
Numerical relativity simulation of a BH-NS merger, where the NS is tidally disrupted by the BH (as GW200105, GW200115)

Modified from Deborah Ferguson (UT Austin), Bhavesh Khamesra (Georgia Tech), and Karan Jani (Vanderbilt University).

Status of the gravitational-wave 
interferometers LIGO-Virgo-KAGRA 

Mónica Seglar-Arroyo  
on behalf of LVK collaborations 

Institut de Fisica d’Altes Energies (IFAE)  
Universitat Autònoma de Barcelona, Spain 

Astro-COLIBRI workshop, 17 September 2024



2nd generation interferometers

ΔL = h ⋅ L
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• Current laser interferometers: slightly different design (optically, cryo/not, 
underground/not, etc) 

• Michelson interferometer of ~several km of baseline 

• Input infrared laser (1064nm) of ~tens of W   

• Resonant Fabry-Perot cavities used to enhance the response of 
interferometers  

• Recycling cavities (power and signal recycling mirrors) 

• Very reflective coatings on high purity tens of kg mirror substrates

Virgo
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LIGO-H LIGO-L



The LVK observing runs

Commissioning 
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We are here

*Sensitivity range expressed in terms of BNS inspiral range, 
for a 1.4+1.4M☉ system on-axis at single-detector SNR=8

GW150914
Many results!! 
https://pnp.ligo.org/ppcomm/
Papers.html

• The O4 observing run started on May 2023 

• O4a with LIGO-L and LIGO-H: 10 months  

• O4b started in April 2024: LIGO-L LIGO-H and Virgo 

• Observing run extended until 9 June 2025: 14 months



• Stable and reproducible control of interferometer mostly achieved in Fall 2022: Lowering input power from nominal 40 W to 
18 W (currently),  new thermal actuator to correct power-recycling mirror curvature, deal with signal-recycling cavity with 
resonating higher-order modes…. 

• Several challenges to reach the expected sensitivity for O4 (80-115 Mpc) are being tackled 

• Noise in the bucket limiting the sensitivity  

• Detector very sensible to thermal defects and aberrations due to the design of the recycling cavities 

Virgo
• 880 members from 152 institutions in 17 different (mainly European) countries.  

• The European Gravitational Observatory (EGO) hosts the 3-km interferometer 
detector near in Cascina, Pisa (Italy) 

• The Advanced Virgo+ Phase I upgrade focuses on quantum noise reduction
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https://www.virgo-gw.eu/about/scientific-collaboration/.

https://www.virgo-gw.eu/about/scientific-collaboration/


LIGO
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• Two 4-km interferometric gravitational wave detectors in USA 

• Funded by US NSF, operated by Caltech and MIT, with contributions from Germany, UK and Australia  

• More than 1,600 scientists from around the world participate in the effort through the LIGO Scientific Collaboration, 
which includes the GEO Collaboration. 

• Some of the O4 goals:  

•  400 kW circulating arm power (Compare to 200 kW in O3)  

• Squeezed light efficacy: 4.5 dB ( 2-3 dB in O3)  

• 300 m filter cavity for frequency dependent squeezing  

• Low frequency technical noise reduction (below 100 Hz): Scattered light, control, electronics 

• LIGO–H down for 8 weeks July-August for in-vacuum intervention: replacement of a damaged crystal 

https://my.ligo.org/census.php.

Phys. Rev. D 93, 112004

https://my.ligo.org/census.php


• 3 km arm-length interferometer, placed deep under the Kamioka mines : underground to reduce 
seismic motion  

• Host institute is ICRR, co-hosted by NAOJ  and KEK 

• ~400 members from 128 institutes in 17 countries/regions 

• Test masses: Sapphire at~20K (cryonenic). Auxiliary mirrors fused silica (room temperature) 

• Some of the goals for O4: Suspension sensing and control, suppressing scattered light with baffles, 
SRM replacement, improve low-frequency region, cool down below 100 

• Joined O4a for a month before going back to commissioning. 

• Currently recovering from damage caused by the magnitude 7.6 earthquake that struck the Noto 
peninsula (120 km from KAGRA site) on January 1, 2024 => ~10 Mpc expected when recovery achieved

KAGRA

6From K. Kokeyama



•  Strategy: maximising 3 ITF operations for improved sky localisations  (~80% uptime with >1 ITFs) 

• Continuous coordination effort in downtimes at LVK level  

Duty cycle of the LVK network 
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O4a (LH + first 4 weeks with KAGRA) : 10 months of data 

O4b (LHV): 14 months, ongoing

• BNS range increase over the observing run • 2 interferometers 53% of the time!

https://gwosc.org/detector_status/
https://online.ligo.org

https://gwosc.org/detector_status/
https://online.ligo.org/


Gravitational wave sources at Hz-kHz
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Modeled searches Unmodelled searches

Short-lived 
(transients)

Long-lived  

Compact binary coalescences Burst-like events

Known pulsars (Crab, Vela), 
post- merger neutron stars 
Ultra-light boson clouds….

Stochastic backgrounds

https://pnp.ligo.org/ppcomm/Papers.html



O4a (LH) 

• Total 80 (92, Retracted: 11)  

• 80 BBH and 1 NSBH  Significant Candidates  

• Non-significant Detection candidates ~1600

Online detections during observing run O4
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O4b (LHV) 

• Total  49 (54 Retracted: 5)  

• 49 BBH Significant Candidates 

• Non-significant Detection candidates ~758

• Separation between significant candidates (1/month for CBC events, 1/year for burst events) and non-significant 
candidates (interesting in joint sub-threshold searches) 

• Rate of significant candidates:~ 1 every 3 days (compared to 1 every 6 days in O3b) 

https://gracedb.ligo.org/

More than ~300 detections by the end of O4! 

*Online searches. Final numbers in GWTC catalogs



Simplified LVK workflow
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Modified from Davis, D.; Walker, M., Galaxies 2022, 10, 12.

GWOSC

Orchestration 
 via GWCelery



• The ITF is controlled via control loops to be kept on a working point 

• The interferometer needs to be calibrated to go from excess power in the 
output photodiode to mirror displacement caused by GW passage

Calibration and detector characterization
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• Total h(t) uncertainties during O3b for LIGO/Virgo in the most 
sensitive frequency band 20–2000 Hz 

• 5- 10% in magnitude and 2-9 deg in phase (depending on the 
ITF, CQG 37.22 (2020): 225008., CQG39.4 (2022): 045006)

https://gwosc.org/detector_status

• Data quality can be impacted by noises with very different morphologies!

Glitches Lines 

Identification of lines as part of noise hunting effort

Broadband 

~7 Mpc improvement with linear noise subtraction 
(O3, Virgo)

CQG 39.4 (2022): 045006

CQG38.13 (2021): 135014GW170817, PRL, 119.16 (2017): 161101



Rapid Response Team 
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• Composition of the RRT team (“Humans in the loop”): commissioning, computing, and calibration experts from each of 
the detector sites, pipeline experts, detector characterization experts, and follow-up advocates. 

• Role: Check results of the Data Quality Report, lead the discussion, write the Initial GCN or Retraction 
• All processes are highly automated (DQ checks, GCN templates) 
• Optimized rota: 2-3 people on three different timezone (Asia, Europe, America) 

F Di Renzo, ICHEP 2024Data Quality Report Main DQ checks: 
• Status of the detector and subsystems  
• Data Quality flags 
• Noise characterization: stationarity and Gaussianity, glitches 

and their distribution; correlation with auxiliary channels; 
status of the environment, 

Automatic



• Information inferred for the GWs:  

• Properties of the signal 

• False Alarm Rate 

• Detectors  

• Localization: Remarkably good sky localisations in many recent 3-interferometer events! 

• Loud events with favourable source position  

• ~ order of magnitude of improvement in localisation: from ~thousands to tens of squared degrees!

GW alerts: distribution  and content

Record holder!

• Types: GW candidates , GW+ Coincidences: Fermi, Swift, INTEGRAL, SNEWS, 
LLAMA (IC)  

• Notices distributed via: 

•  JSON-serialized Kafka Notices (via GCN) 

• Avro-serialized Kafka Notices (via SCIMMA)  

• VOEvent Notices (via GCN Classic)

Kasliwal, Nakar, Singer+ 2017, Science

LH LHV

https://emfollow.docs.ligo.org

CBC (with EW) Burst 

Classification (BH, NSBH, 
BNS, Terrestrial)

Duration

HasNS, HasRemnant, 
HasMassGap

Central frequency
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• GW S240422ed (LHV): FAR 1/105years, distance 188+-43Mpc 

• NSBH, candidate to to show tidal disruptions and potentially power an EM counterpart 

• Galaxy host identification:  

• Galaxy catalogs quite complete at this distance (GLADE+ ~85% in K-band Schechter function) 

• BUT! Localisation is on the GP:  very incomplete regions in galaxy catalogs 

• Very extensive multi-messenger campaign: 93 Circulars in GCN. Several candidates in x-rays, optical, none confirmed

Multi-messenger campaign on NSBH during in O4b
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https://treasuremap.spaceRETRACTED :(



Early science results from O4: NSBH GW230529
Astrophys. J. Lett. 970, L34 (2024)• Coalescing compact binary with component masses 2.5–4.5 M⊙ and 1.2–2.0 

M⊙ (90% credible level) 

• Most symmetric NSBH so far!  

• Livingston-only event: 50% of ~8000 sq.deg, FAR <1/1000 yr 

• Evidence for compact objects existing within the lower mass gap 

• Increase in the expected rate of NSBH with potential EM counterparts

15

https://iopscience.iop.org/article/10.3847/2041-8213/ad5beb


• In preparation: Gravitational Wave Transient Catalog-4 (GWTC-4) including results from O4a.  

• Offline analysis of data segments 

• Coordination between papers using same data sample: GRBs, astrophysical populations, isotropic backgrounds..  

• Separated publications expected for special events.

Stay tuned for results!
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GraceDB 

Information sent via GCN to the astro community  

High-level data uploaded by analysis pipelines

Skymaps, ITF that provides data, FAR, event time, probabilities 
(pHasMassGap, pRemnant, pHasNS)

Search engine allows for detailed queries

GWOSC: Gravitational Wave Open Science Center  

Mid-level data: Strain h(t) data passing quality cuts available 
from all  LVKG interferometers after proprietary period 

Release of data contact to specific publications

Tutorials and Software for GW data analysis available 

7th GW Open Data Workshops (hybrid): April 2024 edition 
hosted in Taiwan 

https://www.gw-openscience.org

https://gracedb.ligo.org/

https://www.gw-openscience.org


• Goal for O5: Long observing run of ~3 years with commissioning gaps   

• Current best understanding of the long-term observing schedule (note 26 
versions of the plot !) 

• Virgo interferometer: Marginally-stable recycling cavities (Signal Recycling 
and Power Recycling) are a structural weakness  

• LIGO&KAGRA run with stable recycling cavities 

• Stable recycling cavities: Assessment of the best optical layout 
modification ongoing

What’s next?
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• From O1- nowadays: LVK unveiling the GW sky between 10’s Hz-kHz! 

• O4 commissioning : GW interferometers are very complex machines! 

• O4:  total of 24 months of data!  

•  O4b ~ year of 3-ITF, eventually 4-ITF network!  

• PostO5: push the infrastructure as much as possible (x2 BNS 
range) with very good duty cycle

GWTC-3-1
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Thanks for your attention! 

19



Back-up
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Limiting set of noises of ground-based ITF
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https://dcc.ligo.org/LIGO-T1800044/public

• The sensitivity curve: sum of fundamental and technical 
noises  

• Quantum noise: shot noise (dominant at high f) and 
radiation pressure (dominant at low f) 

• Seismic noise: Movement coming from ground motion.  

• Newtonian noise is instead produced by the tiny 
fluctuations of the Earth’s gravitational field 

• Thermal noise: Brownian motion at ambient temperature of 
all the material in the detector, mostly coming from 
suspensions and test masses, causing random vibrations of 
the mirror surface. 

• Excess gass: residual particules in the ultra-high vacuum 
interact with laser

• Technical noises:   

•  Scattered light, magnetic, controls, laser frequency and power,, air molecules in the tubes, electronic noises of 
photodiodes and electronics, natural environment (earthquakes, high wind, sea activity..) 

• Tackled during noise hunting campaigns.

https://dcc.ligo.org/LIGO-T1800044/public


Sensitivity



Where are the BNS? 

emfollow.docs.ligo.org



CBC analysis pipelines
•The particularity of Virgo is to have marginally stable recycling cavities (LIGO ones are stable)
  → an historical choice driven by space constraints “Stable cavities are more robust from the optical point of 
view, but more complicated from mechanical and control ones (there are more mirrors!)”

•Stability condition expressed as : 0 < g1 g2 < 1

g1 and g2 are related to the one-way Gouy phase shift dϕ:  dϕ = arcos √(g1g2)  

•For Virgo g1 g2 ~1   → on the edge of stability

•A stable cavity is selective: modes of different orders cannot resonate simultaneously.

•In a marginally stable cavity, high order modes are nearly co-resonant.

→ this makes the detector more sensitive to mirror defects (errors on Radius of Curvature, absorption points, 
optical aberrations…, induced by cold and hot defects), to cavities mode matching and alignment

→ a major source of difficulties during the commissioning phase (very bright DARM, HOM recycled.. )

From F Di Renzo, ICHEP 2024

+ MLy, the machine-learning-based burst search pipeline



About coincidences 

RAVEN LLAMA



Early Warning Alerts
All CBC search pipelines (GstLAL [2], MBTA, PyCBC [3], and SPIIR [4])

https://emfollow.docs.ligo.org/userguide/glossary.html#term-CBC
https://emfollow.docs.ligo.org/userguide/early_warning.html#gstlalearlywarning
https://emfollow.docs.ligo.org/userguide/early_warning.html#pycbcewforecast
https://emfollow.docs.ligo.org/userguide/early_warning.html#spiirearlywarning


Latency of online/offline searches

From F Di Renzo, ICHEP 2024

Online

Offline


