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Motivation

 What are the ways and possibilities for detecting GWs emerging from 

SMBHs in the cosmological time durations

------------------------------------------------------------------------------------------

 The first direct observation of gravitational waves was made on 

14 September 2015 and was announced by      

the LIGO and Virgo collaborations on 11 February 2016.

 We at YITP {11 Feb-15 Feb, 2019} unknowingly celebrating the third 

anniversary.
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https://en.wikipedia.org/wiki/LIGO
https://en.wikipedia.org/wiki/Virgo_interferometer


What is in the next 20 minutes !

 GW-First Indirect Evidence PSR B1913+16

 Simulations for BH mergers

 Galaxy Mergers

 Supermassive Black Holes in Mergers of Galaxies

 Scope of GW from Galaxy Mergers
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GW- in General Relativity

  

gij = dij + hij
hij: transverse, traceless and 

propagates at v=c  

Einstein in (1916, 1918)

Consequences of Einstein's 

theory

• Gravitational time 

dilation and frequency 

shift

• Orbital effects and the 

relativity of direction

• Gravitational waves

• Gravitational lensing

• Orbital decay
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Hulse & Taylorr

Nobel Prize Physics-

1993

GW-First Indirect Evidence

 Steady decrease in orbital separation due to loss of energy through GWs.
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•

•

17 / sec

~ 8 hr

Hulse- Taylor Binary pulsars

PSR B1913+16

➢ A rapidly spinning pulsar (neutron star beaming 

EM radiation at us 17 x / sec)

➢ Orbiting around an ordinary star with   8 hour 

period 

➢ Only 7 kpc away

➢ Discovered in 1975, orbital parameters measured

➢ Continuously measured over 25 years!
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PSR B1913+16

Hulse-Taylor Binary

➢ Emission of GWs.

➢ Separated by ~2x106 km 

➢ Spiral in by 3 mm/orbit

➢ Time till merge= 300 million 

years

 Steady decrease in orbital separation due to loss of energy 
through GWs.

Weisberg & Taylor, 2004
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Future of PSR B1913+16 (Hulse-Taylor Binary)

Can we detect the GW from 1913+16 today ? 

➢ Orbital period of 8h corresponds to a GW frequency fGW ∼10−4 Hz

➢ Interferometers on the Earth can not be sensitive enough due to 

seismic noise.

➢ However, due to gravitational radiation reaction, the binary 

spirals-in with increasing velocity and frequency (and also 

increasing amplitude due to the stronger gravitational field).

➢ In 300 million years the GW frequency rises to fGW ∼ 10 Hz and 

fifteen minutes later to fGW ∼ 1000 Hz leading to 16,000 cycles in 

the last three minutes before coalescence. 

➢ All this brings the system in the sensitivity bandwidths of Earth-

bound detectors. The orbital eccentricity would reduce from 

e = 0.617 to e → 0. 
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Estimated detection rates for compact binary inspiral events

LIGO-1

LIGO-2

V. Kalogera (population synthesis)
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How Improbable are Stellar Collisions?

Most fascinating aspects

1. Most of the matter involved doesn't collide with anything. 

2. Most of the mass in a typical galaxy consists of collisionless

dark matter. Thus, dark matter from the companion galaxy 

passes through that of the target with no effects except for those 

due to their collective gravitational forces. 

3. There is only a very small probability for direct star-star 

collisions.
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How Improbable are Stellar Collisions?

Most fascinating aspects

1. The cross section of a star like the Sun is about 

1017 m2,while the surface density of stars near the Sun is of 

order 10 per light year squared (10-32 m-2 ). 

2. This implies that the collision probability is of order 10 -15 for 

a typical star. 

3. The stellar density is much greater in the centers of galaxies, 

but the basic point is not changed.

Rajesh K Dubey, YITP, 12/02/2019



What happens when galaxies merge

1. Galaxy collisions involve a tremendous amount of energy. 

2. Two objects with masses of the order of 1012 solar masses or 

2 x 1042 kg meet with typical relative velocities of about 300 km/s

3. Collision energy is of order 10 53 J. This is energy is equivalent to       

about 10 8~9 supernovae, e.g., a number of supernovae that        

ultimately can be produced in the merger of the two galaxies     
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The Problem for GWs Detection 

1. Galaxy collisions are extremely slow by terrestrial standards, 

with typical timescales of order 3 x 108 yrs., or 10 16 sec. 

2. There is little hope of observing any of the dynamics directly. 

Moreover, these systems are caught at random times in the 

interaction.

3. Main reasons why it is so difficult to interpret the observations, 

and arrange the systems in a physical classification scheme
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Swift Coalescence of Supermassive Black Holes 

in Cosmological Mergers of Massive Galaxies
The merger of two massive galaxies at Z~ 3.5 

Two disk-like galaxies in a 

nearly parabolic (slightly 

hyperbolic) orbit, with their 

stellar spins misaligned by

≈ 670

The two galaxies have stellar 

masses M1 and M2

with gas fractions f ≈7.7%  

and f ≈ 11.5% , respectively.

The cores of the two galaxies 

are at a separation of ≈ 4 kpc 

Introduced two SMBHs at the 

local minima of the 

gravitational potential of the 

galactic cores.

Khan et al. 
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The white circle marks the virial radius of the group halo, while the green circles mark the 

merging galaxies. The upper-right and lower-right panels show a zoom-in on the central galaxy 

of the group and the interacting companion, respectively. Lengths are in physical coordinates.



Swift Coalescence of Supermassive Black Holes in 

Cosmological Mergers of Massive Galaxies

From left to right: time evolution of the galaxy merger after the beginning of the resampled, higher-

resolution simulation

Each panel shows a mock UVJ photometric image of the merger, and the red and blue dots mark 

the position of the primary and secondary BH, respectively. Lengths are in physical coordinates.
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Swift Coalescence of Supermassive Black Holes in 

Cosmological Mergers of Massive Galaxies

Left panel: time evolution of the separation between the SMBHs. Blue-solid, red-dashed, and green-dotted lines show the evolution 

during the hydrodynamical, re-sampled simulation of the merger, the direct N-body calculation, and after having introduced post-

Newtonian corrections, respectively. Thin and light versions of the same lines refer to the continuation of the respective simulations. 

The horizontal dotted line marks the gravitational softening of the hydrodynamical simulation. 

Center panel: radial profiles of the ratio b/a (red line) and c/a (blue line) between the principal axes of the moment of inertia tensor 

(c≤b≤a ) at different times: 23.3 Myr (solid line), 25.3 Myr (dashed line), and 29.3 Myr (dotted line).

Right panel: probability density function of the radial distance from the center of the merger remnant for the stellar particles that have 

interacted with the central binary across 26–24.4 Myr (blue, solid), 27.5–26 Myr (red dashed line), 29.1–27.5 Myr (green dotted–dashed 

line), and 30.6–29.1 Myr (magenta dotted line).
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Swift Coalescence of Supermassive 
Black Holes in Cosmological Mergers 
of Massive Galaxies

• Evolution with time of the separation between the 
two black holes at different spatial resolution in the re-
sampled hydrodynamical simulations of the merger. 
Blue-solid, red dashed, and green dotted lines refer to 
softening

• ꞓ = 5, 15 and 50 pc, respectively. The same 
separations are also marked by the gray shaded 
bands, while the vertical line indicates the moment at 
which the direct N-body simulation is initialized.
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Swift Coalescence 
of Supermassive 
Black Holes in 
Cosmological 
Mergers of Massive 
Galaxies

Surface density map of the 
stellar component at the time of 
the beginning of the N-body 
simulation. Red continuous 
lines represent isocontours of 
stars younger than ∼22.5 Myr
(i.e., formed from the beginning 
of the resampled merger 
simulation). The black dots 
denote the positions of the two 
black holes..
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Swift Coalescence 
of Supermassive 
Black Holes in 
Cosmological 
Mergers of Massive 
Galaxies

Mass profile of dark matter 
(blue continuous line), stars 
(red dashed line) and gas 
(green dotted line) at t≈ 21.5 
Myr when selected the inner 5 
kpc (vertical dotted line) for the 
direct N-body simulation. The 
gray area marks ꞓ = 5 pc. The 
magenta dotted-dashed line 
shows the dark matter profile at  
t≈ 30 Myr
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Observable Parameters
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T. Inagaki et. al.

Merging process of two galaxies using the parallel N-

body solver Gadge
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Scope of Gravitational Waves in 

Galaxy Mergers
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Center region of the 

galaxy cluster Abell 

2033. The size of the 

image is ~0.2 × 0.15 

deg2. There are four 

merging galaxies 

detected in this region.

Abell Galaxy Cluster with 4 merging Galaxies

Chorng-Yuan Hwang 

and Ming-Yan Chang 

2009 ApJSRajesh K Dubey, YITP, 12/02/2019



39

Multi-

mergers

Systems
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100

Merging

Galaxies 

from 

>15,000

Hwang and Chang 

2009
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New eyes for physics and astronomy: 

opening a new window

http://www.srl.caltech.edu/lisa/graphics/master.html
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Summary
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➢Experimentally, gravitational wave astronomy is about to start. 
The ground-based network of detectors (LIGO/Virgo/GEO/…)
is being updated (ten-fold gain in sensitivity in 2015), and extended
(KAGRA, LIGO-India)

➢There exists a complementarity between Numerical Relativity and
Analytical Relativity, especially when using the particular resummation
of perturbative results defined by the Effective One Body formalism.

Every where galaxies are interacting and increasing possibilities of GWs 

detection by massive bodies inside them and BHs mergers  
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