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Introduction :
Spin Flips – II 7
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Figure 6. The cumulative distribution of events with fractional
mass change of ∆µ0 or less, from the distribution shown in Fig. 2.
We show results of selecting just events with spin flips of at least
45◦ (blue) and at least 90◦ (red). Our fiducial value for major
mergers, ∆µ > 0.3, is marked with a dashed line.
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Figure 7. Event distribution analogous to Fig. 2, but in terms
of the fractional specific angular momentum magnitude change
instead of the fractional mass change ( j(t) = J(t)/M(t)).

both at low and high values (mass loss and major mergers).
Much of the broad tail to more negative ∆µ seen in Fig. 2
for all tracks seems to come from the doomed tracks.

The cumulative distributions of the events from the root
tracks are shown in Fig. 10. When we consider just these
haloes that survive to z = 0, we find that less than 1% of
minor merger events have large spin flips, compared to 23.5%
of major mergers. However, over 95% of spin flips of at least
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Doomed tracks

Figure 8. The distribution of events, as in Fig. 2, but split into
just the z = 0 root tracks only (top) and the doomed tracks only
(bottom).

45◦ coincide with minor mergers (88% for flips of at least
90◦).

3.2 The inner angular momentum

To have a noticeable effect on galaxy formation and evolu-
tion, it is reasonable to assume that it is the angular mo-
mentum in the inner regions of the halo in particular that
needs to change. We have therefore also looked at the distri-
bution of events from all halo tracks in terms of the angular
momentum of the mass located within 0.25Rvir. We show the
joint distribution of cos θinner and the total-halo mass change
∆µ in the left panel of Fig. 11, with histogram cross-sections
of the distribution (as before) in the centre and right panels.
There is an increased likelihood of large spin flips of the inner
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In this study, we investigate the effect of a nearby 
large halo on the change in spin direction.

The evolution of spin direction

Major 
merger

Not  
Major merger

The evolution the direction of the spin 
(angular momentum vector) of halo is not clear

(Bett & Frenk 2016)

・Bett & Frenk (2016) investigates the distribution of  
 in haloes of large changes in spin direction. 

・About 70% of halos have large change in spin direction 
 without major merger. 

What changes the direction of spin?

ΔM/M

ΔM
M

Cumulative distribution of  of  
the halo with a large change in spin direction.

ΔM/M



Halo finder detects halo 
from simulation data 
in each snapshot

Data:

(Ishiyama+2015)
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Fig. 2. Dark matter distribution in the largest ν2GC-L simulation at z=0. The background image shows a projected region with
a thickness of 45h−1Mpc and a side length of 1120h−1Mpc. An enlargement of the largest halo is shown in the central image with
a thickness of 45h−1Mpc and a side length of 140h−1Mpc. The bottom right panel is a close-up of the largest halo.

Simulation

280

N Reference

ν2GC − S 20483 Ishiyama et al. 2015

L (h−1Mpc)
2.20 × 108

mp (h−1M⊙)

16Phi − 4096 40963 Ishiyama et al. 20215.13 × 103

1.2 Basic Elements of Galaxy Formation 11
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Fig. 1.3. A schematic merger tree, illustrating the merger history of a dark matter halo. It shows, at three
different epochs, the progenitor halos that at time t4 have merged to form a single halo. The size of each
circle represents the mass of the halo. Merger histories of dark matter halos play an important role in
hierarchical theories of galaxy formation.

have larger amplitudes on smaller scales. Consequently, dark matter halos grow hierarchically, in
the sense that larger halos are formed by the coalescence (merging) of smaller progenitors. Such
a formation process is usually called a hierarchical or ‘bottom-up’ scenario.

The formation history of a dark matter halo can be described by a ‘merger tree’ that traces
all its progenitors, as illustrated in Fig. 1.3. Such merger trees play an important role in modern
galaxy formation theory. Note, however, that illustrations such as Fig. 1.3 can be misleading. In
CDM models part of the growth of a massive halo is due to merging with a large number of much
smaller halos, and to a good approximation, such mergers can be thought of as smooth accretion.
When two similar mass dark matter halos merge, violent relaxation rapidly transforms the orbital
energy of the progenitors into the internal binding energy of the quasi-equilibrium remnant. Any
hot gas associated with the progenitors is shock-heated during the merger and settles back into
hydrostatic equilibrium in the new halo. If the progenitor halos contained central galaxies, the
galaxies also merge as part of the violent relaxation process, producing a new central galaxy in
the final system. Such a merger may be accompanied by strong star formation or AGN activity if
the merging galaxies contained significant amounts of cold gas. If two merging halos have very
different mass, the dynamical processes are less violent. The smaller system orbits within the
main halo for an extended period of time during which two processes compete to determine its
eventual fate. Dynamical friction transfers energy from its orbit to the main halo, causing it to
spiral inwards, while tidal effects remove mass from its outer regions and may eventually dissolve
it completely (see Chapter 12). Dynamical friction is more effective for more massive satellites,
but if the mass ratio of the initial halos is large enough, the smaller object (and any galaxy
associated with it) can maintain its identity for a long time. This is the process for the build-up of
clusters of galaxies: a cluster may be considered as a massive dark matter halo hosting a relatively
massive galaxy near its center and many satellites that have not yet dissolved or merged with the
central galaxy.
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FIG. 2.— ROCKSTAR allows recovery of even very close major mergers. This figure shows an example of a major merger involving 1013M� halos from the
Bolshoi simulation (Klypin et al. 2011). The top panel shows the complete particle distribution around the merging halos. In the second row, the left panel shows
the host particle distribution, and the right panel shows the subhalo particle distribution, with particles colored according to subhalo membership. (The particle
plotting size has been increased to show more clearly the extent of the small substructures in the right-hand panel). The two different colors in the left-hand
panel hint at the fact that there are indeed three halos involved in the major merger, two of which are extremely close to merging. The uniform subhalo shapes in
the right-hand panel suggest that subhalo particles can be distinguished without bias despite extreme variations in the host particle density between the subhalo
centers and the subhalo outskirts. The bottom row shows more clearly the extremely close major merger. The bottom left-hand panel shows the full particle
distribution in position space in a small region close to the merging halo cores; here, the bimodal distribution is evident, but distinguishing particle membership
is impossible beyond the immediate vicinity of the cores. On the other hand, the bottom right-hand panel shows the same particles in velocity space, where the
bimodality from the two cores shows a clear velocity separation, allowing particles to be reasonably assigned even in the halo bulk.
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FIG. 2.— ROCKSTAR allows recovery of even very close major mergers. This figure shows an example of a major merger involving 1013M� halos from the
Bolshoi simulation (Klypin et al. 2011). The top panel shows the complete particle distribution around the merging halos. In the second row, the left panel shows
the host particle distribution, and the right panel shows the subhalo particle distribution, with particles colored according to subhalo membership. (The particle
plotting size has been increased to show more clearly the extent of the small substructures in the right-hand panel). The two different colors in the left-hand
panel hint at the fact that there are indeed three halos involved in the major merger, two of which are extremely close to merging. The uniform subhalo shapes in
the right-hand panel suggest that subhalo particles can be distinguished without bias despite extreme variations in the host particle density between the subhalo
centers and the subhalo outskirts. The bottom row shows more clearly the extremely close major merger. The bottom left-hand panel shows the full particle
distribution in position space in a small region close to the merging halo cores; here, the bimodal distribution is evident, but distinguishing particle membership
is impossible beyond the immediate vicinity of the cores. On the other hand, the bottom right-hand panel shows the same particles in velocity space, where the
bimodality from the two cores shows a clear velocity separation, allowing particles to be reasonably assigned even in the halo bulk.

Cosmological N-body simulation data 

(Mo+2010)

From this merger tree, 
we obtain (spin) 
and host-subhalo relationship

X, Mvir, Rvir, ⃗J

Halo finder：ROCKSTAR　　(Behroozi+2013a) 
Merger tree：consistent tree　(Behroozi+2013b)

By creating a merger tree 
data, we obtain the merger 
history and evolution of halo.



Analysis:
1.2 Basic Elements of Galaxy Formation 11
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Fig. 1.3. A schematic merger tree, illustrating the merger history of a dark matter halo. It shows, at three
different epochs, the progenitor halos that at time t4 have merged to form a single halo. The size of each
circle represents the mass of the halo. Merger histories of dark matter halos play an important role in
hierarchical theories of galaxy formation.

have larger amplitudes on smaller scales. Consequently, dark matter halos grow hierarchically, in
the sense that larger halos are formed by the coalescence (merging) of smaller progenitors. Such
a formation process is usually called a hierarchical or ‘bottom-up’ scenario.

The formation history of a dark matter halo can be described by a ‘merger tree’ that traces
all its progenitors, as illustrated in Fig. 1.3. Such merger trees play an important role in modern
galaxy formation theory. Note, however, that illustrations such as Fig. 1.3 can be misleading. In
CDM models part of the growth of a massive halo is due to merging with a large number of much
smaller halos, and to a good approximation, such mergers can be thought of as smooth accretion.
When two similar mass dark matter halos merge, violent relaxation rapidly transforms the orbital
energy of the progenitors into the internal binding energy of the quasi-equilibrium remnant. Any
hot gas associated with the progenitors is shock-heated during the merger and settles back into
hydrostatic equilibrium in the new halo. If the progenitor halos contained central galaxies, the
galaxies also merge as part of the violent relaxation process, producing a new central galaxy in
the final system. Such a merger may be accompanied by strong star formation or AGN activity if
the merging galaxies contained significant amounts of cold gas. If two merging halos have very
different mass, the dynamical processes are less violent. The smaller system orbits within the
main halo for an extended period of time during which two processes compete to determine its
eventual fate. Dynamical friction transfers energy from its orbit to the main halo, causing it to
spiral inwards, while tidal effects remove mass from its outer regions and may eventually dissolve
it completely (see Chapter 12). Dynamical friction is more effective for more massive satellites,
but if the mass ratio of the initial halos is large enough, the smaller object (and any galaxy
associated with it) can maintain its identity for a long time. This is the process for the build-up of
clusters of galaxies: a cluster may be considered as a massive dark matter halo hosting a relatively
massive galaxy near its center and many satellites that have not yet dissolved or merged with the
central galaxy.

⃗J sub
⃗J host

host halo

subhalo

θ
⃗J sub

⃗J host

We investigate the relationship between the 
position of the subhalo and , 

and discuss the effect of the host halo.
cos θ

We calculate the angle between  and  , 
and the subhalo position from the center of 
the host halo.

⃗J sub
⃗J host

cos θ =
⃗Jhost ⋅ ⃗Jsub

| ⃗Jhost | | ⃗Jsub |

Center of host halo Outskirt of host halo

The angle between  and ⃗J sub
⃗J host

(Mo+2010)



Result :
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of host halo
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direction
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Correlation between position and cos θ
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Correlation between position and cos θ

The red line represents a 
subhalo located parallel to , 
polar direction of host haloes.

⃗J host



Result :

Center 
of host halo

 Outskirt 
of host halo

Same 
direction

Opposite 
direction

 and ⃗J sub
⃗J host

The blue line represents a 
subhalo located perpendicular to 

, equatorial direction of host 
haloes.
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Correlation between position and cos θ



Result :

Center 
of host halo

 Outskirt 
of host halo

Same 
direction

Opposite 
direction

 and ⃗J sub
⃗J host

⃗J host

Correlation between position and cos θ

 and  are aligned in the central region. 
This trend is more pronounced in the equatorial direction. 
Jsub Jhost



The angle between  and ⃗J (z = 0) ⃗J (T = T′ )

Result : History of host/subhaloes spin direction

Time

z = 0 t = t1 t = t2

This figure shows the direction of the spin 
of the halo at a time over N Gyrs. 

The y-axis represent the angle between 
the  of  and N Gyrs before. 

Orange: host halo 

Blue: subhalo

⃗J z = 0

Host halo: 

Spin direction has not changed over time.

Subhalo: 

Spin direction is changing over time.

Same 
direction

Opposite 
direction



Result :

Host halo: 

  is growing  over timeJ/M

History of  (specific angular momentum)J/M

Subhalo: 

 is constant over timeJ/M

History of host/subhaloes J/M

This figure shows history of   
[  : specific angular momentum] 

Orange: host halo 

Blue: subhalo

J/M

J/M



The angle between  and ⃗J (z = 0) ⃗J (T = T′ )

Result :
History of  (specific angular momentum)J/M

History of host/subhaloes spin

Spin direction J/M

Host halo Not Changing Growing

Subhalo Changing Not Growing

J/M



• The direction of  subhalo spin  

•  and  are aligned at the central region of host haloes 

• This tendency depends on direction of subhalo’s position 

• Evolution of  and  

• The spin of host halo is changing for , but not for the direction 

• The spin of subhalo is changing for the direction, but not for (specific angular momentum) 

• Discussion 

• The mechanism for which the spin of the subhalo changes is not yet understood, 
and is currently under analysis.

⃗J sub

⃗J sub
⃗J host

⃗J sub
⃗J host

J/M

J/M

Summary


