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[Credit: Kelley]

this results in an enhanced region of density behind the mass, with a
drag force, Fd known as dynamical friction

103 pc~kAU

2nG*(M +
= — n (v2 m)p lnA
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merger time with GW ~ a few Myr
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Single binary ~ circular orbit, Quadrupole formula is enough!
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Quasi-circular Plunge Ringdown
inspiral and merger

We can NOT observe the inspiral phase, C V) Jv/ j
/1 /

except it is very very nearby!
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Post-Newtonian Numerical perturbation
techniques relativity ~ methods

[Credit: £2/%35 & wangyi]



Multi-binaries ———

GW signal we want! (noise-like) \f ,

GwB

[Phinney 2001] | o
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Merger rate! 0.5

Stochastic in time sequence!
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iIsotropic “noise”

/

How to measure?

ToA

correlated “noise”!

~

( ( Arm length > kAU ) — Pulsar
_

multi-detectors — PTA ]

<dpxdp >=<(GW + sysa) s (GW + sysp) >

_<GW*GW>+<GWA>—|—<G/@SB>—|—<8wa>




<GW*GW>=
average over 1 1-cosy, |
GW from all " 2 Tt3
direction

where v,; is the angle between the two pulsars.
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) [Phinney 2001]
hz(f) oc/ 1 |dn|degw

dz
fr=f(1+2)

dln f,

BBH number
l more accurate per comoving volume,
- N in such configuration
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[Peters 1964]
time spend in per logarithmic frequency

dt/dinf = —>a~5/3f; %3
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d2 T phenomenology

d z d M [Sesana 2012]
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e.g. galaxy mass function
is calculated via EPS formalism
& with only hundreds of DM halos
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Our method: Semi-Analytic Model (SAM) of galaxy formation

1. Run N-body simulation —— DM halo merge tree

2. Add SN, AGN, hot/cold gas, stellar, galaxies, BHs

directly read
BH mass function

Millennium Run: |

V~5003 Mpc3 TR TR
&, RT3l A
Ve, E %W
8668809 SMBHs, RITEREAHE
. Ze 0 4F KM
.—j—
51538704 galaxies P
in total [Credit: S35

code: L-galaxies



BH Self-regulated growth & feedback

Quasar mode: (gas-rich merger)

Myh s =  Mphmaj + Mphmin +AMpho 5
AM _ f bh (Mmin / Mmaj )Mcold
Ph.Q 14280 km s=1/V,,;, cold gas

Radio mode: (hot gas accretion)

: Jhot Vyir : My 1
M = k| === M
bh (0.1 200 kms—1 ) \108a-1m, ) © 7"

Eradio = .bhc2

10% energy deposit into relativistic jet
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log,o(® [hSMPC—3|°910M_1])

10g10(¢ [h°Mpc™log,M™'])

0 E—iObservotions used in MCMC

{ [Henriques et. al. 2015]
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[Henriques et. al. 2015]

1.2
1.0|
0.8
0.6
o 0.4

0.2

0.01

12 11 10 9 812 11 10 9 812
Iog,o(M,[h'zM@ ) |°g1o(Mo[h-2M® )

red/ ¢totol

overly large fraction of them that are passive at late
times 1n Guo 2013



BIRAR:

ALK
1z 1z

iR

Ji, BT 5|74
YR, Z&F
RITEEAHE
Z AR R
FAITAE




; ; ; Vo)

m ; ; ; m.
..... H HEE R A ~N 1@
: M
" F -

! ' ' ! e
lllll | peccageas 2~ N = - N
' ' ' ' —

' ' ' ' o Cc
; ; - T

: 0O X
..... J R S _ _
" 1
1 "
' '
| '

lllllllllllllllllllll

lllll

dng
dz



d*n

redshift (z2)

dzdM

3.0 ZOOCD
41750
2.5
41500
2.0
41250
1.5 E 41000
2
g
750
1.0
100,99, 500
” A\ 250
0.0 L —— * . I e000 \N° 0
‘5.5 ) ) 7.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
log[M /M | log[M /M ]
Guo 2013 Henriques 2015

based WMAP7 cosmology based Planck cosmology



GW chracteristic strain (h.)

A,,

-1 = 5.00 X 10_16 a,nd Ayr_l — 9.42 X '10—17
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Summary

1. We compare the different GW prediction from different SAM model, namely Guo 2013
& Henriques 2015.

A,-1=5.00x1071% and A, 1 =9.42 x 1077

2. Clusterings of SMBHs share great similarity as galaxies:
2.1 increase with mass

2.2 enhanced at low redshift

Vbanko!




