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Motivations

Galaxies form and evolve in the cosmic web

Halo mergers expected from �CDM; Galaxy mergers observed

Merger can trigger star-formation, morphological transformations, fuel

central black-hole, . . .

Distant interactions also matter (Park et al 2008, Hwang & Park

2015)
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The rates and types of halo interactions

Interaction: mergers and �ybys

Major merger have a dramatic impact (morphology transformation,

signi�cant mass increase) (Toomre & Toomre 1972)

Minor mergers also matter: more frequent (Bournaud et al 2007)

How about �ybys? Not much studied (notable exception:Sinha &

Holley-Bockelmann 2012)

Role of the environment: cosmic web
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Minor mergers also matter: more frequent (Bournaud et al 2007)

How about �ybys? Not much studied (notable exception:Sinha &

Holley-Bockelmann 2012)

Role of the environment: cosmic web

Main questions

What kind of interaction has the most signi�cant impact?

How does it change with redshift, mass ratio, impact parameter,

environment?
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Flybys in cosmological simulations

Sinha & Holley-Bockelmann (2012)

Merger dominant at highz

For massive haloes (> 1011) and

z < 2, �ybys important

Small box (50h� 1Mpc, down to

z = 1

See alsoMoreno et al (2012)
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Horizon Run 4 (J. Kim et al, in prep)

Horizon Run 4

I N-body simulation using GOTPM, WMAP5 cosmology

I 8000 CPU cores, 50 days at KISTI (Korea).

I L = 3 :15h� 1Gpc, N = 63003 ( �d = 0 :5h� 1Mpc)

I 2LPT, zini = 100, 2000 timesteps

Subhalo catalogues

I Haloes detected with OPFOF, and subhaloes with PSB

I Minimum subhalo mass (20 particles): 1:8 � 1011 h� 1M�

I Use of a target (MT > 5 � 1011 h� 1M� ) and neighbour

(MN > 2 � 1011 h� 1M� ) catalogue

I Hereafter, �haloes� refer to PSB subhaloes ($ galaxies)
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Environment: Large-scale density

To quantify the environment:� 20: density

over 20 neighbours

� 20 =
20X

i =1

Mi W (ri ; h);

whereri is the distance to thei th neighbour,

Mi its mass,W the SPH spline kernel, andh

the smoothing length.

Normalization by �� =
P

N Mi :

1 + � = � 20=��
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De�nitions

Interactions
A target T is interacting if it is located with the virial radius of its

neighbour N, an ifMN> 0.4 MT

We are interested in the distribution

d2N = f (p; qjMT ; �; z)dp dq

wherep = d=Rvir,N ; q = MN=MT ; � = � 20=�� � 1

5 parameters: we use di�erent bins of� and MT , at di�erent z, and study

the distribution ofp and q.
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Interaction rate: background density

Targets = all subhalos with

M > 5 � 1011 h� 1M�

Background density: smoothed

over 20 neighbours:

� 20 =
20X

i =1

Mi W (ri ; h);

Top: PDF of the density of

interacting targets

Bottom: fraction of targets that

are interacting

Interactions occurs at

1 + � ' 103
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Mass and density dependence of the interaction fraction

Fit:
�( M j �; z) = A0 erfc

�
b log10

�
M

M �

��

A0; M� , and b dependence on (�; z):
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Time evolution of the interaction rate

� =�( a = 1)

�( a) = B exp
�

�
�

1 � a
A

� 
 �

Increasing rate

At ��xed� mass bin

I Final interaction rate (B)

higher for higher density

I Rates saturates earlier at

lower densities

At ��xed� density

I B decreases withMT for the

largest density bin
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A closer look at the oblique branch

� = ( r; v)

Low q: �atter distribution: more

random; fewer infalling orbits

Low p: �atter distribution, fewer

receding orbits

the oblique branch corresponds to

radial orbits: 1st infall

0:5 < cos� < 0:5: random motions

after 1st infall, oblique branch less

prominent.
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Summary & perspectives

We studied the interaction rate in the HR4 simulation of target haloes more

massive than 5� 1011 h� 1M�

We provide a new �t �(M; � jz) and �( zjM; � )

Two branches in thep � q plane: probe di�erent stages of interactions

Alignment (spin, shape) with the LSS as a function of the environment (In

progress)

Comparison with observations

Inclusion of hydrodynamics: morphological transformation, star formation

Benjamin L'Huillier (KIAS) Ecology of haloes 2015-07-07 23 / 23



Summary & perspectives

We studied the interaction rate in the HR4 simulation of target haloes more

massive than 5� 1011 h� 1M�

We provide a new �t �(M; � jz) and �( zjM; � )

Two branches in thep � q plane: probe di�erent stages of interactions

Alignment (spin, shape) with the LSS as a function of the environment (In

progress)

Comparison with observations

Inclusion of hydrodynamics: morphological transformation, star formation

Thanks for your attention!

� ¬ i Èä !
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Target selection

At z = 4, �nd M2(z = 4) the median

mass of the targets. This de�nes two

subsamples of equal numbers.

Divide them into three equal

subsamples according to the density

with � 2;1; � 2;2.

At lower z, �nd Mi (z) and

� j ;i (z) ( i 2 f 0; 1; 2g; j 2 f 1; 2g) that

yield the same number of targets per

bin.

About 4M targets per bin of (M; � )

Redshift-evolution of M i (z) and � j ; i (z)
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Comparison with previous work

Caveat
Other theoretical studies de�ne the merger rate with merger tree.

An interaction lasts several snapshots: our rate is higher by de�nition

Most theoretical studies have a merger ratedNmerg
dt / (1 + z) � ; � > 0

(Fakhouri & Ma 2008, Genel et al. 2009).

Environmental dependence:/ (1 + � 7) �
�

M
M12

� 

; � > 0; 
 < 0 (Fakhouri &

Ma 2010)

Our study can be more directly compared to observations (Lotz et al 2008)
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