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@ Gravitational Wave Properties @

Frequency: Strain: Merger time:

M \"( u f \** (15Mpc 43 2.7/
2.8_\1.,) (0.7.\1.)(1(;m1z) ( n tiife X a'm ~(1—e”)

| | 1 1
=, 4 _LIGO Hanford Data Predicted
9 0.5
~ ~\A CNQ1.
= 0.0 GW150914
© .05
—
N a0
* * * * LVT151012
s VWAWWWWWWWWWWW 4
o
: A
' GW151226
1 1 1 |
| || 1 1
LIGO Hanford Data (shifted)
~ 10| , | | GW170104
2 0.5 ' VVV\MW.',”}
E 0.0 ¥
]
5 05 0 sec. 1 sec. 2 sec.
v .
-1.0 -
LIGO Livingston Data time observable by LIGO

1 1 | |
ED) ED 0.40 0.45
Time (sec)



Strain (10?") Strain (10?")

Strain (10?")

1.0
0.5
0.0

-0.5
-1.0

1.0

1.0
0.5
0.0

)
-1.0

Gravitational Waves have now been observed!

Real Signal:
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Dynamics, Merger, and Simulation

The three stages of merger:
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Black Holes: Neutron Stars:
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What observations are we waiting for?



How do we know its Black Holes?

Solar Binary: fow (sun) ~ 107 Hz WD Binary: fow(WD) ~ 107! Hz

N2 VR /v (NS) ~ 10° Hz




What can we learn from Gravitational Waves?

- What we measure;: - What we can learn about:
Masses - Gravity
Spins - Space time: Extra Dim”
Eccentricity - Cosmology: Expansion
Dist./Pos./Redshitt - Nuclear Physics

Acceleration - Astrophysics



- What we measure: - What we can learn about:

Generic Inspiral:




- What we measure: - What we can learn about:

Highly Spinning:

Precessing binary black hole inspiral waveform, ml « 0.5, m2 « 5 solar masses
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- What we measure: - What we can learn about:

nghly Eccentric:
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What can we learn from Gravitational Waves?

- What we measure: - What we can learn about:
Observation: Simulation:

_,*. Ll
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- What we can learn about:

- What we measure:

A

observer




- What we measure: - What we can learn about:
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Constraining the number
of space-time dimensions:
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- What we measure: - What we can learn about:

HiubDIes law:

The cosmological params. E
can also be measured! .




What can we learn from Gravitational Waves?

- What we measure: - What we can learn about:
Masses - Gravity
Spins - Space time: Extra Dim”
Eccentricity - Cosmology: Expansion
Dist./Pos./Redshift - Nuclear Physics
Acceleration - Astrophysics

Tidal coupling and disruption: Jet/Enrichment:

-~ @




What can we learn from Gravitational Waves?

- What we measure: - What we can learn about:
Masses - Gravity
Spins - Space time: Extra Dim”
Eccentricity - Cosmology: Expansion
Dist./Pos./Redshift - Nuclear Physics

Acceleration - Astrophysics



How do Black Holes Form and Merge?

Astrophysics

dial BHs

- Primor
- Galacti

/

c Nucle

- Supernovae

- [solated BSE
- 3,4-body BSE

- AGN Disk

- NS Mountains
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But where do they come from?
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What is the origin of BBH mergers?

Clusters parameters Field

Eccentricity
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[ ejected mergers (outside cluster)
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[ ] ejected mergers (outside cluster)
[C1 2-body mergers (inside cluster)
[T 3-body mergers (inside cluster)
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THE FORMATION OF ECCENTRIC COMPACT BINARY INSPIRALS AND THE ROLE OF GRAVITATIONAL WAVE
EMISSION IN BINARY-SINGLE STELLAR ENCOUNTERS

JOHAN SAMSING', MORGAN MACLEOD?, ENRICO RAMIREZ-RUIZ®
Draft version October 29, 2018

ABSTRACT
The inspiral and merger of eccentric binaries leads to gravitational waveforms distinct from those generated
by circularly merging binaries. Dynamical environments can assemble binaries with high eccentricity and peak
frequencies within the LIGO band. In this paper, we study binary-single stellar scatterings occurring in dense

<D Y Y $ eccentric black hole mergers forming in globular clusters
. Samsing, 18.
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THE FORMATION OF ECCENTRIC COMPACT BINARY INSPIRALS AND THE ROLE OF GRAVITATIONAL WAVE  Binary Black Hole Mergers from Globular Clusters: Masses, Merger Rates, and the

EMISSION IN BINARY-SINGLE STELLAR ENCOUNTERS Impact of Stellar Evolution
JOHAN SAMSING', MORGAN MACLEOD?, ENRICO RAMIREZ-RUIZ
Draft version Ocsober 29, 2018 Carl L. Rodriguez,! Sourav Chatterjee,! and Frederic A. Rasio!
! Center for Interdisciplinary Exploration and Research in Astrophysics (CIERA) and Dept. of Physics and Astronomy,
ABSTRACT Northwestern University, 2145 Sheridan Rd, Evanston, IL 60208, USA
The inspiral and merger of eccentric binaries leads to gravitational waveforms distinct from those generated (Dated: March 25, 2016)
by circularly merging binaries. Dynamical environments can assemble binaries with high eccentricity and peak The recent discovery of GW150914, the binary black hole merger detected by Ady i LIGO.

frequencies within the LIGO band. In this paper, we study binary-single stellar scatterings occurring in dense
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ABSTRACT Northwestern University, 2145 Sheridan Rd, Evanston, IL 60208, USA
The inspiral and merger of eccentric binaries leads to gravitational waveforms distinct from those generated (Dated: March 25, 2016)

by circularly merging binaries. Dynamical environments can assemble binaries with high eccentricity and peak
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Background

THE FORMATION OF ECCENTRIC COMPACT BINARY INSPIRALS AND THE ROLE OF GRAVITATIONAL WAVE Eccentric Black Hole Mergers Forming in Globular Clusters
EMISSION IN BINARY-SINGLE STELLAR ENCOUNTERS
JOHAN SAMSING', MORGAN MACLEOD?, ENRICO RAMIREZ-RUIZ Johan Samsing*
Draft version October 29, 2018 Department of Astrophysical Sciences, Princeton University,
ABSTRACT Peyton Hall, 4§ Ivy Lane, Princeton, NJ 08544, USA.
The inspiral and menger of eccentric binaries leads to gravitational waveforms distinct from those generated We derive the probability for a newly formed binary black hole (BBH) to undergo an eccentric
by circularly merging binarics. Dynamical environments can assemble binaries with high eccentricity and peak gravitational wave (GW) merger during binary-single interactions inside a stellar cluster. By in-

frequencies within the LIGO band. In this paper, we study binary-single stellar scatterings occurring in dense tegrating over the hardening interactions such a BBH must undergo before ejection, we find that

the obscrvnblc rate of BBH mergers with eccentricity > 0.1 at 10 Hz relative to the rate of circular

il as ~ 5% for a typical globular cluster (GC). This further suggests that BBH
megfers forming throug
stitute ~ 10% of thy

GW captures in binary-single interactions, eccentric or not, are likely to
otal BBH merger rate from GCs, Such GW capture mergers can only

’___

Post-Newtonian Dynamics in Dense Star Clusters: Formation, Masses, and Merger

Clusters give rise to Our two methods Rates of Highly-Eccentric Black Hole Binaries
Carl L. Rodriguez,! Pau Amaro-Secane,? Sourav Chatterjee,® Kyle Kremer,*

predictable outcomes. greatly complement Frederic A. Rasio,' Johan Samsing,® Claire S. Ye,* and Michael Zevin*

each other! . Using state-of-the-art dynamical simulations of globular clusters, including radiation reaction
during black hole encounteseaad a cosmological model of star cluster formation, we create a realistic

Pen and paper can population of dyns

that in the local @hiverse, 10% of thes blnarias form as the result of gravitational-wave emission

reach percent precision! between unbound

having eccentricities de

Rirrent ground-based gravitational-wave detectors. The mergers
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MODEL:
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How do BBHs form and merge” What is the peak freq. dist?
Correlate this with e!



Formation Rate I [rnd. norm.]
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Merger Type: Single-Single C
apture:
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Merger Type: Single-Single

| | | | | |
[] ejected mergers (outside cluster)
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Distribution depends on:
BH distribution (Plummer/Uniform..)

S-S captures do not only Binary Fraction

' i il S€e our new paper.
operate in Galactic Nucler! ‘GW captures of single BHs in GCs'

(Samsing, et al. 2019)




Few-body BBH mergers: Formation of a BBH
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Merger Type: Ejected Merger

SMA ejected ' 2-body  :3-body
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Merger Type: Ejected Merger

Formation Rate T" [rnd. norm.]

Circular GW sources
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Merger Type: 2-body Merger
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Merger Type: 2-body Merger
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Merger Type: 2-body Merger Eccentric LISA sources
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Consider again the characteristic time-scale argument:
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Merger Type: 3-body Merger

Post-Newtonian




Topology

: 3-body Merger
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erger Type: 3-body Merger Topology

Endstates
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b [SMA]

3
f [radians]

Y




t parameter b

impac

Endstates

JUTIA

MD

100

[cT]Sd

[eTlsd

[ezlsd

3 4 5 6
binary phase f



Merger Type: 3-body Merger
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Merger Type: 3-body Merger

.c""...-'.....-......‘Q... E I ; : /( )

Q

-

" stellar halo ..

8O 2/1 a \ "

R | —
24/2 8 7.

-

- -

- - -y -,
~ -

-
-- -

-—-ammem == -
-
--




Merger Type: 3-body Merger
3-body Ecc. Probabillity:
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Merger Ty pe - 3_body Merger Eccentric Black Hole Mergers Forming in Globular Clusters

Authors: Johan Samsing
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Merger Type: 3-body Merger
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Comparing binary-single and single-single:

ninary fraction
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Can we here probe the BH core properties?



Merger Type: 4-body Merger
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Merger Type: 4-body Merger
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Merger Type: 4-body Merger
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ejected mergers (outside cluster)
2-body mergers (inside cluster)
3-body mergers (inside cluster)
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Merger Type: Secular-processes
- work done with Adrian Hamers (I1AS)

weak




Merger Type: Secular-processes
Why is this important”

1.order (Heggie, Rasio 96)
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non-parabolic limit...

16  Hamers & Samsing
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Terms of order

Number of terms in Ae
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Merger Type: Secular-processes

PN effects?
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Merger Type: Secular-processes
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Results from our MC code
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Future Overview

Cluster Evolution
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