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LVK Observing runs

- LIGO-Virgo-KAGRA (LVK) Observing plansipdated at leashonthlyon thel5h
Ahttps://observing.docs.ligo.org/plan
- Latest update on Juneil next one expected tomorrow
E When the LVK data taking restarted after awl€ek break
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https://observing.docs.ligo.org/plan

LVK network of detectors

- A worldwide networkof groundbased GW interferometric detectors
AEach detector responsible
of its own data taking
- Global coordination
AJointdata analyse& publications

,-f«.:.
LIGO Hanford

,LIGO Livingston

Operational

. GEO600[Germany] e
AAstrowatch, R&D }

- LIGO Hanford(H1) [WA, USA]
LIGO Livingston(L1) [LA, USA]
ALIGO India planned

- Virgo [Italy]

- KAGRA [Japan] \
AUndergroundandcryogenlc

- GravitationalWave OpenScienceCenter
(GWOSQ:
https://www.gwopenscience.org

LIGO Livingston



https://www.gw-openscience.org/

LVK O4 run In a nutshell

- O4a 24 May 2023 @ 15:00 UTE€ 16 January 2024 @ 16:00 UTC
AThe two LIGO detectors
E Virgo decided to continueommissioningo work further
on improving the sensitivity and the stability of the detector for O4b
E KAGRA took data for four weekdefore moving back to commissioning

- O4lx 10 April 2024 @ 15:00 UTE 28 January 2025 @ 1700 UTC
AThe two LIGO detectors + Virgior the full data taking period
E Scheduled downtimes align&@imaximize the letector uptime
AKAGRA continuedcommissioningvith the goal to be ready for O4c
E Site significantly impactetly a7.6-magnitude earthquale 01 January 2024

- No detector break between O4b and O4c
ATransition driven by the schedule to release public data by chunks
E Clean cut: all detectors down at the time of the change

- O4c 28 January 2025 @ 1700 UTFC 18 November 2025 @ 16:00 UT(Currently)
AFour detectorfor the first timethe two LIGO + Virgo + KAGRA
E KAGRA data not used in low latendgr public alerts
A10-week detector breadkom 01 April to 11 June A



LIGO detectors status update

- Major changes from O3

AFrequencydependensqueezingbetter than 4dB @ H1 / close to 6dB @ L1
AMore power in the arms-200 kW- 380 kW @ H1 280 kW @ L1
ASomescatter sourcesndcontrol noises mitigated

- Current issues

ACannot easily power up mqiastabilitiesandunclear gain in sensitivity
- Buildups do not scale, more noise, etc.

AMystery noiseghought to bescatterworking hard to understand (to fix for O5)
- L1: Added extra baffles in recent O4c vent as aitestclear results so far

- Near future improvemen(to be tested early before D5
ABetter suspension local dampisensors
Alnstall big beam splitter
Alnput jitter mitigation(new, small input cavity, JAC)
AFront surface heater for input test magS#3ETA)
ABetter output lossegartial BHD)
ABetter test massesnprovedcoating thermal noise

E A bit delayed, bustill planned for O5



LIGO Livingston O4 noise budget

- Blue trace measured sensitivity
- Black trace: sum aodll known noises

- Somemystery noise&éemains in the lowand midfrequency ranges
- Red dashed tracthermal noise

ATo be improvedbetter coatindor O5 test massegjongside the quantum noise
- Otherwise not much gain at mid. frequencies
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Virgo detector status update

- Main O3- 04 upgradeaddition of thesignal recycling mirro(SRM)

Almproveandshapehe sensitivity curve :
In a given frequency ban@dpecific sources)
E Mirror reflectivity2 Bandwidth i
E Position? Resonance frequency Cleaner
- Additional cavity to control w

ALongitudinalandangular

degrees of freedom 1 HH

- Need toredesigrthe procedure leading
to the global control of the full detector

- Virgo recycling cavitieareonly marginally stable
ASpace constraints ode G
AMore sensitive to optical defedisold & thermal)
AMirror radius of curvature tuned for high power:

more instabilities at lower power
- Aot of controlandstability issues

- Sque
o Ight



Virgo detector status update

A My s t e r scalingiikel/f%8 is limiting BNS range around 55 Mpc
AExact origin still unknownin spite of numerous studies and hypothesis testing
- Possibly coming fronmigh-order modes
E Larger contributionslue to themarginally-stable cavities

- New direction for the pogb4 upgrade of the Virgo detector
APriority is to install stable cavities
E Requires @omplete redesign of the central interferometer aneh
some relatedivil engineering work

- TechnicalDesignReportsubmitted tdunding agencies
AReviewprocessn progress

- Virgo-specific upgrade plannirng be discussed with LIGO and KAGRA
Aln the framework of th@int preparatiorfor the O5 run and beyond



KAGRA detector status update

- History

AApril, 2020 Joint O3GK run with GEO6QMBNS range=0.66 Mpc(median)
AMay, 2023 Took data during first month of O48ensitivity:~1.3 Mpc(prelim.)
AOctober 2024full recoveryfrom January %, 2024 earthquake (epicenter ~100 k
AJune, 20250bserving in the second part of O&ensitivity:~7 Mpc(prelim.)

- Major improvementsince O3GK

AEnhanced testmasscooling 1 @300K + 3 @250K Y 2 @4
Almplemented Wavefront SensingAtignment Sensing and Control

Alncreased input laser power ~ 1 10MWV Y

AUpgraded suspension controls + vibration isolafasroutput optics

AStray light mitigation

- Current issueaunidentified noise source around 100 Hzeam jitter

- NearFuture improvement@owardQOb5)

Almplementation oResonant Sideband Extraction

AReplacement dihput Mirrors

APhotodiodes put into vacuum

AHigh-power lasertargetting30 W at theinput modecleaner output 9



More LVK detector talks this week

[That was this morning]
- Mon. Session 2 PlenaryTalks: A new chapter of gravitational wave observations with giioaset laser interferomete

- Mon. Session 3 C2: Gravitational wave astronomy: searches, data analysis,

parameter estimation and meftiessenger astronomy
AEvan Goetz, Characterizing LIGO detector data in the fourth observing run
ADidier Verkindt, Virgo h(t) reconstruction for 04 and O5

- Tue. Session 3C3: Progress and challenges in advanced grbasdd detectors
ADiego Bersanetti, Interferometer Configuration and Commissioning of the Virgo Detector during the O4b/c Run
AMatthieu Gosselin, Injection system improvement for AdV+ phase |I
ACervane Grimaud, From the Virgo interferometer calibration to the bias and
uncertainty of the h(t) detector strain during the O4 run
APierre Van Hove, Absolute Calibration of the Virgo Interferometer Using a Newtonian Calibrator
AEilidh Mackenzie, Hunting for new glitches in LIGO data using community science
AThejas Seetharamu, A+ LIGO Output Mode Cleaner Cavities and Investigation
of Polarisation Balanced Homodyne Detection

- Wednesday Session-4£4: Concept and research towards rgetteration detectors
AMattia Boldrini, Simulations of Sensing & Control for Advanced Virgo+ phase I

- Friday Session 4C3: Progress and challenges in advanced grbased detectors
APaul Lagabbe, Adaptive optic for mode matching correction
ALorenzo Aiello, High power demands high precision: addressing challenges

with innovative solutions in GW detectoros
Avalentina Mangano, Mitigation of Parametric Instabilities in Gravitational Wave Detectors using Mechanical Da
AMaddalena Mantovani, Methodological approach to evaluate control requirements for gravitational wave detect

.And possibly moreé 10



The O4a run
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- Duty cycles

Network duty factor
[1368975618-1389456018]

M Double interferometer [53.4%]
M Single interferometer [29.7%]
M No interferometer [16.6%]
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- Public monitoring plotshttps://gwosc.org/detector status/O4a

operational state
[1368075618-1380456018, state: all]
Observing [67.5%]
Ready [0.7%]
Locked [4.8%]
Not locked [26.9%]

L1 operational state

[1368975618-1380456018, state: all]

Observing [69.0%]
Ready [0.4%]
Locked [3.1%]
Not locked [26.8%]

11
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- BNS range

200

Binary neutron star inspiral range

The O4b run
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- Duty cycles

H1 operational state
[1396796418-1422118818, state’ all]
Observing [48.6%]
Ready [0.6%]
Locked [3.5%)]

Not locked [47.3%]

Network duty factor Undefined [0.0%]

[1396796418-1422118818]

Triple interferometer [31.1%)
Double interferometer [36.8%)
Single interferometer [20.8%]
No interferometer [11.3%]

B

- Public monitoring plotshttps://gwosc.org/detector _status/O4b 12
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L1 operational state
[1396796418-1422118818, state: all|

Observing [68.1%)]
Ready [0.6%]
Locked [5.1%]

Not locked [26.0%]
Undefined [0.2%)

|

Virgo operational state

[1396796418-1422118818, state: all]

Observing [70.8%]
Locked [4.9%]

Not locked [24.3%)
Undefined [0.0%)



https://gwosc.org/detector_status/O4b

The O4c run

- Duty cycleexcluding the 1@veek detector break

2025;'02,'17 2025,!'03,!15 2025;hdflo 2025,!65;06 2025{b6f01 2025{56;27
UTC time

LIGO Hanford
mmm Duty cycle = 58.91%
[52d:19h:41m:17s]

LIGO Livingston
mmm Duty cycle = 69.01%
[61d:21h:3m:27s]

Virgo
B Duty cycle = 71.65%
[64d:5h:59m:53s]

H1-L1-V1: 36.91 %
H1-L1: 10.60 %
H1-V1: 9.31 %
L1-V1: 16.02 %
H1: 2.08 %

L1: 5.48 %
V1:942 %

None: 10.18 %

13



The O4c run

- BNS rangeevolution
AFrom thegwistatpublic websitehttps://online.igwn.org

GstLAL Inspiral Detector Range History (Mpc)
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- H1 K1 == L1 == V1

Gravitational Wave Detector Network

Operational Snapshot as offJun. 11, 2025 20:50:53 UTC

. Screenshoffive detectors o .
observing simultaneously | o

LIGO Hanford

Duration [hh:mm]
04:13
00:00

LIGO Livingston 03:07

Virgo 01:03

KAGRA 03:27
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Low latency alerts

GCN:
- GeneralCoordinatesNetwork (GCN) Bkt

Multimessenger Alert System

‘ e
s A& £
m httpS . //q C n . n asa . q OV GCN distributes alerts between space- and ground-based | e Bemﬂsﬂ:’{gg&a)'
CubeSats )

observatories, physics experiments, and thousands of

astronomers around the world.

- Reakltime processing of LVK data oo, |
ADedicateddata analysis pipelines

S e arC h I n g fo tran S I e nt G W eve n tS FOs Raw Calibration ste:':;'n Online Triggers GraceDB G.W Validation chf’cks_) Analyses
data Reconstruction h(t) pipelines Information candidates Vetting studies
. . enrichment
- Late n Cy IS th e m al n C h al I e n g e ﬁpr::f:::s Online Near real-time Offline
"
for th e p u bl IC al e rt co.l-::::;-:ing Seconds Minutes Hours w[:z\lr(ss

Months

AThe lower, the better

Time relative to gravitational-wave merger

. An alertmust banformative D::E;E{S}I-:gzgg:= E?é.'%!":‘n’t“‘“] « O4b novelty

for theastronomy community Detection =

Automated Vetting [
Classification [

1st Preliminary I Binned source] O4c
Alert Sent .
Sky Localization [ Chlrp mass novelty

| AUtomated alertmterfound Cluster additional eventé- |2nd Preliminary

Re-annotate [lJ|Alert Sent

not to originate from the cosmo e

areretracted ““ma”vet“”gm‘m"‘m Sent

Parameter Estimation _I ‘l:lpdatse
Classification ert Sent

- Central databasé&raceDB o5 0s 305 Immute  Lhour L oay 1 week

AGravitational wavecandidatezventDataBase [044 [O44

- Public portal https://gracedb.ligo.org/superevents/public/O4[04d 15



https://gcn.nasa.gov/
https://gracedb.ligo.org/superevents/public/O4a
https://gracedb.ligo.org/superevents/public/O4b
https://gracedb.ligo.org/superevents/public/O4
https://gracedb.ligo.org/superevents/public/O4c

Binned source chirp mass

- Fromhttps://emfollow.docs.ligo.org/userquide/content.html#inference

Binned Source Chirp Mass: Probabilities for the chirp mass of the source binary M to lie within predefined bins, i.e., a coarse-
grained histogram. As for the Properties above, we assume in calculating these probabilities that the event is astrophysical, i.e.,
not noise. The apparent chirp mass including the effect of redshift on the GW signal, Mget = (1 + 2).M, is precisely measured
for many CBC sources, with the dominant uncertainty in M generally due to the uncertain redshift of the source.
* bin edges:
For events from the cWB-BBH unmodeled search a distance estimate is not available in low latency, therefore we set the redshift a: 0.1
equal to zero for the purpose of calculating binned probabilities. For Burst events detected by neither modeled CBC pipelines nor L 9.87
) : ) 2: 1.0 (3s:1
cWB-BBH, a chirp mass is not provided. 3 1.1
4 1.2
The bin edges are given by B = (0.1,0.87,1.0,1.1,1.2,1.3,1.4,1.5,1.7,1.9,2.1,2.3, 3,5.5, 11,22, 44, 88, 1000). The 51 1.3
value in bin % is the probability that B; < M /Mg < Bi. j i;l
_ 8: 1.7
Notes: o 1.9
10: 2.1
* The lowest-mass bin up to 0.87 Mg covers cases where at least one component is sub-solar mass. E i; 5
» For M /Mg > 44, the source total mass is above ~ 100 M, while for M /Mg, > 88 at least one component mass is 13 5.5
14:
above ~ 100 Mg, 15
16:
These binned probabilities are available at GraceDB as a file with JSON format data named either mchirp_source. json fora i;
preliminary alert, or mchirp_source_PE.json for later updates. An example of the format is below: » probabilities:
[°H a.
- Example: 5
p . 2: 0.
. . 3 0.
https://gracedb.ligo.org/superevents/S250704ab/view o
5: 0.
6: 0.
7: 0.
8: 0.
= 1.0 9: e.
= 10: o.
= 11: 0.
©
805 12: 7. 72376096€-15
g_._ 13: 0. 724740854
0 ——— —————— 14: e.
01087 1 11 12 13 14 15 17 19 21 23 3 55 11 22 44 88 1000 15: a.
Source Frame Chirp Mass Bin (M) o .



https://emfollow.docs.ligo.org/userguide/content.html#inference
https://gracedb.ligo.org/superevents/S250704ab/view

Public alerts

- Cumulative numbeof (nonretracted public alerts
AVersuscalendar

01+02+03 = 90, O4a* = 81, 04b* = 105, 04c* = 25, Total = 301

320
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c ©o o o © © O

Cumulative Detections/Candidates
=
B
o

LIGO-G2302098(96632cce), updated on 8 July, 2025

*0Cda, O4b, and O4c entries are preliminary candidates found online.
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- 211 public alerts in O4 25 more retracted

Time [weeks] since the start of run

O4a
O4b - 6000
O4c
Alerts ' 75000 &,
_——— VT £
4000 £
'_
+3000 7
>
©
L2000 3
Y E
’ o
i .
v 34 © Derek Davis [ 1000
(LIGO)
Lo
0 10 20 30 40

- 301 evententegrating ovefOl1l+ O2+ O3 (published detections O4 (public alert$
AThe O4a part of this cumulative plot will change when G\AATIS released

For more informatiombout the LVK lowlatency alert system, see talk by
Andrew Toivonenn Tuesday Session-7: MMA of GW sources
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Sky localization

- O4{b+c}: 130 public alerts
- 80%1(104/130 includeVirgo data

E Fraction per month: ::

Months since the beginning of 04b

- Sky localization greatly improvad some cases
AExample:S240615dg

LIGO -only skymap

event ID: G493086
50% area: 124 deg®

- 90% area: 545 deg®

30° TS a0 3°
o | 8 | 0 0e

o | | \ I
ob i 18" 150 120 9 & a on ot 21"
300 / 30° 80° N

—

. & e S~
600 ./  s0e 60°

- No counterpart identified for any event in &d far

3-detector skymap

event ID: S240615dg

50% area: 2 deg®

S — 90% area: 6 deg®
— B60°

| i | | i | |
1gh 15" 12h 9" g 3h o
300
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https://gracedb.ligo.org/superevents/S240615dg/view

The Rapid Response Team

- Joint LVK vetting of lowlatency alertsince the beginning of 04

the Rapid Responsdeam(RRT)

A24/7 shiftcoverage

AShared coordinatiorg geographical regionsovering8 hourseach
E Europe (+ Africa): Virgo

E Asia/Pacific: KAGRA

E Americas: LIGO
A3-tiered system

E Level Q shifters

E Level 1 experts

A significant GW
signal candidate is
found by online
search pipelines

A GCN alert is sent

to astronomers in

order to search for
counterparts

.. “~‘ -...,..,
plaghettagtedytt botety gt
X

f X} TV
E Level 2 full team .~ g,
' ", w. ]‘
- The RRT in numbers M ﬁ W, M'M'IP
A4000+ Shiftcompleted
A 600+ Level0 shifters
A 54 Levell shifters
A 13 Site advocates 4
A 4 RRT shift managers ===« ==

The RRT provides
rapid human

vetting of the alerts [

Asia-Pacific  Central- Europe

UTC 22:4571-

07:00

e Foster multimessenger
searches

#| ® Trigger event

validation and all
downstream analyses

Americas

UTC 6:45-15:00 UTC 14:45-
CEST 8:45-17:00

23:00
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The RRT: vetting lowlatency alerts

500 from Event(Ty) to Initial Circular(Tinitial circutar)
[ ® ADVOK (122)
- Distribution of O4b+c alertdy hour 4001 2 LB
12 BN ADVNO (14) 300 A
cTZ Europe TZ EEm ADVOK (122)
107 Us TZ 2004 ™ "
; 6 ‘ s2a0dha, Posoaes
£ 100: B o .
§ 4 g s2a0a28)
i FF . o '
23h 7h 15h 23h ; o v g " o -
0 Gt ) o 17 0 Hour of the Day, UTC T——— £ e
- Latencymeasuredrom event time
- Includes all the steps upstream of
RapidRespons@eam(RRT)  © Takahiro
A DAQ Sawada 10 _ Asia-Pacific TZ Europe TZ uUs 172
AGW strainchannekeconstruction |
AData transfer . | |
23h 7h 15h 23h
AOnline pipelines processing Time UTC S

ACandidate vettingpy RRT i mcludlng thelnltlal circular writing
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The RRT: vetting lowlatency alerts

. Evolutionof thetime taken to vet the candidate

AFromwhen the RRT has been triggemagtomatically,
to when the RRT decisioabout the event is sent

- Evolution of the (globalRRT latencyover O4

AFrom theautomated aletb thehuman decision
- (ADV)OK or retract ADVNO)
AHP = High Profile (events potentially highly interestinBNS candidatesetc.)

* ADVOK (176)

e ADVNO (17)
ADVOK and HP (27)
ADVNO and HP (8)

MmN e R RN N NN e e e N N N N NN NN RN RN N NN N AN AN AN AR AN A E A NN AN AN AN AN AN AN AN AN AR EEAAANEEER A ANEE R R EEAA R R,

SassmssmEsEEsEEEEsEEEASAEEARAEEEEEEAESEEEESEsEASRANEESESAESEESEEEEEEEsAESEEEsEEEEsEEEEEEsEEEEERNEEmEsEenEansansanenndanannan AR AN SRR E RS AR AR AR AR AR AR AR A AR AN A RE s s R s R E R

O4a « O4b | O4c-
Oct 01 Nov 01 Dec 01 Feb 01 Mar 01 Apr 01 M n 01 ul 01 Aug 01 Oct 01 Dec 01 Jan 01 Feb 01 Mar 01 Apr 01
23 2023 2023 2023 2024 2024 2024 24 2024 2024 2024 2024 2024 2024 2025 2025 2025 2025

Date

© Takahiro Sawada & Keita Kawabe 21



Outlook

- 04 is significantly better than O3
ANumber of public alerts

Alntegrated VT

- A major LVK successverall

AThe result of theledicatiorandeffort
of all the scientistmvolved in the
global network of groundbased
Interferometric detectors

Still

- 10 years after GW15091thelLVK
Acontinuesnaking discoveries
Ashows theoower of the network and

of collaborating work
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25-128
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1-3 =10
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KAGF o
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We are looking to continue this forwawfter O4andfor the years to come
AStay tuned to the public LVK Observing plans webpfageipdates
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LVK public data releases

Data set Data collection date range I’;’Ifog;?as h(t) release date
O4a 2023-05-24 to 2024-01-16 7.7 2025-08-26
16:00:00 UTC
O4b 2024-04-10 to 2025-01-28 9.5 2026-05-26
17:00:00 UTC
O4c 2025-01-28 17:00:00 UTC to 10 2026-12-16

2025-11-18 17:00:00 UTC
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LIGO detectors status update

- Major changes from O3
AFrequency independant squeezing: better than 4dB @ H1 / close to 6dB @ |

H1 Strain Noise [1/v/Hz]
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- Reference:
Phys. Rev. X13, 041021 (2023)
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KAGRA detector status update

- Performance evolution over tiniecompared with LIGO and Virgo
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The O4b run

- Main downtimes

Damaged outp
Faraday isolato

| g 1

LIGO Hanford
mmm Duty cycle = 48.64%
[142d:13h:9m:49s]

LIGO Livingston
mmm Duty cycle = 68.13%
[199d:16h:20m:265s]

| W

Virgo
B Duty cycle = 70.84%
[207d:14h:49m:38s]

'024/04/11 2024/05/30 2024/07/18

Opportunistic
detector work
while H1 down

2024/09/05 2024/10/24 2024/12/12
UTC time

Kink of almW wire; the viton

casing was removed from the wire, but
place at the side to show that th
developed where it was just exiting. =~ =

Fast shutter issue
[Dark fringe photodiode
protection system]
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Duty cycle /1800 s

- Weekly, UTC timezone

Comparing H1, L1 and V1, average duty cycles
1396796418 [2024-04-10 15:00:00+00:00 UTC] -> 1434459620 [2025-06-20 13:00:02+00:00 UTC]

O4{b+c} LVK network duty cycle
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- Dally, local timezone$or each detector
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LT for each detector
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LIGO Livingston O4 noise budget

- Red tracesensitivity curve based @il known noises

- Somemystery noisegemains
rall technical noises

ADark green traceall known technical noises
- Thermal coating noise to be improved (new O5 test magssihe quantum noise

- Otherwise not much gain at mid. frequencies

1070 = | ——L1 O4 DARM Sep 2024, 169 Mpc

’ = = 04 quantum

- = 04 therm coat

—— L1DARM - gquantum - thermcoat

—— sum known noises - quantum - therm coat
—— sum known noises, 212 Mpc
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