The Present and
Future of
Gravitational Wave
Astrophysics

A short summary of team Taiwan
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The first gravitational wave event GW150914
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Key Messages from the First Discovery
* Gravitational wave is real
* Further confirmation of Einstein’s General Relativity
* Black hole is real and multiple black holes can merge together

1 Supermassive BH (~10%° M)

P,
Stellar-mass BH ‘

(~10-100 M

sun)
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2017 Nobel Prize in PhySics
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Short Bursts of Gravitational
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Laser Interferometer Gravitational-Wave
Observatory (LIGO)

LIGO Hanford Observatory LIGO Livingston Observatory
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Cumulative #Events/Candidates
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Cumulative Count of Events and (non-retracted) Alerts
01 =3, 02 =8, O3a =33, O3b =23, Total =67

O1

0

02

O3a

O3b

0 100

LIGO-G1901322

200

300 400 500 600
Time (Days)

700

Credit: LIGO-Virgo C

37 56
cwiso4n2 GW190413.0529

GWI90728.064510 | GWI907311409%6

61 102
GWI20926.05033 | GW190929.012149

GW190803.022701

19
GW190930.133541

GW190805. 237

GW190628.063405

GWI90828.065509

GW190910.112807

59
GW190517.055101

GW190403.051519

GW190924.021846.

AN S o

NATIONAL TSING HUA UNIVERSITY

GW190408 181802

GW190925 232845




EM Neutron Stars

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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Major Discoveries in 2015-2020

* GW from merging binary neutron stars and associated
EM counterparts

* GW from neutron star-black hole mergers
* Formation of intermediate-mass black hole
* GW from compact objects in the mass gaps
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GW from merging binary neutron stars and
associated EM counterparts

* Two in total (GW170817
and GW190425)

* GW170817 is assocated
with a short gamma-ray
burst and has gamma-ray,
X-ray, optical, IR, and radio
counterparts

* The combined mass of
GW190425 is 3.4 Mg,
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Formation of Intermediate-mass BHs

The first GW event
* Three in total T T
* The most massive one is 142 Mg~ | |
+ GW190521 (85+66 M) o .
Masses in the Stellar Graveyard @ i
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Mergers of Neutron Star and Black Hole

* Three in total

* One of them has an
extreme mass ratio (31 Mg

BHand 1.2 Mg NS)
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Localisation is difficult
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Localisation is difficult
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Operational
Planned

)
Gravit%tional Wave Observatories
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Kamioka Gravitational Wave Detector
KAGRA

ABBRRENREER

L
(5 B R 88 2P [E)ET)

XMASSI S a5k

A=I—=DEAN>FT

TWmhS
1000X—KJL

5%
s
%5




SR o) = e 3 4
@) B g
2277 NATIONAL TSING HUA UNIVERSITY

Nz Z: Hinokami Kagura
f




B = Hf - -

NATIONAL TSING HUA UNIVERSITY

The Roy vedish Academ s has decided to award the

2015 NOBEL PRIZE IN PHYSICS

Takaakl Ka ita and
Arthur B McDonald

“for the discovery of neutrino oscillations, which shows that neutrinos have

: Nobelprlze.org

EARRI

Prof. Takaaki Kajita



B = Hy 3 < 4

NATIONAL TSING HUA UNIVERSITY

|

v "i“-.‘l‘-"{":: -




R A G

Institute of Astronomy -

)

= NATIONAL TSING HUA UNIVERSITY

3 GWs 8 GWs 79 GWs

Starting from 2023 March

Updated
16 June 2022

LIGO

Virgo

KAGRA

e Ol = 02 =m O3

80 100 100-140
Mpc Mpc Mpc
i B
30 40-50
Mpc Mpc
.
0.7
Mpc

mm 05

240-325
Mpc

150-260

G2002127-v12

2015

2016 2017 2018 2019 2020 2021 2022 2023




B) 8l

22277 NATIONAL TSING HUA UNIVERSITY

%lG@))

* NTHU, NTNU, NYCU, NCU, NCKU, TKU, AS/loP, and NCHC are
members of KAGRA

 KAGRA is in a collaboration with LIGO and Virgo (LVK
Collaboration)

* All KAGRA members can work inside LVK for data analysis

* KAGRA performed the first science run in April 7-21, 2020
* Only GEOG600 is available. LIGO and Virgo were shut down
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Coating of LIGO’s mirrors Squeezing in KAGRA
(PI: S. Chao @NTHU) (PI: R.-K. Lee @NTHU)
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Coatmg of LIGO’s mirror developed at NTHU
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GW Data Analysis in Taiwan

» “Service” data analysis with standard pipelines (NTHU)
* GRB search (ApJ, 2022, 928, 186)
* Fast radio burst (FRB) search will start soon
* Core collapse supernova search
e Offline parameter estimation

* Waveform development of core collpase supernova (NTHU)

* Machine learning development on GW data analysis
* Parameter esimation with ML (AS and NTNU)
* GW detection with ML (NTHU, NYCU, NCKU)
e DeepClean method on noise reduction (NYCU, NTHU)
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Matched filtering technique

Hanford, Washington (H1) Livingston, Louisiana (L1)

T T T T T T T T

1.0
0.5
0.0
0.5

: '1 0 = — H = L1 observed | ' -
'T‘ H1 observed (shifted, inverted)
o | | | T T | |
— T T T T T T T T
< 10} .
=
m 0.5 I~ =~
5
n 0.0
-05EL -
-1.0 H — Numerical relativity - H — Numerical relativity -
Reconstructed (wavelet) Reconstructed (wavelet)
B Reconstructed (template) i i B Reconstructed (template) | |
T T T T
05F T T T T F T T T T
0.0 WW\‘WW/WWWWM WWWW\V\’\W\\/W‘“
-0.5 _— Residual 1= Resndual ]
(Y]
512 s
N 8 =
= 256 g-
> 6
) ©
c 128 °
v 4 9
2 N
S 64 L
T £
w 32 =
0o
0.35 0.4 0. 0.35 =z

Time (s) Time (s)



Development of Hilbert-Huang
Transform (NCUE+NCKU+NTHU)

 HHT search for binary BH mergers

 HHT search for core-collapse supernovae

Hu+ submitted
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Core-collapse SNe (K.-C. Pan@NTHU)

e Construction of waveforms of CCSNe via 3D
simulations

* Provided waveforms (s40 models; Pan et al.
2021)
https://git.ligo.org/bursts/supernova/waveforms

(with F.-K Thielemann, S. Couch)
* New High-Res. Simulations (in prep.)
 SPH CCSN simulaations (in prep.)
* GPU-based CCSN simulation
* Machine learning methods for CCSN parameter
estimation and waveform generation
* Rotational rates and nuclear EoS estimation
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pectrograms of CCSNe
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Bayesian Neutral Network on GW Detection
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GW Background (PI: G.-C. Liu @TKU)

* Development of python based isotropic GWB pipeline

* All sky GWB map making method using Maximum Entropy
Method

* New algorithm to make anisotropic GWB sky map

e Searching intermittent signals using Deep Learning
* Deep learning method is used to search the intermittent
signals
* Have demonstrated with a toy model. Will update the method
to a more realistic case
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Public Alerts
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Why multi-wavelength and multi-messenger?

Gravitational Wave Electromagnetic Wave

* Dynamics * Localisation

* Progenitor mass and * Physical origin & evolution
nature * Environment (stellar

e Distance population, age, gas...)

e Probe of central * Host (if extragalactic)
engine * Distance

* Increase the confidence of
a GW detection



How to trigger?

* A trigger can be in two ways
*GW > EM

* A quick response is required

e Positions should be sent to telescopes asap (within minutes)
*EM -> GW

* A targeted search for GW

* |t is not time critical but requires coordination

* GW data analysis is critical
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Constraining the jet structure of GW170917
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What do we expect for 047

* More GW sources with EM counterparts
* What about systems with BH?

* Physical nature of mass gap sources

* The maximum mass of BH and NS

* BH spin

* GW from exotic binaries such as FRB and magnetar

e Continuous GW from neutron stars

* GW background

* If we are really lucky, GW from a nearby core collapse supernova



