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“exceptional advancements in our understanding of fundamental physics,
the dynamics of dense matter, and the cosmic history of compact objects.”

quoted from abstract of Capote et al. (2024)



Constants and Units

(to two significant digits)
Gravitational constant G = 6.7x10%ergcmg >
Speed of light c = 3.0x10"%cms™!
Solar mass M, = 20x10¥3g
Solar luminosity L = 38x10*¥ ergs™!
Solar radius re = 7.0x10em
Astronomical unit 1AU = 15x10%em
Parsec 1 pe 3.1 x 10" em = 3.3 1.y.

Year 1 yr

3.15x 10" s
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Multi-Messenger Astronomy (MMA) CI &

.O,.
Tl
g =
V‘l
pra
Q.
R




)

R

[S i3]

ofl =]

MH KIr

Kk Wﬂ ol

| o ok
0

(TSRS of

_A._o M E._._

o & o

=~ K S~

or Kr I

= = o f
T A

(Vs
Q
O
| -
>
O
(Vs
Q
>
(O
>
©
C
O
)
(q0]
=
>
(O
| -
o]0)

KK

)

SHOR F

oFd -
. [ — E
= — % -
KK — I
~N o Ok
IH <A K

0| Z2|0| A= 10-2000 Hz CHY 9

=

/A

=

—_
o

€ 0|2 ME/TN =1

~
L

(22) 7|

[
)

J

i



AL #A] + AHE| D%



|_A—|O,:I E OI uEI:H-I.'X_”u

L — |
ransients” = one—tlme strong emission of lights
|.

?)

(
CE

10-2000 Hz CHE O = &
T2 "SYUEN" 2



rud
=

A compact object

| X
==

(]

!

White dwarf (WD), Neutron star (NS) and Black hole (BH)
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The basic physics of the binary black hole merger GW150914

LIGO Scientific and VIRGO Collaborations™**



fou=2 forp distance  chirp mass

) I fio 2/3 1 kpe M\
q=1. -2t | 8w
ho = 1.5 10 (m 3 Hz) ( ; ) (_u.)

characteristic binary mass = chirp mass (M)
Mc=1.2 Msun, ml=m2=1.4 Msun.

[Image: NASA)

At faw=100 Hz, r=100 Mpc, ho=1023
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An example signal from an inspiral gravitational wave source [Image: A. Stuver/LIGO]



= 2 = Black Holes (BHs)

BBH = binary black holes
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International GW Detector Network

2015-now : 20-2000 Hz, Earth-based km-scale laser interferometers (3-4km)

Credit:

LIGO/Caltech

2"d generation detectors



International GW Detector Network

2015-now : 20-2000 Hz, Earth-based km-scale laser interferometers (3-4km)

V.

—

Gwis0914 v GW170817 : BINARY NEUTRON STAR
- —‘.V"‘v 'V‘& ————ll
BBH: < 0.5 sec NSNS: ~ 100 s
20-600 Hz Gravitational Wave Observatories 20-2000 Hz
' inspirals only

iInspiral-merge-ringdown

Credit:
LIGO/Caltech

O4a: 2023.05.24 ~ 2024.01.16 (7.5 months)

O4b: 2024.04.10 ~ 2025.6.9 (15 months, longest span!)



https://observing.docs.ligo.org/plan/

Gravitational Wave (GW) astronomy & astrophysics as of today

- various GW sources are expected, compact binary coalescences (CBCs) are detected/observed/cataloged

- diverse types of signals in a time-frequency space are classified, searched, analyzed

- Since GW150914, matched-filtering in 20-600 Hz is proved to be the most successful search scheme for
stellar-mass binary black holes (BBHS)

- good sensitivity toward 2 kHz is important for NS binaries

Extreme mass-
ratio’inspirahy,
N

At present, the 'observable’ GW universe __
is a 'transient’ universe e

Binaries
-BH-and-NS

" .Supermassi'\;e‘BH -

Questions and goals: | —_tat pinares -
e D VA VAVAVAVAVAVAVAVAVAVATAIATAAT AT,
. . .. . 1076 Hz 109 Hz 104 Hz 10° Hz
- Other GWs Wlth dlff origins, Slgna| typeS Microwave background Pulsar timing Space detectors |

- upgrades of existing detectors

- 31 generation detectors

- beyond the LVK band observations
(PTA,LISA,deci-Hz, ...

Credit: Jan Harms
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Inspiral motion
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Compact binary coalescences (CBCs) samples

4 catalog papers : GWTC 1, 2, 2.5, 3 "CBC transients only”
Mostly BBHs, SNRs are dominated by inspiral phases

TABLE 1lI. Event  my/Mo my/Mo M/Mo  yaxr  Mi/Mo  a;  Ena/(Moc®) £peac/(ergs™) di/Mpc  z  AQ/deg’
from GWTC-1 GWI150914 35.6%37 30.6739 286717 —0.017012 63.173¢ 069700 31204 36104 x10% 4407139 009108 182
GWI151012 2327147 136541 152720 0057030 3561198 06770 1.670¢ 32108 105 1080730 021709 1523
11 events GWI51226 137488 77722 89103 0.1830% 2050 0741007 10100 34107 10% 450180 0.0910% 1033
. . R 2 =23 B =0 =15 0 T=0.05 =02 i - =
an\lllgdwg - GW170104 30.87]7 200737 214773 —0.04101] 48.973) 0.66107F 22707 33100 x10°° 990750 0201065 921
-IN> Inspira GW170608 11.07°3 7.6114 79792 003700 17.8134 0.6910% 09790 35104 x10% 320120 007108 392
GW170729 50.24187 34.0%7)!, 354755 0377031 79.5107 081107  4.877 42107 x 10% 2840135 0.4970)) 1041
GW170809 35.0°%3 238721 2492  0.08'07 56337 0701008 2.750% 35108 x10% 1030733 0.201055 308
GW170814 30.673§ 252775 24171 0075017 53257 0721007 27507 37103 x 10 60075 0.12100; 87
GW170817 146012 127409 1.186*0%! 0.00%09? <28 <089 >004 >0.1x10° 40*7 0.0110% 16
GWI170818 35.47]7 2673 26577 —0.0910F 59.4737 0671000 27707 34103 x10° 1060755 0217007 39
GW170823 39.57L%2 290187 202146 0.097022 6541101 072200 33710 36107 x 10 19407900 0.357012 1666

—0.15




h(f) [1/sqrt(Hz)]

Binary black holes (BH-BH binaries)
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Eccentricity and masses of dynamically-formed BBHs

il -y

sl

0.0

"

lsnlated

I|l.l ted

(.0
1“—|.|.|

10~°

0= 104

£ N

Fumagalli et al (2024)

[n-cluster

GW capture [

10~=

N{mgy)

dynamic pop : Rapster + CMC “Monte Carlo”
Isolated (disk) pop : StarTrack

(eccentricity is defined at 10 Hz, e_thr = 0.05

N{m_)/ N(m,;)
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1.0
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2.0

2.3

BH mass ratio (mj/m3)

3.0

Bae, CK, et al. (2014), Park, CK, et al. (2017)

N-body, 30% of BBHs are ejected,

30% of ejected BBHs are merging ones

StarTrack BH distribution = equal-mass CBCs are

majority among the ejected binaries



NS-BH binaries from O3 : GW200105, GW200115

THE ASTROPHYSICAL JOURNAL LETTERS, 915:L5 (24pp), 2021 July 1 Abbott et al.

GW200115 ' ‘ ' & 1 600p| —  high spin | GW200105 |

LIGO Hanford 2.50F AT | = lowspin | B GW200115

500F

10%

GW200105 100

Normalized energy

0 2 4 6 8 10 12 14

10 2. 400¢
: 10% g \ -~
10° =T L.75F =
e = LIGO Livingston ) [ oy
) E —  high spin \
= = 150k \ ) ] 1 Q.‘ilnl-
B i 2 100 2 \ == low spin
z g 155 \\ M CW200105
2 = 20 \
= 10 10 ) W G\W200115 X 200F
10? 103 LOOF B GWI90814
GWI190426.152155
0 5 0 95 1004 y 75 ;
100 100 ' o ”‘ & 2 25 7 ,. 37 m
1 \d o)
10 10 I O O
2 =y g om0 ) S 10 0 Abbott et al. (2020)
Time (seconds) Time (seconds)

https://iopscience.iop.org/article/10.3847/2041-8213/ac082e/pdf

guestions on populations

heaviest NS vs lightest BH : precise mass measurements
Inverted evolution : NSBH like PSR J1906+07467



https://iopscience.iop.org/article/10.3847/2041-8213/ac082e/pdf

NS-BH binaries from O3 : GW200105, GW200115

2.0 =

Z=2Z4
= Y, core
?g no fallback
; l"t'll"rrm:lv::"H:”‘::r ME)
g
:

millisecond pulsar mass M, [M]

Pejcha et al. (2012)
pulsar vs companion masses

guestions

—  high spin

= (;\\"ﬂmii;‘.

W G\W200115

W GWI%0814
GW190426.152155

/s /
/>
(%

== low spin |7

A 7l A
10 5 20
my (M)

Abbott et al. (2020)

600F —  high spin
- low spin
500F
2. 400}
=
Q S00F
200+
100 —————

'El GW200105 |1
B GW200115

https://iopscience.iop.org/article/10.3847/2041-8213/ac082e/pdf

mass and spin: precise mass/spin measurements

Inverted mass-transfer : a NSBH like PSR J1906+07467?

+ EM counterparts, rates, test of GR . .


https://iopscience.iop.org/article/10.3847/2041-8213/ac082e/pdf

NS-NS binaries: localization, masses, NS EOS

GW170817/GR170817A (NS-NS) : clear chirp from inspiral motion of the two NSs. Best localization was possible
due to its proximity (40 Mpc) + GW polarization wrt response function of L1,H1,V1 detectors
=» radio to gamma-ray follow-ups, host galaxy (NGC4993), NS-NS merger/short GRB/kilonova scenario

Not so lucky for GW190425 (200 Mpc) for other NS-NS candidates

— SQM1 — AP1 — AP4 — MS2 — WFF2 H4
— SQM2 — AP2 — MS0 —— SlLy4 — WFF3 — ENG

— SQM3 ~ ‘AP3 — MS1 — WFF1
. . . ; . . . ; - . . ; .

3.0

PSR J1614—2230

T 8 10 1 11 16
R (km)

Hu et al. (2023) https://arxiv.org/pdf/2303.17185

o] — x <08

I X < 0.05

% 81 ------ QGalactic BNS

'T:'J.

Z 6

2

§. 4 1

E )

[ 24 ’:'.‘ | T“.,‘.l i
AN

000 255 250 275 300 395 350 355 4.00

Mot (ﬂf @)
Abbott et al. (2020) https://arxiv.org/pdf/2001.01761



https://arxiv.org/pdf/2001.01761
https://arxiv.org/pdf/2303.17185

Multi-Messenger Astronomy (MMA) prospects for NS-NS binaries

- 3-detector observation for better localization [ Y ]

- Good sensitivity toward 600+ Hz to measure tidal deformability parameters from inspiral signals [ N ]

- Accessibility in 3-6 kHz band for observing the merger phase & remnant [ N |

15h 12h
8h A
-30° » -30°

I I I 1

0 2580 IS
Mpc

Fig3. from Abbott et al (2017) ApJL



Supernova /
Red Supergiant ARt Neutron Star

Large Star

Black Hole

http://essayweb.net/astronomy/images/Stellar Evolution large.jp
a




isolated binaries formed and resided in a galactic disk

Credit: ESA/Gaia



Evolution of a binary

‘standard” binary evolution
in a galactic disk

= initial conditions
(mass ratio, separation,
metallicity)

= common envelope

" Ssupernovae

= mass/angular momentum
transfer

and many more!
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https://www.nature.com/articles/nature18322



Some binaries can be formed in
dense stellar environments ! tt (00 : 16.76
stellar dynamics are important

Credit; NASA/HST .

.
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eccanlricity

o L N animation by Dawoo Park




NOTE: Residual eccentricity as a systematic uncertainty on the formation channels of binary black holes

Fumagalli et al. (2024)

0.0 = = s

__ Isolated In-cluster
0.5 . Ejected GW capture
0.4 1

0.3

0.0 _ ; : -
w0~ 1w0* 1w* 1w 1= 10"

rl’i'.'-

f(e) distribution from astrophysical simulations
dynamic pop: Rapster and CMC “Monte Carlo”
isolated pop: StarTrack

(eccentricity is defined at 10 Hz)

~

GW150014 GW 151226 BNS
o (10 Hz) | AT(0.0) AT(0.09) AT(0.000)] AT(0.0) AT(0.09) AT(0.000)| AT(0.9) AT(0.99) AT(0.999)
107 0.0525d 0.2903d 1.08d 0356d 199d  7.3ld 125d  699d 257d
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1[‘]—3
10~
10—*

18 d 0.282 yr  1.04 yr
170 yr 949 vyr 349 yr
710 yr 31900 yr 117000 yr
1.92 Myr 10.7 Myr 39.4 Myr

0.343 yr 1.91 yr T7.04 yr 12.1 yr 67.3 yr 248 yr

115 yr 643 yr 2370 yr 4050 yr - 22600 yr 53200 yr
38 T00 yr 216000 yr 795000 yr [1.36 Myr 7.60 Myr 28.0 Myt
13.0 Myr 72.6 Myr 267 Myr |0.457 Gyr 2.55 Gyr 9.39 Gyr

Favata, CK, et al. (2021) /




binary motion and GWs

let's consider binaries consisting of
compact objects

rg‘
"‘R\J
...................... o'm,z
. *
3 ol
= <% :
g7 - -
£u| * ?L -
3 * () -
-rl_ {;USI 11‘_ ﬁ + :
. - ey 1

-
»
=
N L2 13 macoswt
1 4 =
. o

Figure A1 Atwo-body system, r; and 11 orbiting in the x)y-plane
around their C.O.M.



Ofl = _ » GW h(f)
UL} h(f) = Ae’™ > amplitude, phase

= JHEEZ (M1, m2), E&H|(g=m2/m1, m2 < m1)

= X ZZF chirp mass > M FES 5L

« A& Z2FH| symmetric mass ratio > 30} 9ate %2

-

n=mymsy/(my+my)~

deioh O B3 > ¥ §2 L A

—



GW emiSSion modeling based on https://link.springer.com/article/10.12942/1rr-2009-2

6.5.3.2 Evolution equation for the orbital phase. Starting from these expressions, one
requires that gravitational radiation comes at the expense of the binding energy of the system

(see, e.g., [134]):
_ r .
fax 7= % ener| hoos lumineentags)

the energy balance equation. This can then be used to compute the (adiabatic) evolution of the
various quantities as a function of time. For instance, the rate of change of the orbital velocity
w(t) = v* /M (M being the total mass) can be computed using:

do(t) dwdvdE 3 F(v) dv dvdE —F(v)
it dvdE dt M E'(v)’ dt dE dt  E'(v)’

where E'(v) = dF /dv. Supplemented with a differential equation for ¢,

dt dE E'(v) N
U=GFde = F 7

one can solve for the evolution of the system’s orbital velocity. Similarly
orbital phase ©(t) can be computed using

dp(t) w3 dv  —F(v)

dt M’ dt  E'(v)’




orbital evolution based on
« e . https://arxiv.org/pdf/2204.04449.pdf
and GW emission timescale

b 5D[}(_’.5
© 256n(GM)3

point-mass, no spin, circular orbit
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Linear fit of f&?( t) from combined H1, L1 strain
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Figure 3 A linear fit (green) of f8/3(t).WhiIe this interpolation

used the combined strain data from H1 and L1 (in fact, the sum
of L1 with time shifted and sign-flipped H1, as explained). A simi-
lar fit can be done using either H1 or L1 strain independently. The



Chirp mass: M= (mymy)*s ¢ [i,,—mf—luzjc] 3/5

Mass ratio: ob: Mo
m,
(myo<m, )
1.5
1.0 4
= 05
o
Z 0.0
£
S 05
[72]
-1.0 H1 waveform model - GW150914
— H1 waveform model - low mass
_1 5 T T T T
-0.20 -0.15 -0.10 -0.05 0.00 0.05

time (s) since September 14, 2015 09:50:45 UTC
38

original slide credit: Vivien Raymond



strain (1072!)
o
o

-0.5
-1.0 H1 waveform model - GW150914
—— H1 waveform model - high precession
_1 5 T T T T T
-0.5 -0.4 -0.3 -0.2 -0.1 0.0

39
original slide credit: Vivien Raymond



spin directions and eta : GW200105 (BH-NS)

33 1

Consider the BH spin only: alz — down

L
=
L

Compare two examples:
alz= or alz=-0.5 (down)
Spin directions does not change SNR

fud
LA
1

=
L
1

When a black hole's spin is down (anti-aligned
with its orbital angular momentum), the equal-
mass posterior can be completely ruled-out.

=t
=
1

Lun
]

Probability density
)
=
_l_l__li_l—-l—

e, .

ﬂ L] I ] L] | I I
0.0500 0.0833 0.1167 0.1500 0.1833~0.2167 0.

a poster @ LVK Meeting March 2023 (G2300256-v2) symmetric mass ratio
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Precessing binary black hole inspiral waveform, m1 = 0.5, m2 = 5 solar masses;
spinl = 0, spin2 = 0.99 (Kerr dimensionless spin parameter);

spin2 initially misaligned from initial orbital angular momentum by 60 degrees;
detector direction 140 degrees away from initial orbital angular momentum;
initial frequency is 2 f_orb = 40 Hz; ending frequency is 2 f_orb = 4282 Hz.

from Neil Cornish’s presentation (2006)
https://indico.cern.ch/event/626266/contributions/2807647/attachments/1593043/2522572/SF6.pdf
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How many parameters are required to describe the GW waveform

CBC = compact binary coalescence = collision of two compact objects

These are direct observables available by GW observations

@ two masses (m1, m2) or (eta, chirpmass) etc...

CD AL. (luminosity) distance

polarization (of gravitational radiation) “angle wrt LOS")

phase

inclination (angle of an orbit w.rt. the line of sight)
@ (4 eccentricity

@ ,(:c coalescence time

two parameters to determine the location in sky (RA, dec)
(?;) “latitude, azimuth angle in the Galactic coordinates)

'{'@%f ?,,g; + @ for e > 9 ~ | pavamS



Strain (x10~2%)

2.0

1.5¢

1.0¢

“JWP‘Q‘J’

—-1.0p

0.5

0.0

—-1.5¢

stepl: varying (m1,m?2) to find the “phase”
step2: varying d to find the “amplitude”

in fact, step 1,2 are done at the same time (m1,m2,d)

==>9~16 parameters to fully characterize a binary
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physical parameters in terms of probability density

functions
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.116.241102
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GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the

First Half of the Third Observing Run

. 3/5 . . . ~
chirp ,, _ (mimy) effective  (miX1 + maX2) - Ln
mass (my + mg)1/5 spin Xeft = my + ma
Event M M mi ma Xeff Dy, z M X£ AQ SNR
(Mo)  (Mo)  (Mz)  (My) (Gpe) (Mo) (deg”)

GW190408_181802
GW190412

GW190413.052954
GW190413.134308
GW190421_213856
GW190424_180648
GW190425

GW190426_152155
GW190503.185404
GW190512.180714
GW190513.205428
GW190514_065416
GW190517.055101
GW190519.153544
GW190521

429751 183713 24575 183732 —0.037013 1.5870:23 0.30799% 41.073% 0677005 140 15.37)2
38.473% 133704 300737 83718 025709% 0.74701% 0.157002 373730 0677022 21 189792
56.975%1 24.0757 33.471%* 234787 0.017033 4.107755 0.667030 5437141 0.6970 13 1400 8.970%
76.1712-2 319772 45.471%¢ 30.971%% —0.017032 5.157233 0.807039 72.87152 0.697019 520 10.070%
7T1.871%5 30.77535 40.6715%* 31.4713 —0.057522 3.157137 0.5370-15 68.67157 0.687019 1000 10.77)2

7075034 30.3157 39.550%° 310773 015502 2557138 0.457022 67.151%° 0757008 26000 10.4702
34707 144700 20105 147053 0.06155; 0167557 0.03150, - ~ 9900 124703
7.2732 2417008 57739 15708 —0.037032 0.387010 0.08700; - 1400 8.7703

71.3723 30.17%2 429792 285773 —0.027922 1.5270 7 020701 68.2737 0677095 94 124752
35.6739 145712 230734 125732 0037913 1497933 0287099 3492739 0657007 230 12.2792
53.6755 215739 353795 181753 0.12703% 2167555 0.39701% 513731 0697015 490 129703
64.2716:5 274759 36.971%1 275752 _0.167028 493727 0777932 61.671%° 0647011 2400 82703
61.972%°0 26.0752 36.471%% 248799 0537020 2117179 0.387028 57.8707 0877002 460 10.770%
104.27145 43 5768 g4 57113 39 gT11.0 () 3370.19 9 857202 497027 9g. 7“1?13 0.807%%7 770 15.6792

157.9737-4 66. 9“5 5 91.47222 6687207 0.0679-3L 4537230 0727022 150.3* 380737011 940 14.2703

TABLE VI. Median and 90% symmetric credible intervals on selected source

pDarameters



example
of GW data
analysis results

he=F by + FOh,

h (1) = Agw(1)(1 + cos’t) cos daw (1),
h, (1) = =2Agw(1) costsin pgw(1),

week ending

PRL 116, 241102 (2016) PHYSICAL REVIEW LETTERS 17 JUNE 2016

B

Properties of the Binary Black Hole Merger GW150914

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 18 February 2016; revised manuscript received 18 April 2016; published 14 June 2016)

WEEK enain

PRL 116, 241102 (2016) PHYSICAL REVIEW LETTERS 17 JUNE 2016

TABLE 1. Summary of the parameters that characterize GW 150914. For model parameters we report the median value as well as the
range of the symmetric 90% credible interval [4]; where useful, we also quote 90% credible bounds. For the logarithm of the Bayes
factor for a signal compared to Gaussian noise we report the mean and its 90% standard error from 4 parallel runs with a nested sampling
algorithm [5]. The source redshift and source-frame masses assume standard cosmology [6]. The spin-aligned EOBNR and precessing
IMRPhenom waveform models are described in the text. Results for the effective precession spin parameter y , used in the IMRPhenom
model are not shown as we effectively recover the prior; we constrain y, < (.71 at 90% probability, see left panel of Fig. 5. The Overall
results are computed by averaging the posteriors for the two models. For the Overall results we quote both the 90% credible interval or
bound and an estimate for the 90% range of systematic error on this determined from the variance between waveform models. The sky
location associated with GW 150914 is presented in Fig. 4 and discussed in the text.

EOBNR IMRPhenom Overall
Detector-frame total mass M /M, 703133 7095 70.6 6503
Detector-frame chirp mass M /M 30.2ff_€ 30-6::_'3 30-4fr_1:0_'52
Detector-frame primary mass m; /M, 394433 38.5138 38.9178508
Detector-frame secondary mass m, /M 30.9f3_;? 32-2:43_'3
Detector-frame final mass My /M 67.17;¢ 67-6:3?_'; 674750505
Source-frame total mass M /M 650137 65.0 3 65.0 F7508
Source-frame chirp mass M /M 27.945 28.171 28.0579503
Source-frame primary mass m{™™* /M 363773 353537 35.8739 50
Source-frame secondary mass m$™"™/M 28.6774% 296533 29.135=01
Source-frame final mass M*""™ /M, 62,0154 62.0'37 62.0/ 31507
Mass ratio g 0.79%51 084333 0.825 202003
Effective inspiral spin parameter y; —0.0910:12 —-0.05' 512 ~0.07257%505
Dimensionless primary spin magnitude a, 0.32°0% 0321033 0.32/ 049006
Dimensionless secondary spin magnitude a, 0.57:3';1? 0-341'8?? 0-441—3'2353'3;1
Final spin a 067505 0.66 056 0.6725 072002
Luminosity distance D; /Mpc 3901170 4401130 410180520
Source redshift z 0.0831953% 00931553 0.0889637 5008
Upper bound on primary spin magnitude a,; 0.65 0.74 0.69 = 0.08
Upper bound on secondary spin magnitude a, 0.93 0.78 0.89£0.13
Lower bound on mass ratio ¢ 0.64 0.68 0.66 £0.03

Log Bayes factor In B, , 288.7+£0.2 2903 =0.1
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Figure 1 The instrumental strain data in the Livingston detector
(blue) and Hanford detector (red), as shown in Figure 1 of [1]. Both
have been bandpass- and notch-filtered. The Hanford strain has
been shifted back in time by 6.9 ms and inverted. Times shown are
relative to 09:50:45 Coordinated Universal Time (UTC) on Septem-
ber 14, 2015.
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Figure 2 A representation of the strain-data as a time-frequency
plot (taken from [1]), where the increase in signal frequency
(“chirp”) can be traced over time.



Around the time of peak amplitude the bodies there-
fore had an orbital separation R given by

R= (fiM) " ssokm @
wKEp|ma:(
2Gm m
C Mo

350 km

100 km 100 km
e i
© 200km 200 km

Figure 4 A demonstration of the scale of the orbit at minimal
separation (black, 350 km) vs. the scale of the compact radii:
Schwarzschild (red, diameter 200 km) and extremal Kerr (blue, di-
ameter 100 km). Note the masses here are equal; as Sec. 4.2 ex-
plains, the system is even more compact for unequal masses.
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sky location of GW150914

time delay : 6.9ms between Livinston and Hanford
observatories

150 deg? (50% probability) — 610 deg? (90% probability)

about 31arcmin = 0.5 deg

The angle covered by the diameter of the full
moon is about 31 arcmin or 1/2°, so astronomers
would say the Moon's angular diameter is 31
arcmin, or the Moon subtends an angle of 31

arcmin.

1 deg = 60 armic = 3600 arcsec

20h



short gamma-ray bursts (SGRE *2niuiien™
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..eventually

colliding.

The resulting torus
has at its center

a powerful

black hole. 1

*Possibly neutron stars.



&5 HA=s0oz 2251 O (NGC 4993, d~40 Mpc)
ZHopM ZHE 5 Z 2 - Hi(kilonova) 244 =9I
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‘ »
-
1 reminute - .

Swift's UV/Optical image HST image
~5 hours after GW170817/GRB170817 within 12 hrs

up to 6 days afterwads

Inset: Magnified views of NGC4993 Credits: NASA/Swift
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Applications of multi-messenger astronomy

Nature 551, 85-88 (02 November 2017)

HUbble constant Cosmology High-energy astrophysics

recession velocity = Hubble constant Ho x distance to a celestial body
(Hubble flow)

EM observation
(host galaxies)
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SHoES
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How to improve the precision of D, & sky localization ? = important for MMA
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graph from GW190425 discovery paper
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10 Lookback time

The lookback time ty, to an object is the difference between the age ¢, of the Universe now (at
observation) and the age t. of the Universe at the time the photons were emitted (according
to the object). It is used to predict properties of high-redshift objects with evolutionary
models, such as passive stellar evolution for galaxies. Recall that E(z) is the time derivative
of the logarithm of the scale factor a(t); the scale factor is proportional to (1 + z), so the
product (1+ z) E(z) is proportional to the derivative of z with respect to the lookback time,
or

z dz'
tr, =ty A T 5 (30)

(Peebles, 1993, pp 313-315; Kolb & Turner 1990, pp 52-56, give some analytic solutions to
this equation, but they are concerned with the age #(2), so they integrate from z to oo). The
lnakhack time and ace are nlatted in Fionre A

https://arxiv.org/abs/astro-ph/9905116



. o= MHZ = [
3 Redshift Azt € 3 A2l =0

The redshift z of an object is the fractional doppler shift of its emitted light resulting from s/ 2 E&EIC
radial motion

== % ~1 (8) lookback time, redshift
UD e

where v, and A, are the observed frequency and wavelength, and v, and A, are the emitted.
In special relativity, redshift is related to radial velocity v by

1+2= (9)

where c is the speed of light.

In terms of cosmography, the cosmological redshift is directly related to the scale factor
a(t), or the “size” of the Universe. For an object at redshift z

B ﬂ;(tﬂ)
b

where a(t,) is the size of the Universe at the time the light from the object is observed, and
a(t,) is the size at the time it was emitted.

(12)



Lookback Time

https://www.forbes.com/sites/startswithabang/2020/03/07/ask-ethan-what-causes-light-to-redshift/
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luminosity distanceE 2F T12% Z 7} ULt

2 Cosmographic parameters

The Hubble constant Hy is the constant of proportionality between recession speed v and
distance d in the expanding Universe;

= H[’]d (1)

The subscripted “0” refers to the present epoch because in general H changes with time.
The dimensions of Hj are inverse time, but it is usually written

Hy =100h kms™* Mpc™* (2)

where h is a dimensionless number parameterizing our ignorance. (Word on the street is
that 0.6 < h < 0.9.) The inverse of the Hubble constant is the Hubble time ty

ty = Hi =978 x 10°h yr=3.09x 10" h ' s (3)
0

and the speed of light ¢ times the Hubble time is the Hubble distance Dy

Dy = f:[_ = 3000~ Mpc = 9.26 x 10 h~' m (4)
0

https://arxiv.org/abs/astro-ph/9905116

Distance measures in cosmology

Davip W. Hoca

Institute for Advanced Study, 1 Einstein Drive, Princeton N.J 08540
hoggias.edu

2000 December



These quantities set the scale of the Universe, and often cosmologists work in geometric units
with ¢ = g = DH = 1.

The mass density p of the Universe and the value of the cosmological constant A are
dynamical properties of the Universe, affecting the time evolution of the metric, but in
these notes we will treat them as purely kinematic parameters. They can be made into
dimensionless density parameters {2y and 25 by

81 G py
O =
MM 3H§ (5)
A c?

(Peebles, 1993, pp 310-313), where the subscripted “0”s indicate that the quantities (which
in general evolve with time) are to be evaluated at the present epoch. A third density
parameter {1 measures the “curvature of space” and can be defined by the relation

M+ U+ =1 (7)

3 Redshift

The redshift z of an object is the fractional doppler shift of its emitted light resulting from

radial motion
= = _1= ﬁ —1 (8)
°= Vg e



7 Luminosity distance

The luminosity distance Dy, is defined by the relationship between bolometric (ie, integrated
over all frequencies) flux S and bolometric luminosity L:

L
Dy = —— 20
- 47 S (20)
It turns out that this is related to the transverse comoving distance and angular diameter

distance by

DL = (]_ + Z) DM = (1 -+ Z)E Dﬁ (21)
(Weinberg, 1972, pp 420-424; Weedman, 1986, pp 60-62). The latter relation follows from
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LOCALIZATION AND BROADBAND FOLLOW-UP OF THE GRAVITATIONAL-WAVE TRANSIENT GW 150914

LOCALIZATION AND BROADBAND FOLLOW-UP OF GW 150914

Initial GW Initial Updated GCN Circular Final
Burst Recovery GCN Circular (identified as BBH candidate) sky map
- | " N
Fermi GBM, LAT, MAXI, Swift Swift Fermi LAT,
IPN, INTEGRAL (archival) XRT XRT MAXI
| [
BOOTES-3 MASTER Swift UVOT, SkyMapper, MASTER, TOROS. TAROT, VST, iPTF, Keck, Pan-STARRSI TOROS
Pan-STARRS1, KWFC, QUEST, DECam, LT, P200, Pi of the Sky, PESSTO, UH VST
1 1 [ | 1 111 i L]
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MWA LOFAR  MWA LOFAR LOFAR YA

| | . o . . . — . m Ly 1
10° 10! 107

t — tmerger (days)

https://arxiv.org/pdf/1602.08492



LOCALIZATION AND BROADBAND FOLLOW-UP OF GW 150914

Table 1. Summary of Tiled Observations

Facility/ Area Contained Probability (%)
Instrument Band® Depth” Time"  (deg®) c¢WB LIB BSTR? LALInf GCN
Gamma-ray
Fermi LAT 20 MeV- 1.7x 107" {every — 100 100 100 100 | 18709
300 GeV 3hr)
Fermi GBM 8 keV—40 MeV 0.7-5 % 1077 (archival) —_ 100 100 100 100 | 18339
{0.1-1 MeV)
INTEGRAL 75 keV-1 MeV 1.3 %1077 (archival) — | w0 100 100 100 | 18354
IPN 15keV-10MeV 1x 1077 (archival) — | w0 100 100 100 | —
X-ray
MAXI/GSC 2-20keV 1= 107" (archival) | 17900 | 95 89 92 84 | 19013
Swift XRT 0.3-10keV 5 % 107 (gal ) 23, 1.1 06| 003 018 0.04 0.05 | 18331
24 % 1072 (LMC)  34.1,1 41| 12 19 0.16 0.26 | 18346
Optical®
DECam i,z i< 225, z<2l5 39,522 o] 38 14 14 11 | 18344, 18350
iPTF R R <204 3.1,3.1 130 | 28 25 0.0 02 | 18337
KWFC i i< 18.8 34,1,1 4| 00 12 0.0 0.1 | 18361
MASTER C < 19.9 -1.1,7.7 0| S0 36 55 50 | 18333, 18390, 18903, 19021
Pan-STARRS1 i i< 102208  3.2,21,42 430 28 29 2.0 42 | 18335, 18343, 18362, 18394
La Silla— g.7 r<21 18,501 80| 23 16 6.2 57| 18347
QUEST
SkyMapper iv i<19.l,v<17.1 24,23 | 91 79 1.5 1.9 | 18349
Swift UNOT u w < 19.8 (gal.) 23,1.1 il 07 10 0.1 0.1 | 18331
u u < 18.8 (LMC) 34,1.1 18346
TAROT C R<18 2.8,5, 14 30 15 35 1.6 1.9 | 18332, 18348
TOROS C r<21 2.5,7,.90 06| 003 00 0.0 0.0 | 18338
VST@ESO r re 224 2.9, 6.50 9 | 29 10 14 10 | 18336, 18397
Near Infrared
VISTA@ESQ Y.J Ks J <207 48,7 | 70| 15 64 10 80| 18353
Radio
ASKAP 863.5 MHz 5-15mly 7526 270 | 82 28 44 27 | 18363, 18655
LOFAR 145 MHz 12.5mly 6.8, 3,90 wo| 27 13 0.0 0.1 | 18364, 18424, 18690
MWA 118 MHz 200 mly 3528 200 | 97 72 86 86 | 18345

2Band: photon energy, optical or near-infrared filter (or C for clear unfiltered light), wavelength range, or central frequency.
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Figure2.  Comparison of different GW sky maps, showing the 90% credible level contours for each algorithm. This is an
orthographic projection centered on the centroid of the LIB localization. The inset shows the distribution of the polar angle g,

(equivalently, the arrival time difference Atyy).
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1V > astro-ph > arXiv:1901.01540

Help | Adv:

Astrophysics > Cosmology and Nongalactic Astrophysics

[Submitted on 6 Jan 2019 (v1), last revised 22 Mar 2019 (this version, v2)]

First measurement of the Hubble constant from a dark
standard siren using the Dark Energy Survey galaxies and the
LIGO/Virgo binary-black-hole merger GW170814

SOARES-SANTOS, PALMESE ET AL.

0.012
— DES GW170814
0,010 GW170817
' ShoES

g I Planck
=, 0.008 -
= i
m I
7* 0.006 - i
= i

0.004 |
2, |

0.002 - i

Figure 2. Hubble constant posterior distribution obtained by marginalizing over ~ 77,000 possible host galaxies (red line), showing the
maximum value (solid vertical line). The maximum a posteriori and its 68% confidence level is Hy = 75733 km s~ Mpc™ for a flat prior in
the range [20,140] km s™' Mpc™'. The shaded region represents the change in the posterior when different fractions of the localization volume



p(Ho|dGw ,dem) x p(dcw,dem|Ho)p(Hp)

We assume that all cosmological parameters except for
Hy are fixed (Flat ACDM cosmology with €2,, = 0.3 and
Qp =0.7). We treat the joint GW and EM likelihood
pldew,dem|Hp) as the product of two individual likelihoods
(since the processes involved in producing the data from the
two experiments are independent) marginalized over all vari-
ables except for the true luminosity distance d;, and solid
angle SEGW of the GW source, and for the true host galaxy
redshift z; and solid angle (2;. Note that the solid angles () are
vectors with the angular position of the source/galaxy as di-

rection, and they all subtend the same area (~ 3 x 10~ deg?)
as the sky is pixelized with HEALPI1X maps in this work. If

Example: Marginalization

If ¢(a, b, c) is the potential on the left, then the
marginalization of ¢(a, b, ¢) onto {a, b} is the marginal
of ¢(a, b) on the right.

We also need to marginalize over the galaxies’ redshifts
and sky positions, with a reasonable choice of prior p(z;,(2;).
If one assumes that the galaxies are uniformly distributed in
comoving volume V, and volume—limited within V|;,,:

1 d*v
Vinax dz;d€);

1 rz(z;)
H(z;)

p(z:, ) dz; A o dz; d€); .

3)

dz; df] X

max

a b C ¢(a, b, c)
o o0 |[o 0.1N,| [2__b  ¢@b)
0 0 |1 0.2/ Wy 0.3
1 0 0 0.1—p! 1 0 0.1
1 1 |0 0.1 11 0.2
1 1 |1 01/ 1
P(X)=) P(X,Y=y)=) PX|Y=y)xP(Y =y)




P(A, B|C) = P(A|B,C) x P(B|C)

joint probability conditional probability x marginal probability

P(data|®) x P(©)

P(O|data) = P(data)

P(data) = /@ P(data|®) x P(©®) dO

https://towardsdatascience.com/probability-concepts-explained-marginalisation-2296846344fc



GW170817: Measurements of Neutron Star Radii and Equation of State

The LIGO Scientific Collaboration and The Virgo Collaboration

On 17 August 2017, the LIGO and Virgo observatories made the first direct detection of gravitational
waves from the coalescence of a neutron star binary system. The detection of this gravitational-wave
signal, GWI1T0817, offers a novel opportunity to directly probe the properties of matter at the extreme
conditions found in the interior of these stars. The initial, minimal-assumption analysis of the LIGO and
Virgo data placed constraints on the tidal effects of the coalescing bodies, which were then translated
to constraints on neutron star radii. Here, we expand upon previous analyses by working under the hy-
pothesis that both bodies were neutron stars that are described by the same equation of state and have
spins within the range observed in Galactic binary neutron stars. Our analysis employs two methods:
the use of equation-of-state-insensitive relations between various macroscopic properties of the neutron
stars and the use of an efficient parametrization of the defining function p(p) of the equation of state it-
self. From the LIGO and Virgo data alone and the first method, we measure the two neutron star radii as
R = m.Eff:‘F’ km for the heavier star and f» = 1n.?if;; km for the lighter star at the 9% credible level.
If we additionally require that the equation of state supports neutron stars with masses larger than 1.97 Mg,
as required from electromagnetic observations and emplﬂy the equation-of-state parametnzation, we fur-
ther constrain £, = 11. "}H 4 Jkmand B2 = 11 "}+ 4 km at the 90% credible level. Finally, we obtain
constraints on plp) at f.uprnnw:le,nr densities, with prﬂv.sum at twice nuclear saturation density measured

at 3. '+f ; » 1034 dynem < at the 90% level.

https://ui.adsabs.harvard.edu/abs/2018PhRvL.121p1101A/abstract
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FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97 M4, (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in gray. The lines in
the top left denote the Schwarzschild BH (R = 2m) and Buchdahl (R = 9m/4) limits. In the one-dimensional plots, solid lines are
used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds
of the 909% credible intervals.
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Fig. 2 Schematic diagrams of the evolution of supernova cores from massive stars to compact
objects. Starting with the gravitational collapse of the Fe core, the central core is compressed
and neutrinos are trapped inside due to interactions with hot and density matter. The central core
bounces back by a matter around the nuclear saturation density and the shock wave 1s launched.




Equation of state in neutron stars and
supernovae

Kohsuke Sumiyoshi *, Toru Kojo, and Shun Furusawa
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R =4nr p(r)
3 —1
dP(r) _ - GM(r)p(r) 4 P L+ 4mr’ P (_ 2GM
dr r p M(r) r

"Tolman-Oppenheimer-Volkoff (TOV) equation, a general relativistic version of
the Newton equation for gravity” quoted from the reference

For a gas in the relativistic limit, the energy density scales as p o< p% oc n*/3. Us-
ing the relation u = dp/dn (i: chemical potential) and the thermodynamic relation
P = un— p, one can write

4/3

Prela (”) =Cn — Pre]a — prela/3 . (3)

This regime is relevant for electrons in Fe cores or neutron stars. Meanwhile, if
fermions with the masses m are non-relativistic (m > pr), the energy density be-
haves as p ~ cymn+ czn5/ 3 /m with ¢y, ¢, being some constants. In this case

n3/3 o 5/3

— PNrR = 302

PNR (1) = cymn + ¢ o< Pi’sm_m- (4)
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Fig. 3 M-R curves as functions of the central density n.. For a small M neutron stars have large
radii due to loosely bound crust. When the central density reaches n. = 1 ~ 2ny, the dilute matter is
highly compressed and the size of a neutron star is characterized by a matter beyond the saturation
point. The curves go up with small variation in the radii. The exception is equations of state with
the first order transitions which lead to kinks in the M-R curves. The top right figure illustrates how
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