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Gravitational Wave Observatories

Credit: LIGO 2
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Noise budget

- Seismic noise
Gravity gradients noise
Suspension thermal noise
Coating Brownlan noise
Quantum noise
Coating Thermo-optic noise

Substrate Brownian noise
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Coating thermo-optic

Precision interferometry for gravitational wave detection: Current status and future trends
Vajente, Gustafson, Reitze in Advances In Atomic, Molecular, and Optical Physics,Academic Press, 68,2019
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LIGO-Virgo-KAGRA Collaborations, Prospects for Localizing Gravitational-wave Transients ... , arXiv:1304.0670




oo GWTC-1

® First LIGO-Virgo Gravitational-wave Transient
Catalog (GWTC-1) released in December 2018

® 11 events with false-alarm-rate < 1/30 days and
> 507 chance of being astrophysical

® 10 binary black hole (BBH) mergers

® 1 binary neutron star (BNS) merger

Abbott et al
GWTC-I:A Gravitational-Wave Transient Catalog...

® 14 marginal candidates < 50% chance of being
astrophysical



LIGO Gravitational-wave Transient Catalog

Noise Model |
: ; ; Signal Model
- GW170729 f . o1 M

L OW151012 i Noise + Slb%ldl I\Io.(‘lcl |
1 GWI170818 - Observed Time-shifted Counts |

G\\’_l?(v)li)‘-l | eee Observed Counts
| GWI170823 : :
GW170809
GW151226
GW170608 5
. GW170814

GW150914

0.0
i)
(4]
)
(4]
@)
'S
[
o
‘v
c
e
-
w 9
&
° <
5
O
o c
o O
<%g
R
=
[ .
U]
<
“y
@)
3
O

*  GWIT0817
i ¢ p

Number of Events Above Threshold

10 G0 30 100 120 140 160
In £ Ranking Statistic Threshold




Binary systems

Credit: SXS Collaboration
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LIGO  Strain at detector
h(t—t;a,8,y, 2)=F (a,5,wh,(t—1; )
+F (a, 8, y)h(t — 15 A1)

(non-spinning) COS 1 = 71.

(spinning) COS (9]” =n.

(tref ’ ¢ref )

Z

(a,0)

17 parameters in total
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A binary black hole meréer everytfew

minutes somewhere'in the universe

EM Black Holes

EM Neutron Stars

. * LIGO-Virgo -
Neutron Stars

LIGO-Virgo | Frank Elavsky | Northwestern
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¥ao Open Data

® O strain data released in 2018; O2 strain data released in
2019

® https://www.gw-openscience.org

® Six additional candidate BBH in O2 reported by IAS group

‘ Name IFAR_I(O2)b W (event) (O2) pastro

R(event| N

GW170121| 2.8 x 10° > 30 > 0.99

GW170304 377 13.6 0.985

GW170727 370 11.8 0.98
GW170425 15 0.65 0.77
GW170202 6.3 0.25 0.68
GW170403 4.7 0.23 0.56

Venumadhav et al., New Binary Black Hole Mergers ... ,arXiv:1904.07214


https://www.gw-openscience.org

GW 170817

Gamma rays, 50 to 300 keV GRB 170817A
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Credit: NASA's Goddard Space Flight Center, Caltech/MIT/LIGO Lab

Center for Gravitation, Cosmology & Astrophysics
12 at the University of Wisconsin- Milwaukee



o GW1 7081 7 Masses
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Abbott et al, Phys. Rev. Lett. 119, 161101 (2017)
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https://doi.org/10.1103/PhysRevLett.119.161101

o Explosion

'S

NGC4993
. 120 million light years
Discovery Image
- August 17, 2017

GW+GRB delay+distance: Vv ~ €| < 1071

C

Image Credit: IM2H Collaboration / UC SantaCruz / Carnegie Observatories
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IGO0 Expansion of Universe
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Observing run O3

Binary neutron star inspiral range

- LIGO Hanford

e Start: 1 April 2019
e Break: Oct 2019
e End: 30 April 2020

.f‘.} ::?‘Q... ® .o
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6 9 19 15 18 21 2 27
Time [weeks] from 2019-04-01 15:00:00 UTC (1238166018.0)

This is first 6 months (O3a).
Second 6 months (O3b) is similar.



H&O  Observing run O3

Binary neutron star sensitivity
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This is first 6 months (O3a).
Second 6 months (O3b) is similar.




HGO] ow-latency Alerts in O3

! https:/lgracedb. igo.ong/superevents/S190924h \view/ B O % n @ ]

GraceDB — Gravitational-Wave Candidate Event Database
HOME PUBLIC ALERTS SEARCH LATESY DOCUMENTATION

Superevent Info

Superevemt UTC «
0 Category Labels FAR (M2) FAR tyr 1) t_start Submission time

PE_READY ADVOK EM Selected SKYMAP READY EMEBRICHT _READY 1 per 3.5493¢4+ 10
PASTRO_READY DQOK GON_PRELIM _SENT & years 12 3 25 7 1253326745.876674

Preferred Event Info
CPS Time ~ uTC «
Pipeline Search Instruments Event time Submission time

1253326744 8467 d019-09-24 02:19.15 UK

MassGap

Terrestrial
NSBH
BNS

BBH




HGo  Observing run O3

Sum of probabilities in each category
~35 BBH
~4.5 NSBH
~4.5 BNS
~3 Gap

~6 Terr

BBH

Terrestrial | <1%
NSBH | 0%
MassGap | 0%
BNS | 0%

S190707q

NSBH
MassGap | <1%

BNS
Terrestrial | <1%

NSBH | 0% Terrestrial | 0%

BNS | 0%

BBH | 0%

$190814bv

MassGap | 0%

BBH | 0%

$190425z

https://emfollow.docs.ligo.org/userguide/

® No multi-messenger counterparts-so far
19



Dao GW 190425

® Most likely second binary neutron star

® |dentified in single detector analysis

® Mass is outlier relative to Galactic population
LIGO-Virgo detect a second binary neutron star collision

— x < 0.89
x < 0.05
Galactic BNS
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Abbott et al., GW190425: Observation of a Compact
Binary Coalescence with Total Mass ~ 3.4 Msun,
arXiv:2001.01761.To appear in ApJL 20



UGO  Publication Plans

® 5190412m: Release in ~Mar/Apr 2020
® 5190521g: Release in ~Mar/Apr 2020
® 5|90814bv: Release ~Mar/Apr 2020

® GWTC-2: Release ~ April 2020

pA



#(cle

2020s



Observing runs
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LIGO-Virgo-KAGRA Collaborations, Prospects for Localizing Gravitational-wave Transients ... , arXiv:1304.0670
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HEO  alIGO Design (O4)

Projections toward aLIGO+ (Comoving Ranges NSNS 1. 4/1 4 M. and BHBH 20/20 M)
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Credit: LIGO Laboratory / A+ Team / D. Reitze 24



A+ (~2025)

Projections toward aLIGO+ (Comoving Ranges: NSNS 1.4/1.4 M, and BHBH 20/20 M)
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Credit: LIGO Laboratory / A+ Team / D. Reitze 25
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uGo  AdV+ (~2025)

AdV+ Phase-|

Increase laser power, implement signal
recycling, frequency dependent
-~ squeezing and Newtonian noise
_suppression

== = 03:n0SQZ::50W:105 Mpc == Suspension thermal
noSQZ:125W:105 Mpc - Quantum

— noSQZ:SR:125W:121 Mpc — Coating thermal

=== FDS:SR:125W:154 Mpc Newtonian (5X att)

m—— FDS:SR:125W:NN/5:164 Mpc

Strain sensitivity [1/VHZz]
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AdV+ Phase-ll

AdV+Phase-1:164 Mpc — = Suspension thermal
- = | arger ETM:204 Mpc —  Quantum
m— | arger ETM:advCT:268 Mpc - Coating thermal
= = | arger TM:237 Mpc Newtonian (5X att.)
w—— | arger TM:advCT:303 Mpc

larger mirrors and better coatings

Frequency [Hz]
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/ IGO0

Voyager
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; e gL IGO == AdV — Kagra ® Conceptual de.5|gn
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'-'G° 3rd Generation (~2035)

® Cosmic Explorer
® NSF-funded US conceptual design study
® 40km surface observatory

® Stage | (~2035): extension of A+

® Stage 2 (~2045): cryogenic, new test masses, coatings, ...
® Finstein Telescope
® Furopean conceptual design study

® |Okm, triangle, multi-detector, underground ————

® |0-15 year technology development

http://www.et-gw.eu/

Gravitational-wave International Committee, 3G Subcommittee
https://gwic.ligo.org/3Gsubcomm/documents.shtml

29


https://cosmicexplorer.org

~LIGOSensitivity to Binary Mergers

Credit: D. Reitze et al, arXiv:1903.04615
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