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LIGO Astrophysical Merger Rate

Expected number of
mergers from counting

r_ AN < the dbserved number.
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Counting Using All Triggers Above a
Low Threshold

1. Bin triggers by ranking statistic, x, and time, t. Find
expected number in each bin:

dN
dxdt
No, Po- EXpected number and density of terrestrial triggers.

A\, p;: Expected number and density of astrophysical triggers.

LIGO

AXAL =[N\, p,(x)+ A\, p,(xX)]AxAtr

2. A product of Poisson Distributions gives the likelihood
and posterior:

LEx I AGAD =] | [A0po(x)+ A pi(x)]exp(—A, — A))
PN, A TH{x; P) o p(Ag, ADLH{x; F A, A))

"\ Posterior on A, and A,. (Can generalize to
multiple components, e.g., BNS, NSBH,and BBH.

See: B. P. Abbott et al. (LIGO Scientific and Virgo Collaboration) Phys. Rev. Lett. 118, 221101



LIGO Gravitational Waves

Gravitational waves are ripples

in the fabric of spacetime,

stirred up by the changing

motions of matter and energy.
The waves are extremely weak
by the times they reach Earth.
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Advanced LIGO

Optical Layout, L1 or H1
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GO Calibration Measurement

Both sensing and actuation functions are measured directly using a NIST-traceable
auxiliary laser system near the test mass called a “Photon Calibrator”

Radiation pressure from the lasers -- whose power is modulated as a function
frequency -- displaces a test mass, xF© equivalent to differential arm length changes.

Transmitter

Penultimate
Module

Mass t1

ifo beam 14
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test mass

Main interferometer beam

e

Stray light
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Both actuation and sensing functions are mapped as a function of frequency at the
beginning of the run, and monitored for time-dependence throughout the run with
single frequency excitations



LIGO
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Simple Binary Neutron Star Merger Rate
Based On One Detection: GW170817

L(N =11RVT)x Aexp(—A)
P(RIN =1,VT')x p(R)RVT exp(—RVT)

Prior = exp(-R/Rscale_prior), where Rscale_prior = R4,/ 2.302585, chosen to give the O1 90%
conf. UL on the BNS rates of 12600.0 Gpc3 yr' (Astrophysical Journal Letters, 832:L.21 2016).

VT found by injecting BNS systems flat in mass between 1 and 2 Solar Masses, with dimensionless
spins below 0.4, out to a distance of 300 Mpc (far enough for detection efficiency to go to ~ 0),
using SpinTaylorT2threePointFivePN and SpinTaylorT4threePointFivePN waveforms starting at 25
Hz, the initial calibration, and for a detection threshold corresponding to a False Alarm Rate of 1 per

. M2JINVIRGD
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Simple Binary Neutron Star Merger Rate
Based On One Detection: GW170817

Result:
R =1540" 55 Gpc3yr

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 119, 161101

Full O2 results are in progress.

M2JINVIRGD



LIGO

Predicted Binary Neutron Star Merger Rates

Predicted rates (Gpc™ yr!)

Source Riw R.. R, oh R, ..
NS-NS 10 1000 10000 50000
NS-BH 0.6 30 1000
BH-BH 0.1 5 300

J. Abadie et al. (LIGO Scientific and Virgo Collaboration) Class.Quant.Grav.27:173001, 2010; arXiv:

1003.2480 [astro-ph.HE]



LIGO Future Prospects

Scenario i: Uniform Top-hat Jet Scenario ii: Structured Jet Scenario iii: Uniform Jet + Cocoon

Rotation Axis Rotation Axis Rotation Axis
Viewing Angle Viewing Angle Viewing Angle

Uniform Uniform Uniform
Core Core Core
Doppler
Beaml
mgong Structured Cocoon
Sightline Jet
Central Engine Central Engine Central Engine

“Using the BNS merger volumetric rate estimated from GW170817 --- the
LIGO- Virgo detection rate is narrowed down *** to ~ 1- 50 BNS
coalescences during the 2018—19 observing run. At design sensitivity, the
LIGO and Virgo detectors can expect to detect ~ 6—-120 BNS coalescences
er year -

RFil%]ally, we predict a joint detection rate for the Fermi Gamma-ray Burst
Monitor and the Advanced LIGO and Virgo detectors of 0.1- 1.4 per year
during the 2018-2019 observing run and 0.3—1.7 per year at design
sen51t1V1t%/

The numbers depend on future detection sensitivity and GRB models.

LIGO Scientific Collaboration, Virgo Collaboration, Fermi Gamma-Ray Burst Monitor, INTEGRAL, The

Astrophysical Journal Letters, 848:L13 (27pp), 2017 October 20



Masses in the Stellar Graveyard

In Solar Masses

Known Neutron Stars

e L
LIGO-Virgo Neutron Stars
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The End
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LIGO Astrophysical Reach
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B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. X 6, 041015



LIGO Binary Black Hole Merger Rate

Flat

0.6 — Event Based -
01 RGSU“IS —s e Power Law i
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B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. X 6, 041015

Updated BBH merger rate using data through Jan. 2017: 12-213 Gpc3 yr-?
B. P. Abbott et al. (LIGO Scientific and Virgo Collaboration) Phys. Rev. Lett. 118, 221101

O1 90% conf. ULs: Rategyg < 12600.0 Gpc= yr1; Rateyggy < 3600.0 Gpc3 yr
Astrophysical Journal Letters, 832:1.21 2016



IGO Differential Arm Length Control LS
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GO Detector Response

g ,.,dx"dx” =0 (Light Travels On Null Geodesics)

(1+h, h,  h_ \(dx)
cdt* (@ 0 O) h, 1+h, h_ | 0[=0
ke hy, 1+ ) O

c2di* = (1+ b, )dx?

cjfta’t=jj 1+hxxdxsj:(l+%hxx)dx

cAt =L =L+§hxx

AL

= %(hxx ~h,,) = F,(0,4,0)h, (1) + F.(6,4,4)h (1)
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Event rate (counts/s)
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1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)

1500 A o
1250 -

1000 1 - il W' i ” 1 HJWH Hn J 'uM L i .HV .. ..JT..WLHH i '-uWm’“w-"""“rw"' Wu,ﬂlwﬂ

7501

IR Gravitational-wave time-frequency map

300
200

100

50
—10 —8 —6 —4 —2 0 2 4 6

Time from merger (s)

LIGO-G1600258



OO

30°

-30°

Fermi/

GBM
16h

. IPN Fermi /
\JNTEGRAL

12h

8h

-30°

LSC

Swope +10.9 h

30”

DLT40-20.5d




LIGO

-100s—
Merger/

500 ermi

) LIGO - Virgo i esonm
goo S o
200 88| i

5 53

S b=

o 2 =
g £ b by
5] A hooo
6 400 600 1000 2000

wavelength (nm)

GW———

LIGO, Virgo

y-ray °

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

| U RETRERT 0 JUEHT I
X-ra /@

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

uv *—o—

Swift, HST / \

Optical ° ® : \
wope DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-S’ i |
HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAH ESO-VLT, KMTNet, ESO- VST VIRT, SALT, CHILES E TOROS, A \
BOGTES-5, Zadko, iTelescope.Net, AT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA INI“ | II “ ” I ‘ I‘ I H ||| |11 | I
IR - P \
REM-ROS2, VISTA, Gemini-South, 2MASS, Spitzer, NTT, GROND, SOAR, NOT, ESO-VL¥Kanata Telescope, HST ‘l
T i
Radio
ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LW/ MA, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg
Il IHI FiATNmI j/l'l H

-100 -50 ) 50 10% 10 t-t, (days) ’ 10 days
VISTA J’Chandra
. | 1 day

i+ .

A#N2H Swope

10.86h
MASTER

h[11.24h vik| od AN
Las Cumbres TR0 7 ORI

11.31h. w/ 16.4d  Radio)

iz




LIGO Limits on Neutron Star Tidal
Deformation and Equation of State
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These figures show the "tidal deformability" of the stars. Each axis corresponds to one of the two
stars, and how deformable it might be. The GW 170817 system lies somewhere on this plot. The
dashed lines marked 90% and 50% represent the chance the system is below and to the left of the
dashed line. The high spin cases are shown on the left, and the low spin cases are shown on the
right. (Credit: /WW . ' ; GW170817:
Observation of Gravitational Waves from a Binary Neutron Star Inspiral, PRL 119, 161101, 20137)
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AL=hL—10"m/H"

== Need 10 orders of magnitude

Test masses are suspended from 7 stages
of active and passive vibration isolation

Matichard, F., et al. Proc. ASPE
(2010)

Aston, S. M., et al. CQG 29.23 (2012):
235004.

Last two stages
are monolithic
to improve
Brownian noise

Cumming, A. V.,
etal. CQG 29.3
(2012): 035003.



LIGO Test Masses

Heavy Mirrors = Insensitive to photon
pressure from high power

Test mass coating brownian noise
dominates strain sensitivity in the most
sensitive region (~100 [Hz])

Larger Mirrors - Increase Spot Size:
Average over more surface area

Diameter 34 cm =
Thickness 20 cm \\ \ \

Mass 40 kg \ ,'

1/e? Beam Size 5.3-6.2 cm -~ ,_ 9 N ‘; (o

' /2 | ‘
Harry, G M., et a/‘C (2010) 084006 >




200W Nd:YAG laser

Designed and contributed by Max Planck Albert Einstein Institute
‘ S

LIGO

Stabilized in power and frequency — using
techniques developed for time references
Uses a monolithic master oscillator followed

by injection-locked rod amplifier
Delivers the required shot-noise limited
33

- fringe resolution




LIGO The Control Model: Actuation

Actuation Function: A ALCM = A(f)dc

The resulting differential arm length
displacement AL, response as a
result of the digital control signal d,,

trl

-8
A 10 T T T T T T T TOTTTTT T T T
For each stage U, P, and 7" 10.9 A Upper Intermediate Mass| |
- a gain 10 —Penultimate Mass
- mechanical pendulum response 10_11 _ __igiglMaSS
- digital control distribution filters _ 10
S107°
g
[ FAL
Top Mass = e = 10
N N = 1015
W v/lyj 20
er 4 J -
In?:rmediate\ = = 2 10 17
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1] | Actustors 10° 10! 10 10° 10°

|l Electrostatic

Test Mass (T) ctuator —
o A=K, A, +K,A, +K A
J. Kissel, 2016 Apr APS Meeting, arXiv:1602.03845 (2016) 1%,



LIGO The Control Model: Sensing

Sensing Function:

derr = C(f)ALres C’ The interferometer’s response
to differential arm length
displacement AL, as
measured by the digitized
photodetector signal d,,.

10

Dual-Recycled Fabry-Perot
Michelson response well-
approximated* by:

- a single pole low-pass filter,

- a gain, and

- a time-delay

—
—_—
T

Y Arm
Magnitude (ct/m)
S

10° 10! 10 10

Minor effects of the

e photodiodes’ electronics and

g digitization, are well-
understood and included
e ¥ G1600007-v2

GW Readout PDs |, Kissel, 2016 Apr APS Meeting, arXiv:1602.03845 (2016)111
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