=7 UNIVERSITYOF é@
#%y BIRMINGHAM Vi

Christopher Berry
University of Birmingham
@cplberry

On behalf of the
LIGO Scientific & Virgo Collaborations

DCC G1800621
IOP APP & HEPP 2018



—_
o)

of GW150914

o
ot

o
>

Whitened H1 Strain/ 102!
<
ot

I
—_
>

T

et L e it gL AT \\//\ \//\ Al

1.5}
1.0}
0.5}

—0.5F Data
—1.0F MM Wavelet
—~1.5F 0 BBH Template

Whitened L1 Strain / 102

ooty s
vy |

0.25 0.30

LVC arXiv:1602.03840

0.35
Time /s

0.40

0.45



— Qverall
— IMRPhenom
—— EOBNR

35

W
&
|

source
moy / Mg

N
@)
|

20

LVC .
arXiv:1606.04856 25 30 99 40 45 519

arXiv:1602.03840 My N



How we can use gravitational-wave
observations




Qur measurements so far

How we can use gravitational-wave
observations
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How to infer source properties

How we can use gravitational-wave
observations



Credit: ButterflyLovel
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Black holes have:
1. Mass
2. Spin

3. Electric charge

Credit: Matt Groening



LVC
arXiv:1706.01812

cS1/(Gm?)

-1+ 04

Y
.
*
: 02
£y £ .
.y
.

0° 0°

-+ 0.8

-+ 0.6

0.0

o08T  o08T




¢Sa/(Gm3) cS1/(Gm3) 0° ¢Sa/(Gm3)
300

206
206

08T o081 08T o081 08T o081

¢Sy/(Gm3)  ¢S1/(Gm3) 0 ¢Ss/(Gm3)
o

206
206

08T 08T 08T 08T 08T 08T

LVC arXiv:1606.04856 arXiv:1706.01812 arXiv:1709.09660 arXiv:1711.05578

006[

206

cSa/(Gm3)

206






Binary formation
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arXiv.org > astro-ph > arXiv:1706.01385 H ierO rC h iCO | O n O |ysis

Astrophysics > High Energy Astrophysical Phe

Distinguishing Spin-Alighed and Isotropic Black Hole Populations With
Gravitational Waves

WIll M. Farr, Simon Stevenson, M. Coleman Miller, llya Mandel, Ben Farr, Alberto Vecchio
(Submitted on & Jun 2017 (W1), last revised & Jun 2017 (this version, vZ))

The first direct detections of gravitational waves from merging binary black holes open a unigue window into the binary black hole
formation environment. One promising environmental signature is the angular distribution of the black hole spins; systems formed
through dynamical interactions among already-compact objects are expected to have isotropic spin orientations whereas hinaries
formed from pairs of stars born together are more likely to have spins preferentially aligned with the binary orbital angular
momenturn. We consider existing gravitational wave measurements of the binary effective spin, the best-measured combination of
spin parameters, in the four likely binary black hole detections GW150914, LVT151012, GW151226, and GW170104. If binary black
hale spin magnitudes extend to high values we show that the data exhibit a 2.4e (0.015 odds ratio) preference for an isatropic
angular distribution over an aligned one. By considering the effect of 10 additional detections, we show that such an augmented data

set would enable in most cases a preference stronger than 5o (2.9 X 1077 odds ratio). The existing preference for either an
isatropic spin distribution or low spin magnitudes for the observed systems will be confirmed (or overturned) confidently in the near
future.

o Hign Eneray aemepiysical henen Vitalle et al. arXiv: 1503.04307
B e 1706.01385 [astro ph HE] Gerosa & Berti arXiv: 1703.06223
o arxiv:1706.01385v2 [astro-phHE— FiSNDAQCh, Holz & Farr arXiv:1703.06869
Stevenson, CPLB & Mandel: 1703.06873

Talbot & Thrane arXiv:1704.08370



Model inference

Stevenson, CPLB & Mandel
arXiv:1703.06873
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Model inference
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Binary evolution
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Testing GR
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Testing GR

Ghosh et al. arXiv:1704.06784
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Combining measurements lets us test
binary physics and general relativity
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Ranges

Table 1 Plausible target detector sensitivities. The different phases match those in Figure 1. We quote the
range, the average distance to which a signal could be detected, for a 1.4 M- +1.4 M binary neutron star
(BNS) system and a 30 M, +30M, binary black hole (BBH) system.

LIGO Virgo KAGRA

BNS BBH BNS BBH BNS BBH
range/Mpc  range/Mpc  range/Mpc  range/Mpc  range/Mpc  range/Mpc
Early 40-80 415-775 20-65 220-615 8-25 80-250
Mid 80-120 775-1110 65-85 615-790 25-40 250-405
Late 120-170  1110-1490 65-115 610-1030 40-140 405-1270
Design 190 1640 125 1130 140 1270

LVC arXiv:1304.0670



Observing scenarios
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p(d|f) o< exp |—
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Waveforms introduce theoretical error (arXiv:0707.2982).
Mitigated using Gaussian processes (arXiv:1509.04066).
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[1186963218-1187049618, state: Observing|

GEO-LIGO-Virgo gravitational-wave strain [h(t)]
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Most important combination of spins for evolution of
inspiral (Ajith ef al. arXiv:0909.2867, Santamaria et al.
arXiv:1005.3306)



Stevenson, CPLB & Mandel
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Stevenson, CPLB & Mandel
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(mma)3/?

(m1 +mo)

Me = 1/5

Chirp masss gives leading-order amplitude and phase
evolution (Blanchet et al. arXiv:gr-qc/92501027 Poisson
& Will arXiv:.gr-qc/9502040)
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Testing GR
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Testing GR

Ghosh et al. arXiv:1704.06784
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Credit: LVC/NASA/
L. Singer/A. Mellinger
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Data release 2015, HL 2016, HLY # 2013, recoloured Show/hide columns -

The First Two Years of Electromagnetic
Follow-Up with Advanced LIGO and Virgo

ki Singeretal. 2014 | Berry et al. 2015

arXiv:1404.5623 arXiv:1411.6934

Data release 2015, HL 2016, HLY # 2015, recoloured Show'hide columns -

Catalog of simulated events and sky maps for two-detector, HL, 2015 configuration. This is the same configuration as the 2015 tab, except that the

This web page pr simulated detector noise is data from initial LIGO's |§ sixth science run, recoloured (fittered) to have the same PSD as the early Advanced LIGO
additional online 1 configuration. See also ASCII tables of & simulated signals, & detections, and & parameter-estimation accuracies in Machine Readable Table
format.
related to the pap
i SNR BAYESTAR LALINFERENCE_MNEST sKky maps

Two Years of Elei event sim work
Follow-Up with Ac ID ID net H L 50% 90% searched 50% 90% searched BAYESTAR LALINFERENCE_NEST
and Virgo" and th : //' > /
paper "Parametel 4532 899 HL|139|101| 95| 180| 750 190 | 170 | 790 150 T \ X ‘. e N L A WA
for Binary Neutrol '
Coalescences wit T

4572 | 1243 HL 132 100 &7 230 830 45 200 920 33 G A 1_ 1

A} ©
4618 1768 HL 108 80| 73| 160| 540 220 | 130 440 280 B i W
4647 | 1964 HL 124 86 90 260 890 1200 190 780 780 e i i L \ } '_k'

4711 2704 HL 107 8.0 7.1 370 1200 300 430 1600 520 / 1 “\— / b Wiy



106 L

104 n

102 -

90% credible volume/Mpc?

10°

—— HL recoloured

— — - HLL Gaussian

.o ~ — = HLV Gaussian (two detector)

10!

Signal-to-noise ratio oyt

Del Pozzo et al.
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Horndeski

Cg:C

cg # ¢

General Relativity

quartic/quintic Galileons [13, 14]

beyond H.

quintessence/k-essence [46] Fab Four [15]

Brans-Dicke/ f(R) [47, 48] de Sitter Horndeski [49]
Kinetic Gravity Braiding [50] G 0" ¢” [51], f(¢)-Gauss-Bonnet [52]
Derivative Conformal (19) [17] quartic/quintic GLPV [18]

Disformal Tuning (21)

quadratic DHOST with A; =0 cubic DHOST [23] )

quadratic DHOST [20] with A, # 0

Viable after GW170817

Non-viable after GW170817

Ezquiaga & Zumalacdarregui arXiv:1710.05%901
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Jet—ISM Shock (Afterglow)
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Ejecta—ISM Shock
S Radio (years)
: ’1.
Kilonova *_ (\JA-/
Optical (t ~ 1 day) ™
'\“H I:
Merger Ejecta )
Tidal Tail & Disk Wind : .
\
v~{1-3c¢ \‘:!
/’f
_-"/'

Metzger & Berger
arXiv:1108.6056
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Squeezed dynamical
v = 0.2c-0.3c

Tidal dynamical
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Disk wind
vg0dc

Meutron star + neutron star
Long-lived neutron-star remnant

Squeezed dynamical
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Tidal dynamical Tidal dynamical
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Disk wind Disk wind
v=0.1c v=0.1c

MNeutron star + neutron star MNeutron star + black hole
Remnant promptly collapses to black hole Black-hole remnant

Kasen ef al. arXiv:1710.05463






Margutti ef al. arXiv:1801.03531

Flux density (udJy)

I\ I I | | I I I
i ""lb x10 ,
10°F S~ t= 160 dl
i xle—3 . ’\\ %:
BV E = e LR
\\\\ -'0. i
g 1 * |
\\\ ". &
E e . _
10~} LY [ bl
0 e S
il o o
i LI '3 e ﬁ il
- ®m Radio e -
R Optical /NIR sy R
® X—rays \\%ﬁ
- ----Afterglow: F,~y7%¢ e
e Kilonova )
I I ! I ! I I I ! I
108 fiol 0L 0 10'® (6

Frequency (Hz)



7000 S

6000 -

5000 -

4000 -

3000 - l

VH (km S_l)

2000 -

1000 -

T |
2 30 40 50 60

d (Mpc) LVC+ arXiv:1710.05835

o
—_
o



p(Ho | GW170817)

Planck’

SHoES18

0.04 -

| |

o AN
S S
o o

(odi s ;_wy) (OH)d

0.01 -
0.00 -

70 80 90 100 110 120 130 140
Ho (kms™ Mpc™) LVC+ arXiv:1710.05835

60

50



cost

e GW170817
Planck!’
SHoES!8
— 120
l_”’-\“,
7
’,
P
’
Re
// — 130
(o)
]
°
— 140
— 150
— 160
— 170
, : 180
110 120

LVC+ arXiv:1710.05835






	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90

