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GW 509 4. A story 40+ years in the making
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LIGO’s Sensrtivity Progression
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LIGO’s Sensrtivity Progression

10 oy T T T c
-Early (2015, 40 — 80 Mpc)

BT NN \ Y A I - Mid (2016-17, 80 — 120 Mpc)
SR (R R ff-Late (2017-18, 120 — 170 Mpc)|

UM NI Y 0 -DeS|gn (2019, 200 Mpc)

-BNS—optlmlzed (215 Mpc)

..........................................................................

---------------------
-

....................................
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

. . .
AR RN R RN NI LI e T T, IO Y m

----------------
---------------------------------------------
-----------------------------------------------------
-----------------------------------------------

-----------------------------------

—
o

RN E S RIR AR T R IIRY RS Y e N

.........................

DL
lllllllllll
......

-
------------
oooooooooooooo
. . .

-----------------

-----------------------
-------

........
-------------------------------

amplitude spectral density (strain Hz ™%
S

.......
....
.........................

ooooooooo
.

..............
-----------------------
PRI RN AR AR PART AR PINN A Fy ») RN R I
.......

el et

sradewadinn

Frequency (Hz)



alLlGO’s First Observing Run

100 Binary neutron star inspiral range
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Farly Morning, September |4 2015
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Hanford

Livingston

Wavelet Reconstruction of coincident signal

® »® A D O N A O ®
| |

),

0.5 1 1.5

o »®» A NV O N A O ®
| T

0.5 1 1.5

time (seconds)




Hanford

Livingston

® »® A D O N A O ®

o »®» A NV O N A O ®

Wavelet Reconstruction of coincident signal

0.5 1 1.5

0.5 1 1.5

time (seconds)




T T T T
Inspiral Merger Ring-
/- down
1.0 | H -
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-1.0 = Numerical relativity .
I Reconstructed (template)
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S06 =
.é 05 H— Black hole separation . -
v = Black hole relative velocity —
204
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GW 509 |4

0.35 0.40 0.45
Time (s)

O NWS-H
Separation (Rs)

Primary black hole mass
Secondary black hole mass
Final black hole mass
Final black hole spin
Luminosity distance

Source redshift, =

3673 Mg
201 Mg
6211 Mg

40,05
0.6775 07

60
410180 Mpe

+40.03
0.09+0-9%

Three Suns turned
into energy In a
fraction of a second!



Physical Properties of the remaining Black Hole

.

.....

Surface Area

370,000 km? 380, 000 km?
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Physical Properties of the remaining Black Hole
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Rotation Rate
100 rev/sec 1 rev/day
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http://arxiv.org/abs/arXiv:1602.08492
http://arxiv.org/abs/arXiv:1602.08492

Triangulating the Source

-

C
LIGO-India
2023+




Terrestrial Network

a2BARN®
#ETAOW
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Terrestrial Network

S2.ARNE
AETROW

16



Terrestrial Network

aeEARN®
ARTROW
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Terrestrial Network

a.ARNE
AETROW
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Terrestrial Network

aeEARN®
ARTROW
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Terrestrial Network

aeARN®
ARTAROW
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LHO-LLO

LLO-Virgo
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LHO-LLO
LLO-Virgo
(overlaid)

LHO-LLO-Virgo
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LIGO/Virgo Sky Localization - NS-NS mergers

2016-17

2019-21 2023+

[LIGO-Virgo arXiv:1304.0670 ]
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M Counterparts....... Matter Required!

® NS-NS Mergers
® NS-BH Mergers

® (Core Collapse Supernovae
® (ollapsars/Hypernovae
® Pulsars

® | MXBs
® BH-BH Mergers (with some kind of gas inflow)
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Flectromagnetic Counterparts

Discovery Follow-up

® all sky field of view ® rapid response

® multi-wavelength ® wide field of view

® oo0d localization ® precise |ocalization

® rapid notification ® multi-wavelength
- (EB X-ray/optical afterglow Kilonova RudiTlflcrglm\‘ —

1P o e o ot 0 T T T 0t~ tmerger ()
1s Im 1hr 1d Imo

Singer et al. 2014
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al GO Alerts

«— GRB X-ray/optical afterglow Kilonova Radio afterglow —
1P 10 10 T T T T T tmerger (9)
1s Im 1hr 1d Imo
Singer et al. 2014
A A A g

Plausible O3 latency

O?2 latency

GW 150914 latency
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Selected high energy space missions

”& INTEGRAL (ESA, NASA, Russia)

SWIFT (NASA, UK, Italy)

-\g W FERMI (NASA + Europeans)

SVOM (France, China)

Lobster ETA
(MIDEX Proposal)

2000

2005 2010 2015 2020 2025 2030
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Selected high energy space missions

”‘ INTEGRAL (ESA, NASA, Russia)

SWIFT (NASA, UK, Italy)

-

‘\\‘E\ W FERMI (NASA + Europeans)

Potential gap
during prime

operations of
alLIGO

SVOM (France, China)

L obster ETA

(MIDEX Proposal)

2000

2005 2010 2015

2025

2030
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Selected high energy space missions

ﬁ& INTEGRAL (ESA, NASA, Russia)

SWIFT (NASA, UK, Italy)

SVOM (France, China)

Lobster Lite
s (Proto Proposal)

Lobster ETA
(MIDEX Proposal)

2000

2005 2010 2015 2020 2025 2030
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Explorer for Transient Astronomy
Lobster ETA (2023+)

Spacecraft:
autonomous

rapid response

Wide Field Imager (WFI)

FoV: 1 steradian (8% of sky)

Sky coverage: 80% of sky every 1.5 hours
Energy Range: 0.3 -6 keV

Detectors: CCDs

Optics: Lobster-eye microchannel optic

InfraRed Telescope (IRT)

Mirror Diameter: 40 cm

Wavelength Range: 0.6 —2.1 microns
Detectors: HgCdTe

Multiband photometry, R=30 slit spectroscopy
Redshift determination on-board

Gamma-ray Transient Monitor (GTM)
Detectors: 3 x Nal scintillator (Fermi GBM size)
FoV: 8 steradians

Energy Range: 20 keV —5 MeV

All technologies at TRL 6
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Lobster Lite (Under Study)

Descoped Field of View: 150 deg?
Air Force Space Test Program
Working with SSCO at Goddard

Leveraging RAVEN mission

GSFC
Israel Space Agency
Los Alamos Natl Lab

Operational in 2019 when LIGO at full sensitivity

30
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Transient Astrophysics Probe

8 Lobster modules = 2 sr

IRT for WFI followup redshift measurement,
kilonova followup

X-ray Telescope: high sensitivity for WFI
and LISA followup (1deg? FoV)
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Pl: Jeremy Perkins (GSFC)

BurstCube: a novel 6U CubeSat that will detect
and localize Gamma-ray Bursts (GRBS):

* Focus on short GRBs (sGRBs; binary neutron
star mergers) predicted to be the counterparts
of gravitational wave (GW) sources.

Will detect these with four Csl scintillators
coupled with arrays of compact low-power
Silicon photomultipliers (SiPMs).

Spacecraft designed in-house (at WFF) using off-
the-shelf components and a straightforward
design and implementation.

Complement to existing facilities (Swift, Fermi)
and could be an interim GRB instrument before
next generation missions fly.

The ultimate configuration of BurstCube would be
a set of ~10 CubeSats providing all-sky
coverage for a very low cost.

0 ¢

<
§ L
5 s

10
i
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Cumulative # NS-NS detections

Finding NS-NS GRB Counterparts

10000 -
1000 |-

100 |

10 ;
1

0.1
0.01
0.001

0.0001

[LIGO-Virgo arXiv:1304.0670]

2015
2016

2017 +

2018
2019
2020

2021
2022
2023
2024

Coincidence rate estimation for AdV/aLIGO  Siellez et al arXiv:1405.2254

1.4sr

Energy band

Estimated rate
(events yr?)

15-150 keV

0.11 £0.04

9.5 sr 2sr
8 keV - 40 4 — 250 keV
MeV

0.63%x0.21 0.14 x£0.05
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Rates versus sGRB beaming-angle (201 /-13)
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characteristic amplitude

The only sure way to find counterparts to GWI150914.....
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The only sure way to find counterparts to GW 150914
...fly LISA!
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36



Conclusions

® (Gravitational Wave Astronomy Is here!

® Finding EM counterparts challenging but
rewarding

® Assets may not be avallable during the prime
2020-2025 window for alLIGO

® [ime to get serious about a space GW detector



