch at z=0 and tinfall is the epoch

when the satellites are first crossing the virial radii of their final
host halos, are reduced to f and Φ for simplicity.
Figure 2 shows the time-averaged cumulative and net

angular changes of satellite spin vectors Φ/Δt and f/Δt,
where t t tzinfall 0D = - = , plotted as a function of tinfall in look-
back time. The median Φ/Δt (top panel; cumulative change)
tends to steadily increase with time since infall (the median of
the total sample ∼17° Gyr–1). Meanwhile, f/Δt (bottom panel;
net change) is more constant with time since infall. Also,
the net values are typically lower than the cumulative values
(the median of the total net sample is ∼4° Gyr–1, compared to
∼17° Gyr–1 for the total cumulative sample). In most galaxies,
spin vectors swing in a varying direction with time and thus
end up canceling out three-quarters of their angular changes
over time. We try to estimate the contribution of nonphysical
processes to Φ/Δt by using a control sample. This control

Figure 1. Evolutionary tracks of eight randomly chosen satellite galaxies in a
net angular change–clustocentric distance space. The net angular change
indicates the angle between spin vectors at 10 Gyr and t in look-back time. The
color code on the tracks denotes the look-back time. The filled red circles mark
the final positions of the satellites on the space.

Figure 2. Time-averaged cumulative angular changes of spin vectors Φ/Δt
(top) and time-averaged net angular changes of spin vectors f/Δt (bottom),
where Δt=tinfall–tz=0, as a function of infall epochs tinfall. The black solid
lines and vertical bars present the median and 16th–84th percentile
distributions of Φ/Δt and f/Δt at a given tinfall. We note that the top and
bottom panels have different scales in the y-axis.

3

The Astrophysical Journal, 864:69 (15pp), 2018 September 1 Lee et al.

epoch is averaged over± 0.25 Gyr. We defined the net angular
change of a galaxy’s spin vector between two simulation time
steps i and j as follows:
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where L t( ) is the angular momentum of a galaxy at time t, and
ti and tj are the look-back time at the ith and jth time steps.
Figure 1 displays the evolutionary tracks of eight randomly
chosen galaxies that finish up as cluster satellites, plotted in the
plane of net angular change versus clustocentric distance
(normalized by R200). In this figure, the net angular change at
any instant is measured with respect to its spin vector at a look-
back time of 10 Gyr. The galaxy tracks show a range of
behavior before and after falling into the clusters.

Unlike the net angular change, the cumulative angular
changes of the spin vector are a summation of the changes with
time. This quantity enables us to parameterize the angular
stability of spin vectors for a period of time t t tj iD = -∣ ∣ by
summing the angular changes between two serial snapshots
from the ith to jth time steps as follows:
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We note that, in some circumstances, the net and cumulative
changes in spin vector may deviate significantly with time. For
example, consider the case where, in a first step, a galaxy
changes its spin vector and then, in a second step, suffers a
reversal of that change. The cumulative change will sum up
both changes, whereas the net may return to the value it had
before the first step. As such, if we are looking to see if galaxies
maintain their pre-infall spin vectors in the cluster environment,
the net change may be a better indicator for comparison with
the observations, as it shows the current alignment with respect
to an earlier one. However, the cumulative change may be
more useful for quantitatively understanding the impact of
dense environments on spin vectors within the simulation.

In this study, we mainly focus on the spin vector changes of
satellite galaxies after falling into clusters. Therefore, t
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and
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=
, where tz=0 is the epoch at z=0 and tinfall is the epoch

when the satellites are first crossing the virial radii of their final
host halos, are reduced to f and Φ for simplicity.
Figure 2 shows the time-averaged cumulative and net

angular changes of satellite spin vectors Φ/Δt and f/Δt,
where t t tzinfall 0D = - = , plotted as a function of tinfall in look-
back time. The median Φ/Δt (top panel; cumulative change)
tends to steadily increase with time since infall (the median of
the total sample ∼17° Gyr–1). Meanwhile, f/Δt (bottom panel;
net change) is more constant with time since infall. Also,
the net values are typically lower than the cumulative values
(the median of the total net sample is ∼4° Gyr–1, compared to
∼17° Gyr–1 for the total cumulative sample). In most galaxies,
spin vectors swing in a varying direction with time and thus
end up canceling out three-quarters of their angular changes
over time. We try to estimate the contribution of nonphysical
processes to Φ/Δt by using a control sample. This control

Figure 1. Evolutionary tracks of eight randomly chosen satellite galaxies in a
net angular change–clustocentric distance space. The net angular change
indicates the angle between spin vectors at 10 Gyr and t in look-back time. The
color code on the tracks denotes the look-back time. The filled red circles mark
the final positions of the satellites on the space.

Figure 2. Time-averaged cumulative angular changes of spin vectors Φ/Δt
(top) and time-averaged net angular changes of spin vectors f/Δt (bottom),
where Δt=tinfall–tz=0, as a function of infall epochs tinfall. The black solid
lines and vertical bars present the median and 16th–84th percentile
distributions of Φ/Δt and f/Δt at a given tinfall. We note that the top and
bottom panels have different scales in the y-axis.

3

The Astrophysical Journal, 864:69 (15pp), 2018 September 1 Lee et al.
Median 𝚽/𝛥t~17 deg/Gyr

Cumulative
changes

Median 𝝓/𝛥t ~ 4 deg/Gyr

~1/3 of 𝚽/𝛥t is non-physical

Net changes

�t = tinfall � tz=0



• Physical mechanisms reorienting spin vectors 

• Mergers - violently swinging spin vectors, but not 
frequent between satellites in clusters 

• Tidal perturbation



• Parameterizing tidal perturbation

Choi & Yi (2017), where roughly half of the galaxy spin
change is due to mergers.

Panel (b) shows that Φ increases with decreasing dcenter/R200
at z=0 despite nonnegligible scatter in the trend. This is
because satellite galaxies that fell in earlier tend to be found
closer to the cluster center at z=0(Rhee et al. 2017), and thus
the gradient is primarily driven by the stronger trend with infall
time seen in the left panel. However, this is not so clearly
the case with f; a much weaker correlation is buried in large
scatter. Indeed, Φ is twice as strongly correlated with
dcenter/R200 than with f in both subsets (i.e., with or without
mergers). For example, the Pearson’s correlation coefficient
is −0.46/−0.34 for galaxies with/without mergers in the
Φ−dcenter/R200 relation and −0.10/−0.17 for galaxies
with/without mergers in the f−dcenter/R200 relation. The
differences between Φ and f thus become larger closer to the
cluster center. Once again, like in Figure 2, this indicates that
the angular changes of spin vectors are dominated by
precession or wobbling, but often those changes cancel out
later. The majority of galaxies show net angular changes f less
than 30° even at dcenter/R200∼0.1 without mergers.

The difference between panels (b) and (e) once again shows
that the orientation of spin vectors established before falling
into clusters can be maintained for a long period after cluster
infall. The cluster environment does not necessarily wipe out
the pre-infall orientations. As a result, we do not see a strong
clustocentric radial trend, and we would expect an even weaker
radial trend in observed clusters where distances from the
cluster center are only projected distances. This result also
implies that the cluster-to-cluster variation of the orientation
of galaxy spin vectors found by Aryal & Saurer (2004, 2005)
probably originates from varying large-scale structures around
clusters.

The right panels show the relation between the final stellar
mass and the angular changes of spin vectors. A notable feature
is the different dependence of Φ on stellar mass compared to f.
Here Φ shows a weak correlation with final stellar mass, but f
shows a much stronger correlation. Most of the with-merger
galaxies have Φ larger than 100°, while their f is ∼30° at

M Mlog 10* ~: , and spin vectors end up being perpendicular
to their initial orientation in the massive end ( M Mlog 11* >: ).
This indicates that spin vector changes are dominated by
precession or wobbling within a limited angular range in smaller
galaxies; meanwhile, the changes are more drastic in massive
galaxies. This is likely related to the fact that massive galaxies
tend to have the initially lower Vθ/σ seen in Figure 4.

3.4. Impact of Perturbation

We have examined the correlation between the angular
change in spin vectors with individual galaxy properties and
their merger histories. As Figure 5 demonstrates, the galaxy
spin vectors are notably swung even without any significant
mergers. Another likely physical process disturbing spin
vectors is tidal perturbation. In this section, we investigate
the impact of tidal perturbation on the angular changes of the
spin vectors of satellite galaxies.
Panel (b) of Figure 3 implies a correlation between

environments and the orientation changes of galaxy spin
vectors. Satellite galaxies experience stronger tidal force as
they approach further inside the cluster potential. Therefore, the
ratio of the closest clustocentric distances normalized by R200
of satellite galaxies dclosest/R200 can be used as a proxy
indicating the degree of tidal perturbation induced by the
gradient of cluster potential.
Galaxies are located at the local minima of the gravitational

potential fields, and thus one can estimate the degree of tidal
perturbation caused by fluctuating potential fields from the
distribution of neighboring galaxies. Byrd & Howard (1992)
proposed a perturbation parameter that enables one to make a
relative comparison of the strength of tidal perturbation exerted
by a distant object onto a galaxy. The perturbation parameter is
formulated as (MP/Mg)(R/d)3, where MP is the mass of a
perturber, Mg is the mass of a perturbed object, R is the size of
the perturbed object, and d is the distance from the perturber to
the perturbed object. This formula can be rewritten as
R GM GM R dg P

2 3( )( ), in which the first term is the inverse
of the magnitude of the gravitational acceleration due to Mg at
R and the second term is the magnitude of the tidal acceleration
induced by MP at R of the perturbed object. Therefore, the
perturbation parameter of Byrd & Howard (1992) can be
interpreted as the ratio of the tidal acceleration to the
gravitational acceleration of the perturbed object exerted on a
unit mass at R. In this sense, we parameterize the mean impact
of the tidal force upon a galaxy i due to the density fields from
the galaxy distribution for a period of time Δt=t1−t0
as follows:
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where Mj is the stellar mass of the jth galaxy among n galaxies,
which are assumed to act as perturbers in a simulation volume;
Mi is the stellar mass of the perturbed galaxy; Ri is the radius of
the perturbed galaxy; dij is the distance between the ith and jth
galaxies; and uij is the unit vector in the direction between the
ith and jth galaxies. According to Equation (3), a satellite
galaxy that survives until z=0 in a cluster experiences a mean

Figure 4. Vθ/σ (r<Reff) of satellite galaxies as a function of galaxy stellar
mass. The color code is the same as in Figure 3. The solid lines present the
medians of the Vθ/σ of the galaxies binned by their stellar mass at z=0, and
the dashed lines are for their main progenitors at z=zinfall. The vertical bars
show the 16th–84th percentile distribution of Vθ/σ at a given stellar mass.
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• Tidal perturbation is strongly correlated with cumulative 
changes, but its net effect is easily canceled out.

both groups strongly depend on log P. This is likely because
merging counterparts raise log P during the merging phase.
This indicates that it is not necessary to separate the model
galaxies by merger experiences after infall when correlating
galaxy properties with log P. The weak dependence of Φ on
stellar mass seen in the top right panel of Figure 5 results in the
small gaps between the two mass groups in Φ/Δt. On the other
hand, more massive galaxies show larger f/Δt, as already seen
in the bottom right panel of Figure 5.

3.4.2. Dependence of Galaxy Properties on log P

The previous section demonstrates a strong correlation between
perturbation index and the cumulative angular changes of galaxy
spin vectors. It has also been suggested that tidal perturbation
accounts for mass loss or morphological transformation in cluster
environments by disturbing internal kinematics(e.g., Moore
et al. 1996, 1998; Gnedin 2003a). Therefore, we investigate the
effects of perturbation within the cluster on galaxy properties in
this section. Figure 8 shows the rate of change for stellar mass,
stellar mass density within Reff, size of Reff, and Vθ/σ as a function
of log P. The satellite galaxies are grouped into two groups by
their final stellar mass, below and above M Mlog 10.5* =: . The

hatched regions mark the 16th–84th percentiles in the distribution
of each parameter, and the solid lines denote medians for all the
galaxies in each subsample of mass.
Most galaxies are located at the center of their halos, and

thus their stellar components will not be significantly stripped
unless they are exposed to strong tidal fields for a long
time(e.g., Smith et al. 2016). In panel (a) of Figure 8, a higher
mass-stripping rate comes with stronger perturbation in the
low-mass subsample. On the other hand, there is a great deal of
scatter in the high-mass subsample. This is not just a stochastic
effect due to the scatter increasing with log P. In fact, this is
mainly caused by the fact that stellar mass loss exceeds mass
accretion via mergers in many galaxies, finally placing the
galaxies in the low-mass group at z=0. The galaxies in which
mergers compensate for mass stripping or even increase the
stellar mass end up in the massive group. This behavior results
in the weaker correlation between mass change rates and log P
in the more massive group than that of the less massive group.
It is well known that the size of galaxies increases with

decreasing redshifts for a given stellar mass(Ferguson et al.
2004; Fan et al. 2010; Dutton et al. 2011; Huertas-Company
et al. 2013; Morishita et al. 2014; van der Wel et al. 2014;
Shibuya et al. 2015; Andreon et al. 2016; Allen et al. 2017;
Furlong et al. 2017; Paulino-Afonso et al. 2017; Genel

Figure 6. Number density of galaxies as a function of time-averaged
perturbation index (top) and dclosest/R200–to–log P relation (bottom). Red and
blue denote the groups of galaxies that have stellar masses of M Mlog * >:
10.5 and M Mlog 10.5* <: at z=0. In the top panel, the hatched regions
below the dashed lines mark the number density of galaxies that are involved in
mergers with μ>1/10 after infall. In the bottom panel, the solid and dashed
lines indicate all galaxies and those involved in mergers after infall in a mass
group. The vertical bars show 16th–84th percentile distributions of dclosest–R200
at a given log P.

Figure 7. Time-averaged cumulative angular changes of spin vectors Φ/Δt,
where Δt=tinfall–tz=0, and net angular changes of spin vectors f/Δt as a
function of mean perturbation index log P. The color code denotes final stellar
mass, and the different line styles indicate the cases with/without mergers
(dashed/solid) after infall with μ>1/10. The vertical bars and filled circles
present 16th–50th–84th percentile distributions. We note that the top and
bottom panels have different scales in the y-axis.
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both groups strongly depend on log P. This is likely because
merging counterparts raise log P during the merging phase.
This indicates that it is not necessary to separate the model
galaxies by merger experiences after infall when correlating
galaxy properties with log P. The weak dependence of Φ on
stellar mass seen in the top right panel of Figure 5 results in the
small gaps between the two mass groups in Φ/Δt. On the other
hand, more massive galaxies show larger f/Δt, as already seen
in the bottom right panel of Figure 5.

3.4.2. Dependence of Galaxy Properties on log P

The previous section demonstrates a strong correlation between
perturbation index and the cumulative angular changes of galaxy
spin vectors. It has also been suggested that tidal perturbation
accounts for mass loss or morphological transformation in cluster
environments by disturbing internal kinematics(e.g., Moore
et al. 1996, 1998; Gnedin 2003a). Therefore, we investigate the
effects of perturbation within the cluster on galaxy properties in
this section. Figure 8 shows the rate of change for stellar mass,
stellar mass density within Reff, size of Reff, and Vθ/σ as a function
of log P. The satellite galaxies are grouped into two groups by
their final stellar mass, below and above M Mlog 10.5* =: . The

hatched regions mark the 16th–84th percentiles in the distribution
of each parameter, and the solid lines denote medians for all the
galaxies in each subsample of mass.
Most galaxies are located at the center of their halos, and

thus their stellar components will not be significantly stripped
unless they are exposed to strong tidal fields for a long
time(e.g., Smith et al. 2016). In panel (a) of Figure 8, a higher
mass-stripping rate comes with stronger perturbation in the
low-mass subsample. On the other hand, there is a great deal of
scatter in the high-mass subsample. This is not just a stochastic
effect due to the scatter increasing with log P. In fact, this is
mainly caused by the fact that stellar mass loss exceeds mass
accretion via mergers in many galaxies, finally placing the
galaxies in the low-mass group at z=0. The galaxies in which
mergers compensate for mass stripping or even increase the
stellar mass end up in the massive group. This behavior results
in the weaker correlation between mass change rates and log P
in the more massive group than that of the less massive group.
It is well known that the size of galaxies increases with

decreasing redshifts for a given stellar mass(Ferguson et al.
2004; Fan et al. 2010; Dutton et al. 2011; Huertas-Company
et al. 2013; Morishita et al. 2014; van der Wel et al. 2014;
Shibuya et al. 2015; Andreon et al. 2016; Allen et al. 2017;
Furlong et al. 2017; Paulino-Afonso et al. 2017; Genel

Figure 6. Number density of galaxies as a function of time-averaged
perturbation index (top) and dclosest/R200–to–log P relation (bottom). Red and
blue denote the groups of galaxies that have stellar masses of M Mlog * >:
10.5 and M Mlog 10.5* <: at z=0. In the top panel, the hatched regions
below the dashed lines mark the number density of galaxies that are involved in
mergers with μ>1/10 after infall. In the bottom panel, the solid and dashed
lines indicate all galaxies and those involved in mergers after infall in a mass
group. The vertical bars show 16th–84th percentile distributions of dclosest–R200
at a given log P.

Figure 7. Time-averaged cumulative angular changes of spin vectors Φ/Δt,
where Δt=tinfall–tz=0, and net angular changes of spin vectors f/Δt as a
function of mean perturbation index log P. The color code denotes final stellar
mass, and the different line styles indicate the cases with/without mergers
(dashed/solid) after infall with μ>1/10. The vertical bars and filled circles
present 16th–50th–84th percentile distributions. We note that the top and
bottom panels have different scales in the y-axis.
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both groups strongly depend on log P. This is likely because
merging counterparts raise log P during the merging phase.
This indicates that it is not necessary to separate the model
galaxies by merger experiences after infall when correlating
galaxy properties with log P. The weak dependence of Φ on
stellar mass seen in the top right panel of Figure 5 results in the
small gaps between the two mass groups in Φ/Δt. On the other
hand, more massive galaxies show larger f/Δt, as already seen
in the bottom right panel of Figure 5.

3.4.2. Dependence of Galaxy Properties on log P

The previous section demonstrates a strong correlation between
perturbation index and the cumulative angular changes of galaxy
spin vectors. It has also been suggested that tidal perturbation
accounts for mass loss or morphological transformation in cluster
environments by disturbing internal kinematics(e.g., Moore
et al. 1996, 1998; Gnedin 2003a). Therefore, we investigate the
effects of perturbation within the cluster on galaxy properties in
this section. Figure 8 shows the rate of change for stellar mass,
stellar mass density within Reff, size of Reff, and Vθ/σ as a function
of log P. The satellite galaxies are grouped into two groups by
their final stellar mass, below and above M Mlog 10.5* =: . The

hatched regions mark the 16th–84th percentiles in the distribution
of each parameter, and the solid lines denote medians for all the
galaxies in each subsample of mass.
Most galaxies are located at the center of their halos, and

thus their stellar components will not be significantly stripped
unless they are exposed to strong tidal fields for a long
time(e.g., Smith et al. 2016). In panel (a) of Figure 8, a higher
mass-stripping rate comes with stronger perturbation in the
low-mass subsample. On the other hand, there is a great deal of
scatter in the high-mass subsample. This is not just a stochastic
effect due to the scatter increasing with log P. In fact, this is
mainly caused by the fact that stellar mass loss exceeds mass
accretion via mergers in many galaxies, finally placing the
galaxies in the low-mass group at z=0. The galaxies in which
mergers compensate for mass stripping or even increase the
stellar mass end up in the massive group. This behavior results
in the weaker correlation between mass change rates and log P
in the more massive group than that of the less massive group.
It is well known that the size of galaxies increases with

decreasing redshifts for a given stellar mass(Ferguson et al.
2004; Fan et al. 2010; Dutton et al. 2011; Huertas-Company
et al. 2013; Morishita et al. 2014; van der Wel et al. 2014;
Shibuya et al. 2015; Andreon et al. 2016; Allen et al. 2017;
Furlong et al. 2017; Paulino-Afonso et al. 2017; Genel

Figure 6. Number density of galaxies as a function of time-averaged
perturbation index (top) and dclosest/R200–to–log P relation (bottom). Red and
blue denote the groups of galaxies that have stellar masses of M Mlog * >:
10.5 and M Mlog 10.5* <: at z=0. In the top panel, the hatched regions
below the dashed lines mark the number density of galaxies that are involved in
mergers with μ>1/10 after infall. In the bottom panel, the solid and dashed
lines indicate all galaxies and those involved in mergers after infall in a mass
group. The vertical bars show 16th–84th percentile distributions of dclosest–R200
at a given log P.

Figure 7. Time-averaged cumulative angular changes of spin vectors Φ/Δt,
where Δt=tinfall–tz=0, and net angular changes of spin vectors f/Δt as a
function of mean perturbation index log P. The color code denotes final stellar
mass, and the different line styles indicate the cases with/without mergers
(dashed/solid) after infall with μ>1/10. The vertical bars and filled circles
present 16th–50th–84th percentile distributions. We note that the top and
bottom panels have different scales in the y-axis.
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• Summary 

• Any signatures of spin alignment from the LSS can be 
preserved in cluster environments for gigayears 

• More rotating (higher V/σ) galaxies are more likely to maintain 
their initial spin orientation after infall into clusters 

• Tidal perturbation significantly swings spin vectors. However, 
its net effect is easily canceled out.


