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The Detectors: Transducers for Strain, Antennas for GWSs

:”:: .
rd Test masses / high
Y-arm ., reflectors
Symmetric Beamsplitter /

port
X-arm

Anti-symmetric :,:,'
port

prd
P
5
e
x
.

Photocurrent,
modulated by
gravitational wave

OO0




The Global Network of Gravitational Wave Detectors

GEO 600



The Initial Detector Era - Timeline of Observing Runs

LSC Observational and Instrument Publications
Source: https://www.lsc-group.phys.uwm.edu/ppcomm/Papers.html, Jan 14 2015

g o0 )| N B U | IS S IR S R (T _
= 5
= :
2 : : ; ; ;
2 60 H e SRR -
W ! : : : Papers By Subgroup
@) : : : E ,
N : : : : Continuous
» Inspiral
‘-48 40_...é .............. R | SRR P
= ; ; : :
2 s 5 5 s
g Stochastic '
Z 20 RN e
. . . Instrument
: Bursts
0 | a | | 1
2003 2005 2007 2009 2011 2013 2015

LIGO-G1400600-v2



Optics




Optical Resonators
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Pound-Drever-Hall Locking
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Double-Modulation Measurement of Optical Cavities
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Double-Modulation Measurement - Results
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Double-Modulation Measurement - Results
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Instrumentation




Advanced LIGO - What Hasn't Been Changed




Advanced LIGO - What Has Been Changed

Larger Mirrors, ClEerm

Larger Beams, ETM
Better Coatings ~ *
: Increased Arm
4km, Cavity Finesse
|
|
|
v
T=3% I™
O A 125 W &L \ ™ ETM
5.2 KW BS IS0 kW
Increased 2
Laser Power PR3 SR2 T=1.4% ERM
Big Investment in
Seismic Isolation
and Suspensions
Signal Recycling/ srmcH SR3
Signal Extraction oD
y - ——>O———* GW readout
Output )
Figure from CQG 32 105102 (2015) N Mode OMC - rejects the laser
arXivi1411.4547 L, L Cleaner field that does not

couple to GWs 14



Advanced LIGO - What Has Been Changed

Strain Amplitude Spectral Density [Hz /2]
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Arm Length Stabilization

LIGO-G1300524

-

.

=]
—

PDH signal [a.u.]
|
=

-0.2[

1/

S
T

Inm—|| <«

v

-5 -4-3-2-1 01 2 3 45

Cavity detuning [nm]

J

Reflection Off
Sign

Infrar

ed Pick

al Port

PRM

=\

LASER

b

X
S |
1 SRM
Anti- :j
symmetric
Port |
v

Gravitational wave

Readout

Infrared

Transmitted
Carrier 1064 nm Signal

45 MHz RF Sideband
9 MHz RF Sideband
532 nm Beam

16



Lock Acquisition
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Lock Acquisition
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Advanced LIGO - Latest Sensitivity
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The Output Mode Cleaner
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Output Mode Cleaner - Cavity Length Noise
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Fluctuations of the OMC length or alignment could generate
noise in the transmitted power, and pollute the gravitational

wave channel.

We can characterize length noise by locking the OMC with
an offset.




Output Mode Cleaner - Cavity Length Noise
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Output Mode Cleaner - Cavity Length Noise
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2. Convert dP into dL using cavity resonance curve.

1. Measure power fluctuations while locked on the half-fringe.
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Output Mode Cleaner - Cavity Length Noise

1. Measure power fluctuations while locked on the half-fringe.
It 2. Convert dP into dL using cavity resonance curve.

3. Calculate quadratic fluctuations in dP due to dL when locked
on the full-fringe, and compare to gravitational wave sensitivity.
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Optical Spectrum Analysis Using the OMC

OMC Mode Scan - ITMX Single Bounce - TCS Off
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Contrast Defect Measurement
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Detector Characterization




Detector Duty Factor

L1in S5
Nov 23 2005 - Oct 1 2007 (Science Segments 110-6382)

1% - ITMY

4.1% - Construction &
, Logging
. 2.6% - Unknown

4% - Earthquakes

2.3% - Trains
" 2.3% _ Microseism

1.6% - Wind & Storms
¥ 2.7% - Up/Down Scripts

7.9% - Maint/Commish

Uptime - 67.2%
10,911 hours of science 3.7% - Hardware &
data Software Failures

0.5% - Calibration
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Science Segment Durations
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Gaussianity of the Noise

S6D H1:LDAS-STRAIN — Distribution of detector noise
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(non)Gaussianity of the Noise

Normalized Strain ASD
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Instrumental Channel Veto - Barkhausen Noise Example

Overlay of Upconversion Glitches and Coil Current
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Gamma-ray Bursts




Gravitational Wave Emission from GRB Central Engines

Short GRBs: model is a compact
binary coalescence (CBC), either
BNS or NS-BH.

GW emission is very strong, esp.
from inspiral phase (Ecw = 10% of a
solar mass). alLlGO detection out to
z~0.1 possible.

Long GRBs: collapsar model. GW
emission is speculative, may be at
high energy where detectors are
less sensitive. Also, higher redshift.

Potential mechanisms for GW
emission are bar mode instabilities,
proto-NS oscillations, accretion disk
instabilities, and others.
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Coherent Analysis Techniques
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Coherent Analysis Techniques
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True GW signals will lie on the
plane generated by the antenna
vectors.

Noise transients are independent
between detectors and will lie off
the signal plane.

Event significance is measured
by energy in the signal plane.

Background rejection is
performed by comparing signal
energy to null energy.
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Analysis Procedure

GRB Trigger

|

Off-source window:
[-1.5, +1.5] hours
around the time of the
GRB.

Used for background
estimation.

Unphysical time-slides
are added to the data to
generate additional
background events.

On-source window:  Open-box data:

Unmodeled search: On-source events with detection

[-600, +60] sec statistic > 99% of the
background events are

BNS/NSBH search: considered detection

[-5, +1] sec candidates.

Simulated GW signals
are used to tune cut
thresholds, calculate
upper limits. Simulation
parameters are varied to
account for systematic
uncertainties.
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What A Detection Looks Like

TF Map for loghbayesiancirc, analysis time step = 0.03125 sec
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What A Detection Looks Like
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What A Detection Looks Like
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The GEO-GRBs Search - Methods

152 GRBs between 2007 and 2011.

All use 2-detector network: GEO 600
and one other observatory.

Challenges for the search: GEQO’s best
sensitivity is 500Hz and higher.

We use an extended search band
compared to most recent GW-GRB
analyses, 64-1792Hz.

The high-frequency search band
requires a different approach to GRBs
with large sky position uncertainty.

Use a linear grid of search points on the
sky for GRBs with localization
uncertainty > 1 degree.
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The GEO-GRBs Search - Results

We analyzed each of the 152 GRBs
independently. For Fermi events, with
rough sky localization, we used the linear

grid to reduce the computational cost. 10°

Some of the analysis results showed we
were insensitive to GW signals, due to
unlucky sky location or poor sensitivity.

129 GRB events had good sensitivity to
gravitational waves.

number of GRBs

None of these GRBs had significant events
in the on-source window.

The population as a whole did not have a 19 |

statistically significant population of low-

1~ — —expected
| —®—data

10

probability events, after weighting for 10°

sensitivity.

Probability that results were consistent with
background: 19.3%.
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Statistical Significance of the Results

Number of GRBs
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The GEO-GRBs Search - Upper Limits

We used simulated gravitational waveforms
to measure the search sensitivity.

These signals were used to place upper
limits on the amplitude of generic
narrowband, short-duration signals.

Using a model for energy emitted to
gravitational waves, can set a lower limit on
distance to the source.

For an optimistic emission energy, our limits
were O(1) Mpc.

The sensitivity of the search was limited by
our detector network. Advanced detectors
could improve limits by 20x.
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The GEO-GRBs Search - Upper Limits
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Sky Localization

Hard to improve upon gamma-ray
satellite localizations (even Fermi GBM)

Some hope for CBC or high-frequency
bursts (due to likelihood maximization
across sky locations / time-of-flight)

0 1 2 3 4

prob. per deg?

Figure from Singer, Price et al.,
Ap. d. 795 (2014) 105, arXiv:1404.5623

See also Essick et al., arXiv:1409.2435
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Figure from arXiv:1405.1053

Localization capabilities of GW detector networks
have been carefully studied for all-sky CBC and
unmodeled searches - less so for triggered
searches.
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Sky Localization - Results
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Conclusion




Prospects for Detection

Anticipated number of BNS detections, aLIGO O1-03, 70% duty cycle

Note: error bars do NOT represent 67% CLs, they correspond to the "low" and "high" rates from arXiv:1003.2480. Plot inspired by T1200307.
Except for S5+S6 a 2-detector network is assumed. Remember Poisson statistics, the probability of >= 1 detections when the expectation value = 0.7 is 50%.
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The end is not in sight!
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The Initial Detector Era - Results Highlights

10-3

.2 — z
10 - 0.0 o Linear Q=9
104 [ 49 sine-Gaussian
R ¥ || Elliptical Q=9
2o — 10" E . & sine-Gaussian
.‘. E - 2 .
= " —'; - g “ 5 H_nea:i
= 3 "L ing-down
% ur 10° i Circular
3z 107 g ° ¢ ® Ring-down
LZ 10-® _% s ? . Band-limited
@ 8 L ? e PP i iiidg i i white noise
E o O e 10° arXiv:1202.2788
Frequency [Hz]
-
BNS NSBH BBH )
arXiv:1111.7314 arxXiv:1406.4556
10° | Earth Normal .
_arXiv:1207.7176 N Modes . !
alEE | o 10+ LIGO-Virg 1
- S5RS
] 107 |
. & [CMB&Matter " LU
N 10 Spectra
s S o a 100} Pulsar
10°F e 1 B Limit : -
= i L ] -10
»i} «.\ 10 B
1072k |
R Stgfs
A _14 E .
S 107\ / Axion R
B S Infl. Slow+Roll Inflation
107"
] 10_16 I I \/ L I 1 I 1
. | 107 10 10™ 10° 10° 10° 10° 10° 10° 10
50 60 80 100 200 300 400 500 600 800 1000 1200 Frequency (Hz) )2

Frequency (Hz)



Detector Response
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ALS Laser Alignment in 2012
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ALS Fiber Distribution
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Pre-Stabilized Laser
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Figure from CQG 32 105102 (2015)
arXiv:1411.4547
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Input Optics
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More Lock Acquisition
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Active Seismic Isolation For In-Vacuum Optical Tables
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Monolithic Four-Stage Suspensions For Test Masses

Optics Table Interface
(Seismic Isolation System)

Damping Controls
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Actuation \

61



Quantum Noise Reduction: 10x Laser Power, Larger Mirrors
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Detuning of Sighal Recycling Cavity
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Current Noise Estimation

aLIGO H1 DARM nmse, 2015-06-07 00:00: 00 UTC
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Homodyne Detection & Differential Arm Offset
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Contrast Defect Measurement

OMC Mode Scan - Full Lock - DARM Offset on
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Future Plans - O1, Charge Mitigation, Pl Dampers, Squeezing
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Backgrounds of Transient Searches

H1L1 S6D CWB Background Triggers
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Barkhausen Noise Veto

Overlay of Upconversion Glitches and Coil Current
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Scattered Light In the OMC Optical Path
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Installing the OMC Shroud




GRB Results from the Initial Detector Era

Many published searches for GW signals with GRBs, using LIGO & Virgo detectors:
* LIGO 52, S3, 54: 39 GRBs, Phys. Rev. D 77 (2008) 062004
» S5-VSR1 Burst: 137 GRBs, Astrophys. J. 715 (2010) 1438
* S5-VSR1 CBC: 22 short GRBs, Astrophys.J. 715 (2010) 1453
* S6-VSR2,3 Burst+CBC: 153 GRBs, Astrophys. J. 760 (2012) 12
* IPN events Burst+CBC: 223 GRBs, Phys. Rev. Lett. 113 (2014) 011102
» Search for long-duration signals: Phys. Rev. D 88 (2013) 122004
» Search for hi-freq GWs with GEO 600: 129 GRBs, Phys. Rev. D 89 (2014) 122004

o . . . 45r
Best limits on distance to progenitor, using 2Tty bumt ot 150 1

assumptions for the central engine:

~70 Mpc for NS-BH progenitor model,
associated with short GRB

number of GRBs
N
3]

~40 Mpc, for narrowband, short-duration
burst emitting 0.01 M ,,c2 in energy Lo

Figure from S6-VSR2,3 search, | - —‘ ,
arxXiv:1205.2216 10! 10° 10' 10

exclusion distance (Mpc)
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GRB-Triggered Searches with LIGO-Virgo

Upper limits of the searches
are calculated in GW-induced
strain. Choice of progenitor
model leads to a distance
lower limit.

Best exclusion distances:

~70 Mpc for NS-BH progenitor
model, associated with sGRB

~40 Mpc, for narrowband,
short-duration burst emitting
0.01 Mg,,C? in energy

We expect a substantial
iImprovement in our limits with
aLIGO and adVirgo.
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Strain ASD 1/rt[Hz]

10738 L.

NS
—

N
[\S}
Ld

— HI Sensitivity 2010-05-15 |
= =+ aLIGO Projected Sensitivity |
| ¢ ¢ Median GRB Upper Limits |

Frequency [Hz]

150 Hz UL from S6-VSR2,3 search, arXiv:1205.2216

1 kHz UL from S5-VSR1 search, arXiv:1001.0165

aLIGO noise curve: https://dcc.ligo.org/LIGO-T0900288
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Notable Non-detections

69:29:59.8

59:508 |-

68:29:598 [« - ¢

Declination

67:59:598 [\ 1 ¢

e e R s
10:00:00.0 56:00.0 52:00. 4 \ . 9:44:00.0

Right ascension

Fic. 1.— The central region of the M8&81 group, showing the origi-
nal error trapezium (red dashed line) from the IPN and the refined
3-0 error ellipse (solid black). The blue boxes are the regions stud-
ied in the optical. Figure from Hurley et al. (2010) Copyright (c)
2010 RAS.

Short GRBs 051103 (arXiv:1201.4413) and 070201 (arXiv:0711.1163).

background galaxy or an SGR flare.

FIG. 1.— The IPN3 ( ) (vy-ray) error box overlaps with the spiral
arms of the Andromeda galaxy (M31). The inset image shows the full error
box superimposed on an SDSS ( )
image of M31. The main figure shows the overlap of the error box and the
spiral arms of M31 in UV light ( ).

—> either from distant



Physics Goals for Coincident Detections

Independent measurement of the Hubble expansion using BNS mergers as
‘'standard sirens’:

Ho — CDiL
[ hy (t) ] _ A (A +2)M) | (14 cos® ¢) cos(¢(t))
By (t) D; 2 cos tsin(¢(t))

Challenges:
e degeneracy between luminosity distance D, and source inclination
e degeneracy between redshift and chirp mass M

Proposed solutions:
e Use known distribution of neutron star masses as prior on M (Taylor et al. arXiv:
1108.5161)
e Use galaxy catalog as prior on D, (del Pozzo arXiv:1108.1317)
e Use short GRBs to fix inclination, EM followup observations to measure redshift of
host galaxy (Nissanke et al. arXiv:0904.1017)

Can measure Ho to ~10% with ~dozens of events.



Analysis Procedure

Swift [

Integral T { {v
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GCN

Data around each GRB are searched with
no assumptions for redshift, burst luminosity
or spectral hardness. Sources are
assumed to have small inclination angles.

Localizations from Fermi GBM require a sky
tiling procedure to account for the phase
delay across the error region.

GRB events are collected from the GCN alerts,
plus the IPN catalog.

Two complementary analyses are performed:

e A template-based search for modeled
signals (BNS, NSBH) from short GRBs

e An unmodeled search for any coherent
short-duration coherent, from all GRBs
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GRB Sky Localization - What if you miss?

H1 Fp: -0.590303940385 , Fc: -0.34562162922
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e e Searchgrid
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GRB Sky Localization - Check the search grid delay tolerance

Map of random sky positions to Measure time delay tiling

1.
0.5
i RandomTlest Positions |
~ 0y + 1-D Grid of Sky Positions |:
57 GRB Position :
05 Vector to GRB

Histogram of difference in delay between test positions and best sky grid position

0 Il Histogram results |
— — —Delay tolerance
| d
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GRB Discovery

Vela 4A Event — July 2 1967

1500

1000 - -

counts/second

500 -

1 1
-4 -2 0 2 4 6 8
Time (seconds)

Omnidirectional gamma-ray detectors
to verify test-ban treaty.

Addition of more satellites allowed for
rough sky localization
(not terrestrial —> declassify!)




GRB Detections

Compton Gamma Ray Observatory (CGRO), with the Burst and
Transient Source Experiment (BATSE).

Launched in 1991. BATSE had 4pi sky coverage, 20 to >600 keV
sensitivity.



Isotropic Distribution

2704 BATSE Gamma-Ray Bursts

I 00 -
10”7 10°® 10° 10

Fluence, 50-300 keV (ergs cm™)



Short timescale variability

150 18 6
GRB 210503 GRB 210711 GRB 920216B
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oF 1 Fourth BATSE Catalog,
0 0 B arXiv:astro-ph/9903205
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Unambiguous Extragalactic Origin - BeppoSAX mission

GRB 970228
Tyg = 80sec

7=0.695 (2.5 Gpc) Rt




Association with Supernovae Type Ib,c

GRB 980425 / SN1998bw (Ic)
Tyo = 30sec

z=0.0085 (36 Mpc - still the
closest GRB on record)

\‘I 13AX11935.0-5248

P

- SN 1998bw -

g

3 \*l 15AXJ1935.3-5252 |




Astronomy 101 Review

Bersier 2010
SN

N

noH H

7N

no Si

e

no He

Type la Typelb Typelc Typell
| |

Thermonuclear Core Collapse

Long GRBs are associated with Type Ib/c supernovae:
core collapse in massive, rapidly rotating stars



Evidence for jets from BNS numerical simulations

glhojlalem® ] lgirho)fgyem?;

E=1526 ms

g(rhoj[glom®] Igirho)iglem®:

Rezzolla et al. arxiv:1101.4298




Current Gamma-ray Satellite Missions

Swift BAT: arcminute localization Fermi GBM: several deg localization

Also, the InterPlanetary Network (IPN): high latency, very accurate.



Swift Burst Alert Telescope:

Localizing Gamma-ray Sources

Coded mask, 50% occulted by 5x5mm Pb tiles

Localizing transient gamma-ray sources is a significant

challenge. Swiftrelies on rough localization to point x-ray and

optical telescopes that search for an afterglow.



Swift — First Localization of a short GRB

15-25 keV

3
=
3
3

25-50 keV

50-100 keV

Rate (counts s™' cm2)

Figure 1| Optical images of the region of GRB 050509B showing the
100-350 keV association with a large elliptical galaxy. The Digitized Sky Survey image.

z=0.225 (900 Mpc)
Gehrels et al., Nature 437, 6

2E — = = 2 "There may pe more than one origin of short
Time (s) GRBs, but this particular short event has a
Figure 2 | BAT light curves for the short GRB 050509B, showing the short h|gh probabm’[y of being unrelated to star

duration of this GRB. The light curves are given in four photon energy

bands with the band identified in the upper right of each panel. The peakhas  fOrmation and of bein g cau sed by a bin ary
a duration of 40 = 4 ms (90% containment of counts). There is no me rg er ”



Short GRBs — Swift-era Localizations

1 ' I
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Fong et al., arXiv:0909.1804

The host galaxies of short GRBs are older (elliptical, irregular); sGRBs originate in non-
star-forming regions

Short GRBs tend to have larger offsets from the center of their host, consistent with kicks
received in formation of NS-NS binaries.



Short GRBs — Swift-era Localizations — Redshift observations
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Short GRBs — No SNe Association, to Deep Limits
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The Fireball Model

=

Ultra-
Inner relativistic
engine jet

3o0ys assoned
Jengw 1] pa"sous }0\‘\
3O0ys piemio

“ORew feuseixe pexoous 1O

Internal shocks External shocks

Explains a number of observed features: millisecond structure, afterglows,
prompt optical flashes. Is agnostic regarding the central engine.




Relativistic Beaming

Geometry of outflow? Jet Breaks

Braak time

Relativistic
Jet opening pffed 4
angie
3 C

Gammray

burst e

Jet it rid R

-

o -

Brightness

gjet at, 3/8(| +z)3/8E-1/8n /8

Courtesy W. Fong




Jet Breaks

Jet breaks are a geometric effect — should
be seen across all wavelengths/
frequencies (“achromatic”).

A crucial parameter when calculating

rates.
t: 3/8 1/8
9j:0.13( 1 ) 20
1+z E52

Berger, arXiv:1311:2603

Includes assumptions of the density of the
interstellar medium and the adiabatic
expansion of the jet (which determines the
evolution of the Lorentz factor)

Observed magnitude

0.1 1.0 10.0
time [days since GRB 990510]

FIG. 8. Optical light curves of GRB 990510. A fit for the ob-
served optical light curves is obtained with a;=0.82+0.02, a;
=2.18+0.05 and ¢-=1.2+0.08 days. From Harrison et al., 1999.

Piran, astro-ph/0405503




Short GRB Rates and BNS/NSBH Populations
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Opening Angle 6, (degrees) Fong et al. arxiv:1309.7479

5-10deg beaming of short GRBs implies rate of ~300 GpcA3 yrA-1. This is
consistent with NS-NS population studies, *IF* all short GRBs are from binary

mergers.



GRB 130603B — kilonova detection

N ‘ * e
L

Figure 1 HST imaging of the location of SGRB 130603B. The host 1s well resolved

and displays a disturbed, late-type morphology. The position (coordinates RA 00 = 11

Tanvir et al. arxiv:1306.4971 z=0.356, 1.4Gpc



Kilonova lightcurve

Tanvir et al. arxiv:1306.4971
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Kilonova lightcurve

Jet break — implies 6
deg opening angle!
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