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¢ Part 1

¢ Part 2

__lopiesCovered

Matched Filtering
CBC waveform modelling
Data treatment

CBC searches and parameter estimation

01 /02 detections
Fundamental physics and extreme matter

Astrophysics and Cosmology
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\What is matched filtering®?

GWs are analogous to 1D sound waves
Optimal linear filter for weak signals buried in random (Gaussian noise
Also known as optimal or Wiener filtering

\Woaorks by correlating a known signal model (template] with the data

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
4




©

©

©

©

©

Constructing the optimal linear filter

Starting with data . s(t) = k@) + n(@) , n() > > h(r)

Define the correlation between the data and a real filter as

C(r) = " de(t)F(t +17) = J' dfg(f)ﬁ’*(f)e2mfr

—Oo0

. . _ S
To evaluate the signalto-noise ratio (SNR), ¢ = ~

we define the filtered signal

§ = (C()) = j df (5(f)) F¥(f)e i = J df W(f)F#(f)e?

— 00 —00

using (n(®)) =0

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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Constructing the optimal linear filter

For stationary, Gaussian noise, the variance Is

©

(W) = [(C@) - (c@y] = J dfaf (a(f)i* (f)) F(PE * (fre> 0

h(1)=0

—Oo0

Defining a two-sided power spectral density {(ia(f)i* (f)) = 6(f —f)S,(f)

©

¢ we can now write (N?) = [oo df | F(f) 1* (/)

—00

. q :jooo df]jl(f)ﬁ*(f)eszr
defining the SNR as p = N

©

- o 12
INGLGIRYG

\‘( Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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Constructing the optimal linear filter

Defining a noise-weighted inner product

00 df
b) =72

a(f)b*(f)+c.c.

the SNR now becomes

E . <}~l(f) | Sn(f)ﬁ‘(f)ezyziff>

To optimise the SNR, we require EF(f)||h(f)

M) o

allowing us to define the optimal linear filter as F(f) = S (f)

and the optimal SNR as p,,, = (k| k)"

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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Response to a GW

¢ The response at each detector is

hi(t) = ho(t + 7)) FT 4 hy (t + 73) F

¢ where (h,, h,) are the GV polarisations

¢ and(F*, F*) are the detector pattern response

¢ In general, the G\Ws are defined by 15-1/ parameters that we

can define as extrinsic and intrinsic

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Extrinsic Parameters [Positional]

hi(t) = hy(t+ 1) F;" + hy(t+ 1) F*

\"( Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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Parameters

1

Luminosity Distance

hi(t) =ho(t +7)F" + hy(t+ 73)F

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Parameters

3

oky Position

hi(t) = hy(t+7)F" +hy(t+1)F~

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Inclination Angle

hilt) = ho(t+ ) + ho b+ 7)FX 7 G

Parameters

A\

coS1 = 7.l (non-spinning)

cos0;, =n.J (spinning)

\"( Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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Polarisation Angle

hilt) = ho(t+m) 5+ ho(t+70E° 7 G

Parameters

b} <.>/T=f+?1+?2

X
D L
A
n
cost =n.L (non-spinning)
X
W cos0;, = n.J (spinning)
1

\"( Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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Reference Time and Phase

hilt) = ho(t+ ) FF + ho(t+7)FX 7 G

Parameters

/ <.>/T=f+?1+?2
S\
(tref9¢ref) ’

X
z D L
A
(a,0) n
coSi = 7.l (non-spinning)
y’ X A
W cos0;, = n.J (spinning)
Yy X
1
\"( Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
A [ 4% 14




y’<

Intrinsic Parameters (Dynamical]

hi(t) =h(t +7)F" + hy(t+ 73)F"

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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Parameters

9

y’<

Intrinsic Parameters (Dynamical]

hi(t) =h(t +7)F" + hy(t+ 73)F"

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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Intrinsic Parameters (Dynamical]

hi(t) =h(t +7)F" + hy(t+ 73)F"

Parameters

9 z’

more precisely, we use

_ 3/5
M. = mny
Y = /m?
n=nmmym
my
x)
1
A~ Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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Intrinsic Parameters (Dynamical]

hi(t) =h(t +7)F" + hy(t+ 73)F"

Parameters

15

)
X
1
)\‘ Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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Intrinsic Parameters (Dynamical]

hi(t) =h(t +7)F" + hy(t+ 73)F"

Parameters

17

For BNIS systems

)
X
1
}"' Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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¢ Remember, matched filtering needs phase coherence

¢ Newtonian mechanics : analytic solution to 2-body problem, no

solution to the generic 3-body problem

¢ R : no solution to the 2-body problem

¢ Modelling requires a combination of analytic and numerical

relativity

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Time-Domain Morphology of a CBC Signal

PN NR - BHPT

| |
| |
| | Ty i |
Inspiral 1 Merger 0 Ring-
down
N | |
| |
- @
| |
| |
1.0 | I H 1 _
— ﬂ 1
T 0.5 I
=
= 0.0 '
= i
£-0.5 i 1 —
v 0 U u “ 0
-1.0 H— Numerical relativity | i o
I Reconstructed (template) | |
| | II : | .
- T | T I | m‘”
L 0.6 | 144 =
i i [ -
= 0.5 || — Black hole separation — 3 S
o ) == Black hole relative velocity " " - 2 %
% 0.4 . 11 =
= 0.3 , A | | o %
0.30 0.35 0.40 0.45 o

Time (s)

Abbott et al, PRL 116, 061102 (2016)
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Inspiral

¢ Wide separation, 1.e. vorp << ¢

¢ To start we can write the TD polarisations as

2
h (1) = 2(1 4+ cos“(1))mn cos (1) | h(f) = — 4 cos(1)mn sin &)
Dy Dy

o where 1 =mm,/m* and @) = @y (1) = 2P,,, (1)

¢ \We can then write the GV phase as a PN expansion

D) = Pp(H) + () + P3(D) + .. ..

¢ in terms of a small parameter v = (zmf)'® | where fis the GW

frequency, and the sub-script corresponds to the power of (v/c)
correction

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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Inspiral

¢ In the early inspiral, we can assume fo,,b/fg,,b <1

dE(t
¢ This allows us to use the energy balance equation F(¢) = — m%
[
¢ and calculate the phase evolution
3 ref E'(v
@—V—:O t(v):ref_l_mj dv ()
dt m ‘ ’ v i\
dv F(v v E'(v
| ) = () ¢(V):¢ref+J dv v’ W
dt ' mE(®v) ; F)

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
23




Limits of the PN expansion

¢ Both £°(v) and F(v) have a PN (power] series solution

¢ How we treat the ratio £’'(v)/F(v) leads to different PN families

< Each PN series is asymptotically divergent, meaning...

tad
-

©

©

..different families have differing levels of accuracy,

..a higher approximation does not guarantee higher accuracy,

..the PN approximation should break down at the LSO (~R=6M)

..but in fact, breaks down much sooner (R~12M)

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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¢ Both the late inspiral and merger need to solved numerically

¢ A relatively small number of cycles can take months to generate
On a supercomputer

Post — Newtonian
Theory

1
)\‘ Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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Late Inspiral / Merger

¢ NR becomes even more important as we try and simulate BNS
and NSBH systems

!—l
O
l

.
o

Wave Amplitude
(5 |
=5 )

-20 -10 0 10 20

Remnant

B. Brugmann, Science 361, 336 (2018)
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Ringdown

The final black hole rings like a bell that's been struck

An analytic solution exists using black hole perturbation theory
The energy is radiated in a series of quasi-normal modes
These modes can be used to test the no-hair theorem

No evidence of the QNMs as of yet

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Hybrid Waveforms

¢ NR waveforms are expensive to generate and use
¢ For efficient data analysis, we use approximate analytical solutions
¢ PN - Inspiral only

< EOB - solves Hamilton's equations along the trajectory. Calibrated using
NR waveforms

¢ IMRPhenom - frequency domain analytic waveform, also calibrated using
NR waveforms

¢ As we don’t know If our waveforms are perfectly accurate, different families
allow us to keep systematics under control

¢ New waveform families include eccentricity, tidal forces, precession etc.

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Treating the Data

¢ Easlest to work in Fourier domain

¢ e.g. Sine-wave with /=50 Hz buried in random Gaussian noise

2e-21

i h(t)
1e-21
0 !{’ Signal Only
1e-21 '
deptl L 1. 1. 1
0.2 0.4 0.6 0.8 1
2e-20 n(t)

Noise Only

Signal + Noise

2e20——L— L I |
0 02 04 06 08 1

Time /s

\“( Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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¢ Easlest to work in Fourier domain

Treating the Data

¢ e.g. Sine-wave with /=30 Hz buried in random Gaussian noise

2e-21 1.5e-21
B h(t)
1e-21
Iﬂ 1e-21
o1
II’ 5e-22
1e-21
oe1l 1| I L 0
0.2 0.4 0.6 0.8 1
2e-20 1.5e-21
B n(t)
1e-20 —
1e-21
0 !‘ it
I
5e-22
1e-20 —
2e-20 1| I L
0.2 0.4 0.6 0.8 1
2e-20 1.5e-21
s(t)
1e-21
5e-22
2e-20 ! I I ! I I !
0 0.2 0.4 0.6 0.8 1
Time /s

| 2P |
A B | I
20 40 60 80 100
| n(f) |
| AT | ALY
20 40 60 80 100
159 |
| AN | WILRIN
20 40 60 80 100

Frequency / Hz

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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Fourier Domain Waveforms

Stationary phase approximation |
Start with a generalised Fourier integral I = J F(w) e’ dw

Assume F(w) varies slowly compared to ¢(w) .As the phase rapidly varies,
the integral averages to zero except where ¢(@) has an extremum

So find points where d@/dw =0 and Taylor expand the phase
1 /!
(@) = p(@y,) +—¢ (@ - W)+ ...

Evaluate the integral in the vicinity of extrema, and sum if more than one
saddle point

I = F(G)Sp) ei¢(wsp)J e% Cﬂ(a)—a)sp)z da)

Fresnel type integral with standard solution, leading to

~/

h (f) — Af—7/6eiqo(f)

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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Frequency Domain CBC Waveform Morphology

IOOIII [ ' [ ' | o T

1 5 . . . 1. | : | : | : A
100 150 200 300 500 700 1000
Frequency [Hz]
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WAVEFORM COMPARISONS

[N -l GW150914 H40.5

T 1L 40.0
= LA {-05
£ SNR=23.7 '

E - | | | 41—1.0
2 1077} : ' ' | 110 =
[~ : - = FH536+2- GW151012 {05 9
é VWA l'," 4 0.0 Z
= ‘ SNR =9.7 179> ¢
= i . ; . {1-1.0 &
= - ' ! ! 11.0

& 1023
= E - GW151226 10.5
= | Hanford BAAVAAAAAAAMMANAMANRAAVAN A ‘ 40.0

- | — Livingston i SNR =13 ) -2(5)

10?1 107 1030.0 0.5 1.0 1.5 2.0
Frequency (Hz) Time from 30 Hz (s)

©

- Maximum frequency inversely proportional to total mass

©

¢ Most of the SNR comes from the merger - ringdown

Abbott et al, PRX 6, 041015 (2016)
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oampling the data

Our analysis is best represented in the Fourier domain

So given a continuous signal /(?), the FT is h(f) = ro dt h(t)e ™/
However, we need a digital representation, i.e. 4(?) =_> hi = h(t)
Given a sampling frequency f;, we define 4t = 1/f;

With time domain data of N samples, total observation time Tons = N At
the discrete FT Is given by
N—1
hy, = Z hje_z”ijk/N where each sample has a frequency fi = k/ Tobs
j=0
But how do we choose f ?

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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oampling the data

¢ Nyquist theorem prescribes how to digitally represent a continuous signal

¢ It defines a critical or Nyquist frequency taken to be the highest frequency

content of the signal

¢ Define:

¢ Nyquist frequency 'fNyq = Jmax
¢ Sampling frequency - f, > szyq

¢ Sampling period - At = 1/f,

¢ Sampling at less than twice the Nyquist frequency leads to “aliasing”

¢ For GWs, if the sampling frequency is f; = 4096 Hz, the highest frequency signal

1
}"' Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
\ | A% 35

we can model is fua = 2048 Hz




h(t)

oampling the data

¢ Example : sine-wave with f = 10 Hz, Topns = I sec, dt = 1/fs

19 _
]
0 — Js = 2fng
-0.5 _—
. ]
C;2 (;4 | (QS C;8 1

t/ secs

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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oampling the data

¢ If | oversample...?

O

Js = 4fng

AR RN

}“ Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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oampling the data

¢ and if | undersample...”?

TAAANAAAR

Js = 1.2fNyq

h(?)

}“ Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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0.5

h(t)
o

-0.5

¢ | get aliasing!!

SN

t/ secs

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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oampling the data

Js = 1.2fnyq

Corresponds to a
wave at 2 Hz




Low and High-band pass filtering

¢ Detectors very noisy below l

Dei;fection Band
20Hz and above 2kHz 104 |

Vv HzZ]

¢ High pass filter > 20Hz

N
—_

-

¢ Low pass filter < 2kHz

Strain noise [1/

10 e 1000
Frequency [Hz]

Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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WWindowing the data

“Nlewtonian” inspiral chirp for a (10,10) solar mass system

h(?)

)\“ Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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WWindowing the data

large oscillations, spectral leakage...what’s going on?

2x107"°

1x107"°

10"

h(?)

lllllll

IH(p !

]

]

-1x10™"°

10“8{\
| | | | | | i

o 0.25 0.5 0.75 1 10 100
t/ secs f/ Hz

-2x10"°

1
)\“ Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
\ | A% 42



WWindowing the data

¢ Qur signal starts abruptly at t = 0, and finishes abruptly at t = 0.9/3 secs

¢ Equivalent to multiplying the signal with a rectangular window function

¢ and.....?
2=<10'°
1.0 —
-19
1<10 0.8 — ]
___ 0.6 — —
S o =
0.4 |— —
-1x107"°
0.2 — |
21012 | | | | | | | 0'8 1 | L | L | !
(o) 0.25 0.5 0.75 1 .00 0.25 0.50 0.75 1.00
t/ secs t/ secs

1
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WWindowing the data

FT of a rectangular window function

1.0 — i i
. Slow decay of side-lobes
B T 10 leads to spectral leakage
0.8 — — B i
i 1 10%e =
0.6 — = - ]
S < T :
3 i 1 gg — —
10’ —
0.4 — — -
o _
02| 410
0- | | | | | | | 1 0-1 | | L1 1111 | | | I T I | |
8.00 0.25 0.50 0.75 1.00 '4q° 10" 102
t/ secs £/ Hz
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01

1.0

0.8

0.6

0.4

0.2

8.

FT of a 1/2-Hann window function

WWindowing the data

L | 103 5 _§

| Y Wy

(| s - J ]

i 1= F i
10'F —

I8 | 10 ‘

| | | | | | | 1 0'1 | | | L 1111 | 11 | |
00 0.25 0.50 0.75 1.00 1 00 1 01 10
t/ secs £/ Hz
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WWindowing the data

FT of a chirp waveform using a 1/2-Hann window function

2x10™"°

1x107"° |— i i
10— —

s o s [ ]

1x107° —
10"%\

-2x10-19 ] | ] | ] | ] ] ] ] ] L1 11 l

0 0.25 0.5 0.75 1 10 100
t/ secs f/ Hz
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1e-18
5e-19

-5e-19
-1e-18

3e-21
2e-21
1e-21

Strain
o

-1e-21
-2e-21
-3e-21

1e-21
5e-22

-5e-22 |

-1e-21

Application to real data

Bandpass filtered

02 025 03 035 04 045 0.5

Bandpass filtered & notch

02 025 03 035 04 045 0.5

-1e-18
-1.5e-18
-2e-18
-2.5e-18
-3e-18

3e-21

Bandpass filtered

2e-21 ks

1e-21

-1e-21 [

2e-21 [

-3e-21

1e-21
5e-22

-5e-22
-1e-21

02 025 03 035 04 045 0.5

Bandpass filtered & notch
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Primer on GVV data analysis

® [wo parts:
e [etection

e Parameter estimation (Bayesian inference]

"( Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Frequency (Hz)

| e A o NS N & o
O ©O PR U
NS~ BB O O  ©oO o

Time-Frequency Analysis

GW150914 Abbott et al, PRL 116, 061102 (2016)

o N B Oy OO

Normalized amplitud:

030 035 040 045 030 035 040 0.45
Time (s) Time ()

First GW detection was made by the cWB pipeline
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Time-Frequency Analysis

GW170817+glitch GW170817+glitch removed

frequency

time

Abbott et al, PRL 116, 061102 (2016)
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Glitches
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Detection

e Template Grid : assume 2D

e o o
Al

Al el
=,

[ S ]

{C\.(( Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
<
S—~




Detection

e Template Grid
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Detection

e Template Grid
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Detection

e Template Grid
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Data Quality & Detector Characterisation

AL . ' ! L !
10 S | == GWI151226 _
103;‘ """" """""""""" | = *» DBackground distribution with full DQ
102 \ ................. ..... «*« Background distribution with no DQ |

B ; | Detector Characterisation improved the
- lI ................ _ FAR Df GW1 51 226 by 3 factor- of 500:
1090 NN e S S b from 1/320 years to 1/183000 years
S s z B z 1

I

- : : . : { Also need to calibrate the time series:
10—25_ ....... ................. . ............ ............. 1 ................. e reduce the error in amplitude and phase
10730 i . A L S S ] measurement

ceyesesee e

010 1 12 13 11
Network re-weighted SNR B. Abbott, COG 2018
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Low-latency Analysis

First alert goes out to the astronomical community within minutes

Alert contains a 3D sky-map, an "EM-bright” flag, and for O3 a data
guality statement

Further circulars are sent as data comes In

Updated sky-maps sent to external community until an EM
counterpart has been found, or there is no improvement in the map.
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EM FOLLOW-UP

.LIGO Hanford

ob
O

@
LIGO Livingston

EM follow-up to GW170817
~ www.ligo.caltech.edu/images
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Sky Localisation

t+ 1) E + hy(t+ 1) F

"x" pattern, Yr=m/4 RMS antenna pattern

rapid LIGO:Virgo localization rapid LIGD:Virgo localization 4 rapid LIGD:Virgo localization 4

\ i | : ) L

LIGO Hanford beampattern LIGO Livingston heam pattern Virgo beam pattern
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Bayesian Inference

/
e 7
Use stochastic samplers / §S/
— osmsE s = T e
[ [

Extract astrophysical parameters

e Provide posterior distributions... B
e ..and confidence intervals /L
- 15h 12h »
(I) 2I5 Mp :I() 7I5
GW170817, B. Abbott et al, PRL 119, 161101 (2017)
: — ,
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PART 2

"LIGO'S GRAVITATIONAL-WAVE DETECTIONS

GW 150914,

CONVERED

114:_‘:;92015 GW151226.
5= i Eaad 26.12.2015
MASSES T . g =RHgn : i
= SFs SGWYW 11 70104,

366 SiAmmeTer 21 soLAar SO S
pass O04.01 2017

1 2494 Siamerer = BlLLIon
49 SOLAR
PMASSES

289 GiAmETER

BILLIONN BILLION BILLION A BiLLION
LIGHT YEARS

LIGHT YEARS LIGHT YEARS LIGHT YEARS
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e - o
e =
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:
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GW150914
LVT151012
GW151226
GW170104
GW170608
GW170814
GW170817

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

d 4
1 ! 2017

2015 2016

Credit: Jolien Creighton/UWM
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BNS Range [Mpc]
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VWhat do we measure with GVWs?

e Redshift masses - need an EM counterpart or assume a cosmology to
get detector frame masses, i.e. m; %t = ([ +z)mi;

e [Direct measure of luminosity distance, Dy,
® 5pins

e All sky detector - sky position and orientation via triangulation / time
delays

e |nclination - highly correlated with luminosity distance

e tidal deformation (NSs]

\"( Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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GWTCG-1 results

Event  m /My m/My  M/M, Yefi M; /M, ar  Epa/(MoC?) Coea/(ergs™)  dp/Mpc z AQ/deg?
ﬂw150914 35.6735  30.673  28.671¢  -0.01°013 63.1%3% 0.69°500 30707 36005 x10°° 4307150 0.09%0% IS(N
GWI151012 233*140 13.6%7 15270 0.04705 357790 067707 15702 32705 %10 106075 0.2170 1555
GWI51226 137733 7.7'32 8973 0877 20.510% 0747007 1.07, 34707 x10° 440150 0.0970; 1033
GW170104 31.0772 201742 21.5720  —0.04217 49.1732 0.6670% 22703 33706 % 10% 960740  0.197007 924
GW170608 10975 7.677  7.97%7  0.03%5 17.873 06970  0.9%%  3571x10° 3207150 0.07700; 396
GW170729 50.6%16% 3437 35775 036720 803714 0817097 48717 42799 % 10 2750t 0.48701° 1033
GWI170809 35279, 23.8727 25077, 0077010 564737 07070 27700 35705 x10° 99073 0.207000 340
&wnom 307730 2537 242+ 00770 534757 0720000 27703 3 T74x 100 580000 0.12%0) 87
GWI170817 1.46%)1% 12770 1.18670001 0.00707 <28 <089  >004  >0.01x10° 4070 001750 16
GWI170818 355775 26.8% 26721 —0.09°01% 59.84% 06700 2703 34705 %10 102070 0207007 39
GW170823 39.6:1%0 29.4%6+  293%2  0.08%03) 65.67¢ 0.7170% 33707 3.6705x10% 1850550 03401 1651

¢ 10 BBHs

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
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GWTCG-1 results

Event ~ mi/Mo my/Me  M/My Xeft Mi/Mo  ar  Ena/(Moc?) Cpea/(ergs™)  di/Mpc 7 AQ/deg’
GWI150914 356755 30.6'37 28.611% -0.01703 63.173) 0.69%0/ 3.17] 3.6igjx10§\430j}§3 0.09%700; 180
GWI151012 233*140 13.6%7 15270 0.0470% 357790 0677011 15702 32705 %10 106078 0.2170 1555

-0.19 -0.11 0.5 —-480 09
GWI51226 137733 7.7'32 8973 0877 20.5:%% 0747001 1.07, 34707 x10°  p40t 50 0.0970; 1033
GWI170104 31.0°12 20.1%7  21.570  —0.0470)0 49.1737 0.6670% 22702 33705 x 10 P60 0.19700 924

GW170608 109773 7.6°7  7.9%3  0.03%5 17.873 0.697;
GW170729 50.6%}6% 3437 3570 036703 80.3*13% 0.817"
GWI170809 35279, 23.8727 25077,  0.0771° 5647337 0.707)
GW170814 30.773) 25377 242511 007700 53457 072700\ 27707 375 x10° /58050 0.12%0 87

-0.11 -0.05 =210 -0.04

GWI70817 146*012 127°0% 11867050 000702 <28 <089  >004  >0.0x10% 4071 001709 16
GW170818 355773 2687 2677 -0.09701 59.8+48 0.67+3;3;( 27703 34793 % 10% 020740 0.201097 39

09095 35104 10%  PB20713 0.07°9%2 396
48717 42499%10% 750750 0.48°000 1033

27706 35106 % 10% P90 0.207005 340

| NO)

-0.21 -360 -0.07

GWI170823 39.67100 29.4%3 2932 (08020 65604 071000\  33:09 36406 10% N850 034708 1651

—>

¢ Massive energy output

Abbott et al, arXiv:1811.12907 (2018)
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GWTCG-1 results

Event — mi/Me my/Me  M/Mg Xeft Mi/Mo @ Eng/(Moc?) eac/(ergs™)  dp/Mpc z  AQ/deg’
GWI150914 35.6735 30.6'39 28.671¢ —0.01%)3 63.1735 0.69700 3177  3.6705x10° 430730 0.0970 180
GWI151012 23.3*10 13,64 152730 0.04%0% 357790 067700 15707 3.208x10° 106078 0.2170% 1555
GWI51226 137733 7.7'32 8973 0877 20.510% 0747007 1.07, 34707 x10° 440150 0.0970; 1033
GW170104 31.0°77 20.1%7 21570 —0.047007 491732 0.6670% 22707 3370 x 10 960*50  0.19%007 924
GWI170608 10977 7.6°37  7.9%7  0.037)0 17.877 06970 091 3.5701x10° 320770 0.07507 396

( GW170729 50.6755 34370 3579 0367030 80.37145 0817097 48717 42797 %10 2750*133 0.48%0% 1033)
GWI70809 35277 23.8727 250777 007707 3564737 070700 27700 35700 x10° 990750 020770 340
GWI170814 30.773) 25339 24271 0.07'01F 534737 072700 27705 37704x 10 580730 0.12700, 87
GWI170817 1.467015 12770 118670 0007 <28 <089  >004  >01x10° 407, 001750 16
GWI170818 35.5773 26.8'%3 26771 009701 59.873% 0.67700 27707 34705 x 10 1020730 0207007 39
GW170823 39.67100 29.4*8+  29.3"37  0.0873 65.670¢ 071705 33735  3.6705x10° 1850750 0.34701 1651

¢ Most massive and distant source

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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GW150914

A f/\M

GW170729

J vaxvmw*;WM‘k

GWTCG-1 results

GW151012 GW151226 GW170104 GW170608

VMWW w.www.wv.\w.vmw»M MAMWWWWWW W'WJI* ,w\www.w.m'.mwmm

GW170809 GW170814 GW170818 GW170823

VN/\'/\'/\'N.W.W.w \'/\V.'\ﬁ.\f\ﬂﬁu’.wm VWWWW 'V\WJW\)’ Wil
(igo.caltech.edu
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E GW170817 W GW151226 W GWI170104 e GW170809  mmmwm GW150914  mmEE GW1T70729
W GWI1T70608 mm GW151012 W GWI170814 W GWI1T70818 mm GW170823

Abbott et al, arXiv:1811.12907 (2018)
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dr, (Gpc)

0 /4 /2 3m /4 ™ 0 1 2 3 4 5
0N (rad) dr, (Gpc)

e GW170817 e GW151226 8 W GWI170104 e GW170809  aw GW150914 e GW1T0729
W GWI1T0608 mm GWI151012 mwm GWI170814 mm GWIT70818 W GW170823

Abbott et al, arXiv:1811.12907 (2018)
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GWTCG-1 results

Event  m;/Ms m/Ms  M/M, Yefi M; /M, ar  Epa/(MoC?) Coea/(ergs™)  dp/Mpc z AQ/deg?
GW150914 35.67%% 30639 286716 —0.017013 63.173 069700  3.1°07  3.6701x10%  430°150  0.09700; 180
GWI151012 2337140 13.6%41 152729 0.04702% 357733 067700 15703 3248 % 10 1060730 021709 1555
GWI51226 137733 7.7'32 8973 0877 20.510% 0747007 1.07, 34707 x10° 440150 0.0970; 1033
GW170104 310772 20177 21570 —0.04700 49.1732 0.6670% 22703 33%06% 10 960750  0.19°007 924
GWI170608 10.9733 7.6'37  7.9%3  0.03% 17.877 0.6970 09707 3503 x10° 32010 0.0770; 396
GW170729 50.6715% 3437 35703 0367020 8037145 0.81°097 4877 42709x10°° 2750%130 0.48+0) 1033
GWI170809 35279, 23.877 25077, 0077010 5647337 07070 27700 35705 x 10 99075 0207003 340
GW170814 30.73] 2539 242714  0.07:00 53.4737 0727007 27704 37404 x10% 580719 0.12%0% 87

C—GW170817 L4612 1277000 1186000 0.00709 <28 <089 =004  >0.1x10° 40710 0.0170% 16 )
GW170818 355773 26.8'%3 267731 —0.09700 59.873% 0.677000 27707 34%03x 10 1020730 0200007 39
GW170823 39.6:1%0 29.4%6+  293%2  0.08%03) 65.67¢ 0.7170% 33707 3.6705x10% 1850550 03401 1651

¢ 1st ever BNS and best resolved event

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Common question....

GW150914
LVT151012
GW151226
GW170104
GW170608

GwW170814 —

GW170817 — . g{

0.01 : 10 100
time observable (seconds)

LIGO/University of Oregon/Ben Farr
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How well do we measure NS mass”?

TaylorF2 -
PhenomDNRT
PhenomPNRT
SEOBNRT

Chirp mass

1.10-

1.05-

1.4 1.5 1.6 1.7 1.8

Abbott et al, arXiv:1805.11579 (2018)
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How well do we measure NS mass”?

TaylorF2
PhenomDNRT
PhenomPNRT
SEOBNRT

_ 0.0001
M= 1.1867 00,

Chirp mass

1.10-

1.05-

1.4 1.5 1.6 1.7 1.8

Abbott et al, arXiv:1805.11579 (2018)
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EM Follow-up Timeline
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Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

LIGO-Virgo | Frank Elavsky | Northwestern

- www.ligo.caltech.edu/images
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GW170104
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e NN\ LVT151012

GW170608 —_ <
GW151226

\

' GW170817

- GW150914

GW1 7081 4 : 25 LIGO/Virgo/NASA/Leo Singer

(Milky Way image: Axel Mellinger)
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So, what can we do?

Fundamental physics
Astrophysics
Extreme MatterCosmology

Cosmology

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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[vent rate (counts/s) ~ Event rate (counts/s)

Event rate (counts/s)

Frequency (Hz)
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Fundamental Physics
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Lightcurve from Ferm:/GBNM (50 — 300 keV)
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Gravitational-wave time-frequency map
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Time from merger (s)
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Fundamental Physics

& The time delay between the GW and GRB detections over 1.3x108 Lyrs was
[N.B. analysis allows for +/- 10 secs]

At = (1.74 T 0.05) S

¢ Defining the fractional difference between the speed of light and G\Ws as

& We find the following constraint

—3x107P < Ac < 7x 10716
C

& Large consequences for cosmological theories

Abbott et al, Ap]J Letters 848, L13 (2017)

\"( Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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Fundamental Physics

Cqg FC

Cg =C
. Y| £
General Relativity quartic/quintic Galileons [13, 14]
- quintessence /k-essence [42] Fab Four [15, 16]
<
'g Brans-Dicke/ f(R) [43, 44| de Sitter Horndeski [45]
= Kinetic Gravity Braiding [46] G, @' ¢” [47], Gauss-Bonnet
: -
TS Derivative Conformal (20) [18] quartic/quintic GLPV [19]
= Disformal Tuning (22) DHOST [20, 48] with A; # 0
2l DHOST with A; = 0
J

Viable after GW170817

with extension to: Einstein-Aether, Horava gravity, Generalised Proca, TeVeS,

Non-viable after GW170817

massive gravity, bigravity, multi-gravity, MOND-like theories

arXiv:1710.05901, 1710.06394, 1710.05893, 1710.05877....

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Fundamental Physics

¢ Shapiro delay is defined as At = — ! / U(r(l))dl

e

C

Y is the PPN parameter parameterising a deviation from Einstein-Maxwell theory

At
< (Conservative bound on A’Y — WGW o VEM’ < 2At
S

gis —26x107"<Ay<12x107°

¥ Newer result (S. Boran et al, 1710.06168) using more sophisticated dark matter

halo model gives

Ay <3.9x1078

& implying that MOND-like dark matter emulator theories are ruled out, as the GWs

would have arrived 1000 days before the EM emission

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Fundamental Physics

& Fourier domain waveform

~

h(f) = A(f)eVert)

& GW inspiral phase to 3.5 PN order, i.e. (v/c)7

3

Vor(f) = 2mfte + de — 7 + 1o |Vo(TMF) ™/ 4 gy (rMF) ™5 + o (mM f) ™

Y3 (mM )73 4+ py(mM )™V + 45 + e (T M )P + ¢7(wa)2/3+}
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Fundamental Physics

& Fourier domain waveform
() = A(f)eon)

& GW inspiral phase to 3.5 PN order, i.e. (v/c)’

Einstein-Aether

Khronometric Massive Graviton
3
Var(f) = 2mfte+ dc = 7+ oo (WolEMA T+ v (rM 1)~/ {dhalabf)

Y3(rM )3 +aba(@M f) =12 + 5 + e (T M f)1/? + ¢7(7er)2/3+}

Dynamical Chern-Simons

+ scalar-tensor theory at the -1PN order, i.e. 73




Fundamental Physics

Q Set Yk — i (14 0tbk)

& Phenomenological phase

U(f) =¥Ygr(f)+¥Ynar(f)

& Phenomenological waveform

ib(f) _ A(f)ei\IfGR(f)ei‘PNGR(f)

& Has been demonstrated that it is enough to search for the dominant effect

1
}"' Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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Fundamental Physics

103

<
>
»
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N
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10!

T R T R

0

109

e T e g S S g

LT GW150914
102 ¥ T S o L WV J0737-3039 |

[ R

OPN OSPN IPN 15PN 2PN 25PN 3PN 3.5PN
PN order

Abbott et al, arXiv:1903.04467
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Fundamental Physics

P —— S S S S 35
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PN order

Abbott et al, arXiv:1903.04467
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Fundamental Physics
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Fundamental Physics

@ Test for dipole radiation

10!

1
100 —
= ; :

Qo I
ads

-
GW 150914

GWl151226

GW170104

GW 170608

GW 170814

Combined

Combined (SEOBNRvV4)

T T T T
D )
&S 8 &

A = -

0i

Abbott et al, arXiv:1903.04467
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Fundamental Physu:s

If GR IS correct, the deV|at|on 5pl should be D
GW150914

0PN 20 0.5PN IPN 15PN 2PN 25PNO 3PN 20 3PN® 35PN

T T ' ! T

GW150914 (Multiple)
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Abbott et al, arXiv:1903.04467
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Fundamental Physics

¢ Assume a dispersion relationship of the form

E2 = p*c? + Ap®c®

¢ modifying the GW group velocity as
vg/c =1+ (a —1)AE*"2/2

¢ which changes the phase of the GW

ow

.a >0

r  AD, [(1+2)f1"""
a =+ 1
a—1(he)>=>| ¢ | 7
B de
TAD,, n TGM f o= 1
he c

Abbott et al, PRL 118, 221101 (2017)
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Fundamental Physics

¢ Can probe the following theories:

*

*

*

*

Double special relativity A=n4srt , =3
Extra-dimensional gravity A = —aeq; , o =4
Horova-Lifshitz gravity A = x7,u%,/16 , o =4

Massive gravity A = (myc?)?

Multifractional spacetime A = (—317%/%)2E27%/(3—-qa) , a =2—3

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Fundamental Physics

Aa <0 Aa > 0
I I I I
1019 L A A
< A <a
x o o3
- o A r
| A V'
N A® 2 A
(D]
i < ¢ <®
10720 = A
< <
<
A GW150914 + GW151226 + GW170104
<» O1 and O2 combined results
1021 ' T T T T T T T
O 1 2 3 4 (0] 1 2 3 4
(04 (04

&€ Ay corresponds to a massive graviton
¢ 01/02 results give m, <5 X 10723 eV/c? or Ae > 2.4 X 10'3 km

Abbott et al, arXiv:1903.04467
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Fundamental Physics

‘e In generic metric theories, GWs can have up to 6 polarisations coming
from the 6 iIndependent components of the Riemann tensor.

® Test possible due to inclusion of Advanced Virgo

\"( Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
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Fundamental Physics

" Different pollar‘isvatic'jhns pr“oducea‘diﬁer‘ent "r‘espon‘se at the detector

Tensor

(a) Plus (+) (b) Cross (x)

TV = 200:1
T:S = 1000:1

Vector

(c) Vector—x (x) (d) Vector-y (¥)

b
9
©
O
7p
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Fundamental Physics

Is this really surprising...?

L
046 048 030 052 054 036
Time [s]

Abbott et al, PRL 119, 141101 (2017)

Whitened Strain [102 1]

046 048 030 052 054 036
Time [s]

0
046 048 030 05 054 036
Time [s]

GR templates match the phase of the data extremely well!!

Already heavily constrains how much non-tensorial polarisation there can be,
as well as the level of potential dipole radiation!

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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Astrophysics

Uncertainty in formation channels

¢ galactic field evolution

¢ dynamical capture in globular clusters

How does the common envelope phase actually work?
Role of metallicity?

Do natal kicks in SN play a role?

How does mass transfer efficiency affect binary evolution?

\What is the merger rate for binary systems®?

Cosmic fxp[osions 19, Cargese, Corsica, 27/05-05/06
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ASTROPHYSICS

Masses in the Stellar Graveyard

in Solar Masses

¢ Two possible mass gaps

@ >3 Me : nuclear EQOS
¢ <5 Me : binary evolution

@ >50 Mo: PISN

BT NET TSI e e e

LIGO-Virgo | Frank Elavsky | Northwestern

(igo.caltech.edu
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BEH FORMATION

PARISEC + deliayed supcirnova moldel

80 _I I L L I I I L I I I LI L Meta”ICIty 3 i L
Z O O 2 i 1204 ——1.0E-4 - - -2.0E-4 5.0E-4 “L
%0 _ 1.0E-3 ---- 2.0E-3 ----- 4.0E-3 2
! I 6.0E-3 - 1.0E-2 —— 2.0E-2 Z
60 Weak wind —
< 50 —
’é 40 —~
ﬁ B =
= 30 = _
U e —
i Strong wind y
10 — |
0 1 I | I 1 1 1 1 I | I 1 1 1 1 I 11 1 1 - 1 T T 1 T T T
1 0.1 0.01 20 40 60 80 100 120 140
7/7, Myus (M.,)

¢ Weak winds and low metallicity produce large BHs
¢ The lower the metallicity, the smaller the progenitor needed

Abbott et al, Astrophys.d. 818 (2016) L22
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BBH mergers in the local Universe

Q

Y

I 402

510

2

8 1

310

[

o

o

5 1 BH-BH
)

>

0 1 2 3 4 5
Z

¢ Not yet possible to measure the BH mass function
¢ (Our detections are consistent with

¢ dynamical formation in GCs

¢ Isolated field binaries

\“( Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06
‘ Abbott et al, Astrophys.J. 818 (20 . 38Z_2



01 BBH Rates

0.7 | |
Flat
0.6 —_—  Event Based
— Power Law
0.5
— 0.4
~=
~ o0.3
0.2
O.1
0.0 T  — Iw T T T  — — ||I

10° 101 102 103
R (Gpc Zyr— 1)
¢ Flat distribution in the log of the individual masses
¢ Power law distribution in the primary mass, uniform in the secondary
¢ Event based
¢ Combined O1 rate estimate : 9-240 Gpc= yr-1 (90% Cl]

Abbott et al, Phys.Rev. X6 (2016) no.4, 041015
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O01+02 BBH RATES

T
—_— 01+02
- flat in log

m—pOWEr law

R (Gpe ™ y )

9.7 — 101 Gpc3yr™!
B. Abbott et al, arXiv:1811.12907
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BBH Formation Channels

& If we assume a single formation channel, lower limit disfavours

G
w
G
w
G

-

©

dynamical formation in low-mass GCs
very high natal kicks in isolated binaries (> 100s km /' s]
combination of very low CE binding energy with high efficiency ejection

If we assume multiple simultaneous formation channels

nothing can be ruled out

Cosmic fxp[osions 19, Cargese, Covsica, 27/05-05/06




Dominik et al. pop syn =

de Mink & Belczynski pop syn =
Vangioni et al. r-process =

Jin et al. kilonova =

Petrillo et al.

Coward et al.

Siellez et al.

Fong et al.

Kim et al. pulsar —

alLlIGO 2010 rate compendium —

BNS Event Rates

GRB =
GRB =
GRB =
GRB —

10°

|

o3 O1

ARN
Q
N
ANAN

101

102 103 104

BNS Rate (Gpc 2yr— 1)

01 : R< 12,600 Gpc3 yr

Abbott et al, Ap]J 832, L21 (2016)
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BNS Event Rates

3 j o2
Dominik et al. pop syn :o 7
de Mink & Belczynski pop syn -+
Vangioni et al. r-process oi-, 7 |
Jin et al. kilonova c
Petrillo et al. GRB e
Coward et al. GRB F
Siellez et al. GRB
Fong et al. GRB :, v
Kim et al. pulsar —
aLlIGO 2010 rate compendium :
10° 10t 102 103 104

BNS Rate (Gpc—3yr—1)

after GW1 /081 /7, assuming a population uniform in with uniform
component mass in the range [1,2] Me: 'R = 320 -4740 Gpc3 yr'

Abbott et al, PRL 119, 161101 (2017)

Cosmic Explosions 19, Cargese, Corsica, 27/05-05/06
|08




BNS Event Rates

0.4 GstLAL
o ) — (ralISS1AN
(S uniform
2,
= 0.2
0.0 —
10! 107 10° 10*
0.1 PvCBC
o — (ralISS1AN
(O uniform
=0.2
=
0.0

10 107 10° 10°

R (Gpe ™y 1)

Combined O1+02 result using new population models: /R =110 - 3840 Gpc3 yr'
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BHNS Rates

O3
Dominik et al. pop syn -

de Mink & Belczynski pop syn -

Vangioni et al. r-process
Jin et al. kilonova —.— .
Petrillo et al. GRB

Coward et al. GRB

N

Fong et al. GRB

T

aLIGO 2010 rate compendium - : .
1072 1071 10° 10! 102 103

NSBH Rate (Gpc—2yr!)

01 : 'R < 3,600 Gpc3 yr
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BHNS Rates

NQ

03 10
Dominik et al. pop syn -

de Mink & Belczynski pop syn

Vangioni et al. r-process

Jin et al. kilonova | o
Petrillo et al. GRB

Coward et al. GRB

LRI

N

Fong et al. GRB 1— -

aLIGO 2010 rate compendium = -

RN

10-2 107! 10° 10! 102 103

NSBH Rate (Gpc—yr!)

02 : R<610 Gpc3 yr
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NS Equation of State

Mass (M;)

8 10 12 14 16 18
Radius (km)

) ze[ Freire, Ann.Rev. Astron. Astro 4. S 54, 401 (201 )

1
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NS Equa

JO453+1559%¢
J1756-2251c
JO737-3039B

J2234+0611

JO337+1715

JO437-4715
JO514-4002A

J1748-2446)
J1012+5307
1946+34

J
4U 1724-207
4U1538-52
Her X-1

Double
Neutron Stars

g
[}

Recycled

Pulsars

te Slow

e Pulsars

0.5 1.0 1.5 2.0 2.5 3.0

Mass (My)

Likelihood

_Ozel & Freire, Ann.Rev.Astron. Astrophys 54, 401 (2017)

tion of State

- Double
Neutron Stars

Recycled

PSRs
Slow PSRs

|
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e
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§
-
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NS Equation of State

Mass (M;)

J0348+0432 (MSP-WD)

6 8 10 12 14 16 18
Radius (km)
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NS Egquation of State

3000

30 < f/Hz < 2048 2500 |
A1y <900 =

2000 ~

S Less Compact

2
Ay
%

1500 2000 2500 3000
Ay

0 500 1000
Assume low spins - consistent with NS observations

Abbott et al, PRL 119, 161101 (2017)
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—  PhenomPNRT
—— PhenomDNRT
— SEOBNRT
m— TaylorF2

New analysis beginning at 23 Hz (T 1500 extra cycles) with better modelling

No assumption on binary components

No assumptions on EOS - independent variation

sky error reduced to 16 deg? (using sky position given by SSS17A/AT 2017 gfo)
Bound on A;- A2 is 20% smaller

Abbott et al, arXiv:1805.11579 (2018)
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NS Equation of State

e Assume 2 NSs with identical EOS <
2000j

e 2 EOS methodologies

e EQS-insensitive : 1500

i' Aa(/l59 q)
. A-C

= 10001 _

e Parameterised EOS (no max mass)
i. Spectral parameterisation

¢ Original detection results

e 90% Cl for A;- /A, shrinks by ™3 0 250 500 750 1000 1250
390
Abbott et al, arXiv:1805.11581 (2018)
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NS Equation of State

Now assume spectral parameterisation + maximum NS mass = 1.97 Mg

37
— 361
L
3
T~
O 351
~ o4
&34
S
o0
2 33 . .
<
% < ~ %
14.00 1495 1450 1475  15.00 1525
logy(p / [g/cm?))

P(2pnuc) = 3. 5+2 2 % 103 dyne em ™2

Abbott et al, arXiv:1805.11581 (2018)
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NS Equatlon of State

Spec Param‘+ _max»NSm<ass

(GW + EM)

Ry =10.872Y km
RQ 10. 7+ km
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Mass (M)

1.5

0.0k
6 8 10

1.0}

0.5F

NS Equatlon of State

Mass (M)

12 14 16 18 "6 8 10 12 14
Radius (km) Radius (km)

GW + EM gives much tighter constraint
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Post-merger remnant

Q:So what is the remnant of the merger?

A:From GWs - we don’t know. High frequency signal dominated by photon shot noise

!
10720 4 M Virgo
B Hanford
™ Livingston

I

— S
100 1000
Frequency (Hz)
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S. Usman et al (2018)
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NS Egquation of State

Q: So what is the remnant of the merger?

A: From EM - unclear! Some people believe prompt collapse to BH, others
believe in the formation of a transient hypermassive NS

O'®

X

yw
W7

Prompt Collapse HMNS or short-lived SMINS long-lived SMINS

Interface Dynamical M ~ 107 M, v™~c
\ Blue Disk Winds (leng-Sved NS
S e

Interface Dynamical
M~10?M, v~0.2-03c¢

M~ 102307 M,
Blue Disk Winds (long-fved NS)
(Moatly) Red Disk Winds M~ 10%10°M, v~01c¢c
M= 104207 M, v=0lc

magreta
Tidal Tail Tidal Tail Tidal Tail wind nebula
D;n;mi:lal Dynamical Dynamical -9
M~ 104102 M c ° \ M~ 104107M.. M<107M,, t>'
: v~c
Vv~0203c

Red Disk Winds [shoret-lived NS)
M~ 10030 M, v~olt\
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Merging Neutron Stars
Dying Low Mass Stars

Extreme Matter

Exploding White Dwarfs Cosmic Ray Fission
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Cosmology

F Extragalactic Distance [L.adder

T he Hubble Constant
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Astrophysics
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Cosmology
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l : Planck
- - SHOES
0.04 - i :
G i :
Q I I
P : : f
- - : ' 12 7. — —
g 00 ; - Ho=70""kms™' Mpc™"
< | : ?
x l :
~ 0.02 -
=
S
-3
Q 0.01 -
0.00 ;

I 1 1 1
50 60 70 80 90 100 110 120 130 140

H, (km s~ Mpc)
¢ N.B. No cosmic distance ladder needed!!

¢ GW astronomy measures luminosity distance directly over cosmic scales

Abbott et al, Nature (2017)
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e Thank you for your attention
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Conclusion




