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S. Salvador ,178, 177 A. Salvarese,157 A. Samajdar ,76, 39 A. Sanchez,2 E. J. Sanchez,12 N. Sanchis-Gual ,146 J. R. Sanders,186

E. M. Sänger ,1 F. Santoliquido ,47, 48 F. Sarandrea,29 T. R. Saravanan,84 N. Sarin,7 P. Sarkar ,9, 10 A. Sasli ,19, 258

P. Sassi ,55, 81 B. Sassolas ,180 B. S. Sathyaprakash ,8, 35 R. Sato,234 S. Sato,160 Yukino Sato,160 Yu Sato,160 O. Sauter ,49

https://orcid.org/0009-0004-0174-1377
https://orcid.org/0000-0002-7716-0569
https://orcid.org/0000-0002-8115-8728
https://orcid.org/0000-0002-7881-1677
https://orcid.org/0000-0002-0800-4626
https://orcid.org/0000-0002-6983-4981
https://orcid.org/0000-0002-9085-7600
https://orcid.org/0000-0002-1213-8416
https://orcid.org/0000-0001-6331-112X
https://orcid.org/0009-0000-3022-2358
https://orcid.org/0000-0003-1356-7156
https://orcid.org/0000-0003-4892-3042
https://orcid.org/0000-0003-3453-5671
https://orcid.org/0000-0001-7714-7076
https://orcid.org/0000-0002-2986-2371
https://orcid.org/0000-0002-0496-032X
https://orcid.org/0000-0001-5666-3637
https://orcid.org/0000-0002-8445-6747
https://orcid.org/0000-0002-4497-6908
https://orcid.org/0000-0002-9977-8546
https://orcid.org/0000-0001-5480-7406
https://orcid.org/0000-0001-5460-2910
https://orcid.org/0000-0002-6444-6402
https://orcid.org/0000-0002-0351-4555
https://orcid.org/0009-0000-6237-0590
https://orcid.org/0000-0003-0850-2649
https://orcid.org/0000-0003-1274-5846
https://orcid.org/0000-0001-7335-9418
https://orcid.org/0000-0002-3373-5236
https://orcid.org/0000-0002-8666-9156
https://orcid.org/0000-0002-2849-6955
https://orcid.org/0000-0002-8218-2404
https://orcid.org/0009-0006-8500-7624
https://orcid.org/0000-0001-8794-3607
https://orcid.org/0000-0003-3695-0078
https://orcid.org/0000-0001-6148-4289
https://orcid.org/0000-0001-7665-0796
https://orcid.org/0009-0009-7255-8111
https://orcid.org/0000-0002-9380-0773
https://orcid.org/0009-0009-0599-532X
https://orcid.org/0000-0001-5558-2595
https://orcid.org/0000-0003-2918-0730
https://orcid.org/0000-0002-6814-7792
https://orcid.org/0009-0001-0421-9400
https://orcid.org/0000-0002-5909-4692
https://orcid.org/0009-0005-4620-7052
https://orcid.org/0000-0003-0323-0111
https://orcid.org/0009-0002-3607-2762
https://orcid.org/0000-0002-1828-3702
https://orcid.org/0000-0001-8694-4026
https://orcid.org/0000-0001-8616-2104
https://orcid.org/0000-0003-3562-0990
https://orcid.org/0000-0003-1470-532X
https://orcid.org/0000-0003-2210-775X
https://orcid.org/0000-0002-6029-4712
https://orcid.org/0009-0008-6626-0725
https://orcid.org/0000-0001-8304-8066
https://orcid.org/0000-0002-8599-8791
https://orcid.org/0009-0001-4174-3973
https://orcid.org/0000-0002-1884-8654
https://orcid.org/0000-0001-8072-0304
https://orcid.org/0000-0003-0493-5607
https://orcid.org/0000-0002-7518-6677
https://orcid.org/0000-0002-3874-8335
https://orcid.org/0000-0003-3563-8576
https://orcid.org/0000-0001-5832-8517
https://orcid.org/0000-0002-2794-6029
https://orcid.org/0000-0001-5045-2484
https://orcid.org/0000-0001-6794-1591
https://orcid.org/0000-0003-3919-0780
https://orcid.org/0009-0003-4044-0334
https://orcid.org/0000-0001-8362-0130
https://orcid.org/0000-0002-5298-7914
https://orcid.org/0000-0003-3476-4589
https://orcid.org/0000-0003-2172-8589
https://orcid.org/0009-0007-3296-8648
https://orcid.org/0000-0002-4450-9883
https://orcid.org/0000-0002-5850-6325
https://orcid.org/0000-0002-1473-9880
https://orcid.org/0009-0003-5372-7318
https://orcid.org/0000-0002-2426-6781
https://orcid.org/0000-0002-7537-3210
https://orcid.org/0000-0001-8898-1963
https://orcid.org/0000-0002-4839-7815
https://orcid.org/0009-0006-1882-996X
https://orcid.org/0000-0002-5219-0454
https://orcid.org/0009-0008-2205-7426
https://orcid.org/0000-0003-0251-8914
https://orcid.org/0000-0002-7510-0079
https://orcid.org/0000-0002-7711-4423
https://orcid.org/0000-0003-1907-0175
https://orcid.org/0000-0003-0620-5990
https://orcid.org/0000-0003-4753-9428
https://orcid.org/0000-0002-4850-2355
https://orcid.org/0000-0001-6872-9197
https://orcid.org/0000-0001-6709-0969
https://orcid.org/0000-0002-8406-6503
https://orcid.org/0000-0002-4449-1732
https://orcid.org/0000-0003-4507-8373
https://orcid.org/0000-0002-1873-3769
https://orcid.org/0000-0002-8516-5159
https://orcid.org/0000-0001-9438-7864
https://orcid.org/0000-0003-4956-0853
https://orcid.org/0000-0002-0936-8237
https://orcid.org/0000-0002-9779-2838
https://orcid.org/0000-0002-7364-1904
https://orcid.org/0000-0002-6269-2490
https://orcid.org/0009-0006-4975-1536
https://orcid.org/0000-0003-2213-3579
https://orcid.org/0000-0001-9288-519X
https://orcid.org/0000-0002-7650-1034
https://orcid.org/0000-0003-1561-0760
https://orcid.org/0009-0000-0247-4339
https://orcid.org/0000-0001-5478-3950
https://orcid.org/0000-0002-4439-8968
https://orcid.org/0000-0003-2434-488X
https://orcid.org/0000-0001-8063-828X
https://orcid.org/0000-0003-0945-2196
https://orcid.org/0000-0003-3970-7970
https://orcid.org/0000-0002-6020-5521
https://orcid.org/0000-0003-3224-2146
https://orcid.org/0000-0002-8842-1867
https://orcid.org/0000-0002-2679-4457
https://orcid.org/0009-0003-4339-9971
https://orcid.org/0000-0001-8919-0899
https://orcid.org/0000-0003-4548-526X
https://orcid.org/0000-0001-8032-4416
https://orcid.org/0000-0002-3820-8451
https://orcid.org/0000-0001-8278-7406
https://orcid.org/0000-0002-5737-6346
https://orcid.org/0000-0002-1144-6708
https://orcid.org/0000-0002-9968-2464
https://orcid.org/0000-0003-4059-0765
https://orcid.org/0000-0002-0710-6778
https://orcid.org/0009-0009-7137-9795
https://orcid.org/0000-0003-2049-520X
https://orcid.org/0000-0002-1357-4164
https://orcid.org/0009-0001-8343-719X
https://orcid.org/0000-0002-2526-1421
https://orcid.org/0000-0001-5501-0060
https://orcid.org/0000-0001-6552-097X
https://orcid.org/0000-0003-4984-0775
https://orcid.org/0000-0003-0406-7387
https://orcid.org/0000-0001-5256-915X
https://orcid.org/0000-0003-1357-4348
https://orcid.org/0000-0001-8248-603X
https://orcid.org/0000-0002-3329-9788
https://orcid.org/0000-0001-6339-1537
https://orcid.org/0000-0003-4098-0042
https://orcid.org/0000-0002-7120-9026
https://orcid.org/0000-0001-6703-6655
https://orcid.org/0000-0001-5686-4199
https://orcid.org/0000-0001-7568-1611
https://orcid.org/0000-0003-2194-7669
https://orcid.org/0000-0001-6143-2104
https://orcid.org/0009-0003-1528-8326
https://orcid.org/0000-0002-6874-7421
https://orcid.org/0000-0001-7480-9329
https://orcid.org/0000-0002-1865-6126
https://orcid.org/0000-0002-7322-4748
https://orcid.org/0000-0003-0066-0095
https://orcid.org/0000-0003-4825-1629
https://orcid.org/0009-0001-6521-5884
https://orcid.org/0000-0002-5756-1111
https://orcid.org/0000-0002-4589-3987
https://orcid.org/0000-0002-7629-4805
https://orcid.org/0009-0006-5752-0447
https://orcid.org/0009-0002-1638-0610
https://orcid.org/0000-0001-5475-4447
https://orcid.org/0009-0008-7421-4331
https://orcid.org/0000-0002-5688-455X
https://orcid.org/0000-0002-1472-4806
https://orcid.org/0000-0002-7462-2377
https://orcid.org/0000-0002-6418-5812
https://orcid.org/0000-0001-5799-4155
https://orcid.org/0000-0002-1382-9016
https://orcid.org/0000-0003-0589-9687
https://orcid.org/0000-0002-9388-2799
https://orcid.org/0000-0002-0314-8698
https://orcid.org/0000-0002-0485-6936
https://orcid.org/0000-0003-2275-4164
https://orcid.org/0000-0003-0020-687X
https://orcid.org/0000-0003-2640-9683
https://orcid.org/0000-0002-3681-9304
https://orcid.org/0000-0002-8955-5269
https://orcid.org/0000-0002-3341-3480
https://orcid.org/0000-0002-0666-9907
https://orcid.org/0000-0001-9295-5119
https://orcid.org/0000-0003-2147-5411
https://orcid.org/0000-0002-7378-6353
https://orcid.org/0000-0002-0995-595X
https://orcid.org/0000-0002-0525-2317
https://orcid.org/0009-0000-7504-3660
https://orcid.org/0000-0001-6189-7665
https://orcid.org/0009-0005-9881-1788
https://orcid.org/0000-0002-3333-8070
https://orcid.org/0009-0003-0169-266X
https://orcid.org/0009-0008-4985-1320
https://orcid.org/0000-0001-8810-4813
https://orcid.org/0000-0002-2715-1517
https://orcid.org/0000-0002-5861-3024
https://orcid.org/0000-0003-4924-7322
https://orcid.org/0000-0001-7049-4438
https://orcid.org/0000-0002-3836-7751
https://orcid.org/0000-0002-9511-3846
https://orcid.org/0000-0002-6620-6672
https://orcid.org/0000-0003-3444-7807
https://orcid.org/0000-0002-0857-6018
https://orcid.org/0000-0001-5375-7494
https://orcid.org/0009-0003-6642-8974
https://orcid.org/0000-0003-3752-1400
https://orcid.org/0009-0009-4054-6888
https://orcid.org/0000-0001-7357-0889
https://orcid.org/0000-0002-4920-2784
https://orcid.org/0000-0002-3077-8951
https://orcid.org/0000-0003-3845-7586
https://orcid.org/0000-0003-2293-1554


5

R. L. Savage ,2 T. Sawada ,54 H. L. Sawant,84 S. Sayah,180 V. Scacco,22, 23 D. Schaetzl,12 M. Scheel,158 A. Schiebelbein,196

M. G. Schiworski ,83 P. Schmidt ,126 S. Schmidt ,76 R. Schnabel ,30 M. Schneewind,9, 10 R. M. S. Schofield,82, 2

K. Schouteden ,101 B. W. Schulte,9, 10 M. Schulz,47, 48 B. F. Schutz,35, 9, 10 E. Schwartz ,310 M. Scialpi ,311 J. Scott ,91

S. M. Scott ,36 R. M. Sedas ,69 T. C. Seetharamu,91 M. Seglar-Arroyo ,140 Y. Sekiguchi ,312 D. Sellers,69 N. Sembo,210

A. S. Sengupta ,313 E. G. Seo ,91 J. W. Seo ,101 V. Sequino,34, 4 M. Serra ,40 A. Sevrin,194 T. Shaffer,2 U. S. Shah ,62

M. A. Shaikh ,314 L. Shao ,315 J. Sharkey,91 A. K. Sharma ,138 Preeti Sharma,13 Priyanka Sharma,108 Ritwik Sharma,19

Sushant Sharma-Chaudhary,19 P. Shawhan ,134 N. S. Shcheblanov ,316, 271 E. Sheridan,152 Z.-H. Shi,156 R. Shimomura,317

H. Shinkai ,317 S. Shirke,84 D. H. Shoemaker ,37 D. M. Shoemaker ,157 R. W. Short,2 S. ShyamSundar,108 A. Sider,165

H. Siegel ,197, 198 V. Sierra,281 D. Sigg ,2 L. Silenzi ,38, 39 L. Silvestri ,41, 175 M. Simmonds,123 L. P. Singer ,318

Amitesh Singh,221 Anika Singh,12 D. Singh ,92 M. K. Singh ,35 N. Singh ,138 S. Singh ,222, 26 M. R. Sinha ,7

A. M. Sintes ,138 V. Sipala,193, 164 V. Skliris ,35 B. J. J. Slagmolen ,36 T. J. Slaven-Blair,6 J. Smetana,126 D. A. Smith,69

J. R. Smith ,59 L. Smith,190, 52 R. J. E. Smith ,7 W. J. Smith ,152 S. Soares de Albuquerque Filho,66 K. Somiya ,222

I. Song ,156 S. Soni ,37 V. Sordini ,61 F. Sorrentino,31 H. Sotani ,319 F. Spada ,85 V. Spagnuolo ,39 A. P. Spencer ,91

P. Spinicelli ,68 A. K. Srivastava,98 F. Stachurski ,91 C. J. Stark,122 D. A. Steer ,320 N. Steinle ,173 J. Steinlechner,38, 39

S. Steinlechner ,38, 39 N. Stergioulas ,258 P. Stevens,43 M. StPierre,130 M. D. Strong,13 A. Strunk,2 A. L. Stuver,107, ∗

M. Suchenek,100 S. Sudhagar ,100 Y. Sudo,239 N. Sueltmann,30 L. Suleiman ,59 K. D. Sullivan,13 J. Sun ,254, 250 L. Sun ,36

S. Sunil,98 J. Suresh ,120 B. J. Sutton,72 P. J. Sutton ,35 K. Suzuki,222 M. Suzuki ,209 A. Svizzeretto ,81 S. Swain ,126
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15Centre de Physique Théorique, Aix-Marseille Université,
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164INFN Cagliari, Physics Department, Università degli Studi di Cagliari, Cagliari 09042, Italy
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302Institut d’Astrophysique de Paris, Sorbonne Université, CNRS, UMR 7095, 75014 Paris, France
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GW240925 and GW250207 are two loud gravitational-wave signals from binary black hole coalescences ob-
served with network signal-to-noise ratios ∼ 32 and ∼ 69, respectively, by the LIGO Hanford–LIGO Livingston–
Virgo network. Gravitational-wave signals from coalescing binaries have characteristic phase and amplitude
evolution predicted by general relativity. These signal waveforms, together with measured instrumental calibra-
tion uncertainties, are used to infer source parameters. However, for sufficiently loud detections it is possible to
constrain the calibration of the detectors directly using the signals themselves. We present the first informative
astrophysical measurements of gravitational-wave detector calibration. For GW240925, we verify the infer-
ence of Hanford calibration from the astrophysical signal through cross-checks with known calibration errors
obtained from in-situ measurements. At the time of GW250207, the Hanford detector was not fully stabilized,
leading to elevated calibration uncertainties; thus, astrophysical calibration is essential to obtain accurate data
and to enable source localization. These well-localized, high signal-to-noise observations have the potential
to offer precise measurements of source properties, stringent tests of general relativity, and informative dark
siren measurements, provided that calibration uncertainties are properly incorporated. As detector sensitiv-
ity improves, astrophysical calibration will become an increasingly valuable complement to in-situ calibration
measurements. Obtaining accurate calibration will be essential for precision gravitational-wave science.

Introduction— We report the discovery of
GW240925 005809 and GW250207 115645 (hereafter,
GW240925 and GW250207), two loud gravitational-
wave (GW) signals detected by the Laser Interferometer
Gravitational-Wave Observatory (LIGO) Hanford, LIGO
Livingston and Virgo during their fourth observing run (O4).
Since the first direct observation of GWs in 2015 [1], the
LIGO–Virgo–KAGRA (LVK) network [2–4] has undergone
substantial upgrades, achieving a roughly tenfold increase in
detection rate and facilitating high signal-to-noise ratio (SNR)
observations of compact binary coalescences (CBCs) [5–10].
These advances mark a transition from an era of initial
discoveries to one of precision GW astronomy. High-
SNR observations enable precise measurements of signal
properties [11–13], advancing our understanding of source
astrophysics, the nature of gravity, and cosmology.

Interpreting GW signals requires accurate understanding of
detector behavior [13]. GW240925 and GW250207 both co-
incide with times where the LIGO Hanford detector was not
in its usual observational state with well-characterized cali-
bration. The calibration process typically reconstructs the raw
digitized output of each interferometer into an accurate and
reliable measure of the dimensionless strain [14–17]. Its ac-
curacy directly impacts signal-parameter estimation [18, 19];
miscalibrations can bias inferred source properties [20, 21],
affect cosmological measurements [22] and even mimic or ob-
scure deviations from general relativity (GR) [23, 24]. To take
advantage of the small statistical uncertainties offered by high
SNRs, we must ensure small systematic uncertainties.

Fortunately, GW signals can be used to constrain the detec-
tor response directly. This astrophysical calibration approach
leverages accurate modeling of GW waveforms, allowing the
astrophysical signal to serve as an independent reference for
the frequency-dependent detector calibration [5, 25, 26]. As-
trophysical calibration may be performed in a variety of ways:
using the frequency and amplitude evolution of the (predicted)
signal to infer calibration parameters together with source pa-

rameters [26–28]; using an electromagnetic counterpart (and
assumed cosmology) to establish the distance to a source [29],
which provides more information than using the GW signal
alone [26]; combining data from multiple detectors so the sig-
nals should cancel out if the data are correctly calibrated [30],
or using the population of detections to constrain the relative
sensitivity of the detectors [31]. The sensitivity of the first
years of observations was insufficient for astrophysical mea-
surements to be informative compared to in-situ results [26–
28], but with the improvements of the detector network, astro-
physical calibration is now becoming feasible.

We present the first astrophysical calibrations of a GW de-
tector used to enhance our understanding of the state of the
instrument. We perform a coherent analysis of data from Han-
ford, Livingston and Virgo for GW240925 and GW250207,
inferring calibration properties for Hanford at the times of the
two observations using the GW signals.

For GW240925, there was a significant frequency-
dependent calibration systematic error for Hanford at the time
of the observation. The frequency-dependent error can be
inferred using the signal, and cross-checked with the in-situ
measurements. Agreement between results validates the GW-
informed calibration measurements and demonstrates the util-
ity of inferring calibration from an astrophysical signal.

At the time of GW250207, the Hanford detector response
had not yet fully stabilized, leading to larger calibration un-
certainties. Lacking in-situ measurements of the calibration,
astrophysical calibration was essential to ensure the reliability
of the Hanford data and accurate inference of source proper-
ties such as localization.

These results establish astrophysical calibration as a com-
plementary cross-check and, when required, a critical input to
GW analysis. While not yet as precise as typical in-situ mea-
surements, astrophysical calibration will improve as detector
sensitivity continues to be enhanced.

Detector calibration— GW detectors like LIGO [2],
Virgo [3] and KAGRA [4] are enhanced Michelson interfer-
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ometers that measure spacetime strain by detecting changes
in light-travel time between their orthogonal arms [32, 33].
The detector output strain data d are defined as the free (un-
controlled) differential change in arm length ∆Lfree divided
by arm length L, i.e., d ≡ ∆Lfree/L; however, ∆Lfree is not
directly measurable, as the detector actively suppresses dif-
ferential motion via feedback control. A detailed calibration
procedure is therefore required to convert the raw digitized
electrical output of the detector into the reconstructed strain
data [14–16, 34, 35].

To reconstruct the strain, we need the frequency-dependent
and time-varying detector response function R( f ; t) (detailed
in the Supplemental Material); however, in the calibration pro-
cedure, the true response function is not perfectly known. The
strain data are reconstructed using a modeled response func-
tion R(model)( f ; t) [14–16]. Calibration systematic errors arise
from discrepancies between the true and modeled response
functions; these errors and associated statistical uncertainties
directly translate into the errors and uncertainties in the recon-
structed d. In the absence of configuration changes (which are
typically associated with updates to R(model)), R( f ; t) remains
approximately stable, but can vary on hour timescales during
periods of evolving detector state, e.g., at the beginning of a
lock stretch (see discussion of thermal lens below) [36]. For
LIGO, we quantify calibration errors using a complex correc-
tion factor η( f ; t) [16, 37]:

η( f ; t) =
R( f ; t)

R(model)( f ; t)
=
[
1 + δA( f ; t)

]
exp
[
iδϕ( f ; t)

]
, (1)

where δA( f ; t) and δϕ( f ; t) denote amplitude and phase er-
rors, respectively. A more accurate estimate of the true strain
is obtained by multiplying the (frequency-domain) detector
strain data by the correction factor η,

d(corr) = ηd. (2)

The probability distribution of η( f ; t) is evaluated using in-
situ calibration measurements, primarily through excitations
via photon calibrators [38–41] and quadruple-pendulum actu-
ators [16, 42], and is used to construct the calibration prior for
signal parameter estimation [43] (see Supplemental Material).

The low-latency, online calibrated (C00) strain data pro-
duced during observing runs may contain systematic errors
due to model inaccuracies that are not identified or corrected
in real time. In previous observing runs, offline calibrated data
(C01) were produced for the LIGO detectors as the standard
final data product, incorporating all known corrections [14–
16]. In O4, the photon calibrators were used to monitor the
calibration accuracy at a discrete set of frequencies in real
time [17, 42], and C01 data were generated when necessary,
e.g., when the calibration error was known to exceed ∼ 10%
in amplitude or ∼ 10 deg in phase (68% probability).

At the times of GW240925 and GW250207, Livingston and
Virgo were observing normally, but the Hanford detector was
either miscalibrated or still stabilizing, with a response devi-
ating from the modeled behavior. KAGRA was not observ-
ing over this period of O4 [5]. Detailed real-time calibration

monitoring measurements [42] at the Hanford detector around
the times of these two observations are provided in the Sup-
plemental Material. The Livingston and Virgo detectors had
reliable calibration: in the most sensitive frequency band 20–
2000 Hz, their frequency-dependent uncertainties (68% prob-
ability) were constrained to ≲ 2% in amplitude and ≲ 2 deg
in phase for Livingston, and ≲ 2.5% in amplitude and ≲ 6 deg
(≲ 3 deg below 500 Hz) in phase for Virgo [44].

For GW240925, a procedural inconsistency at Hanford re-
sulted in a temporary mismatch between a calibration param-
eter used in the interferometer control system and the corre-
sponding value adopted in the calibration model. The mis-
match led to a mischaracterization of the detector response,
introducing a frequency-dependent systematic error in the re-
constructed strain data. The error reached up to ∼ 20% in am-
plitude and ∼ 12 deg in phase across the sensitive frequency
band [45]. This large error in the C00 calibration, combined
with GW240925’s high SNR, provided a unique opportunity
to cross-check signal-informed astrophysical calibration with
in-situ measurements. C01 data were later generated around
the time of GW240925, correcting the miscalibration.

For GW250207, the Hanford detector had just reached its
low-noise operational state but had not yet formally entered
observing mode [45]. The detector was still settling; in par-
ticular, the changing thermal lens of the test masses affected
the low-frequency response [10]. While real-time calibration
monitoring can provide valuable information about the evo-
lution of systematic errors during such transient periods [42],
the monitoring lines had not yet stabilized, and several were
not yet recording measurements. As a result, no reliable mea-
surement of the real-time detector response is available for
this period, and the associated calibration systematic errors
and uncertainties in the Hanford strain data cannot be robustly
quantified using in-situ measurements. Astrophysical calibra-
tion is essential to analyze Hanford data.

Detection— GW240925 and GW250207 were observed
by the three-detector Hanford–Livingston–Virgo network.
Time–frequency spectrograms of the data around the two sig-
nals are shown in Fig. 1. The characteristic chirps of CBC
signals are visible sweeping up from low frequencies.

GW240925 was observed at 00:58:09 Coordinated Univer-
sal Time (UTC) on September 25, 2024 during the second
part of O4 (O4b). It was identified in low latency in Han-
ford and Livingston data by the minimally modeled cWB [47–
50] pipeline as well as the GstLAL [51–59], MBTA [60–
62] and SPIIR [63] matched-filtering pipelines. The candi-
date was identified with SNRs of 17.3 and 25.8 in Hanford
and Livingston, respectively, and a false alarm rate (FAR) of
< 1 × 10−5 yr−1. The Virgo detector was operating at the time,
but the candidate’s SNR of 2.7 was too small to contribute to
the coincident detection. Nevertheless, the Virgo SNR time
series was analyzed by BAYESTAR [64, 65] to infer the loca-
tion. General Coordinate Network (GCN) Notices and Circu-
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FIG. 1. Time–frequency spectrograms [46] showing data from LIGO Hanford (left), LIGO Livingston (middle) and Virgo (right) for
GW240925 (top) and GW250207 (bottom). Times are relative to the times reported from the search algorithms for the two detections. We use
C00 LIGO data. The data are whitened [13], and the scale bar shows the normalized energy.

lars about the detection were shared in low latency.1

Data quality (DQ) was scrutinized around GW240925 fol-
lowing established procedures [66]. We identified a burst of
non-Gaussian noise (a glitch [67, 68]) in Livingston data, but
this occurred sufficiently after the signal to not require mitiga-
tion [69]. No DQ issues impacting the analysis were found.

GW250207 was observed at 11:56:45 UTC on February 7,
2025 during the third part of O4 (O4c). It was identified in
low latency in Livingston and Virgo data by the GstLAL and
SPIIR search pipelines. The signal was measured with SNRs
of 48.3 and 8.1 in the Livingston and Virgo detectors, respec-
tively, and a FAR of < 1 × 10−5 yr−1. DQ checks [66] revealed
no issues impacting the detection. As Hanford was not in ob-
serving mode, its data were not used in low-latency, but were
later determined to be of good quality [45]. GCN Notices and
Circulars were again shared in low latency.2

Further DQ and search-analysis results for both detections
are given in the Supplemental Material.

Inference of calibration errors and source properties— We
analyze the detector data for each signal using Bilby [70, 71]
to obtain posterior probability distributions on the parame-
ters θ characterizing the source binary and those describing
the calibration of each detector [43]. We assume that a GR
waveform h(θ) accurately describes the signal. To account for
calibration uncertainty, the reciprocal of the correction factor
(1/η) is applied to the waveform. This reciprocal factor is
parametrized using amplitude and phase deviations, derived
from their counterparts in Eq. (1) [43, 72], which are modeled
using splines and inferred from the data [43, 73, 74]. Further
details on inferences are given in the Supplemental Material.

1 GCN Circular archive for S240925n.
2 GCN Circular archive for S250207bg.

The consistency of the signal across frequencies and be-
tween detectors provides information about the detector cal-
ibration. Typically, we use the in-situ measured calibration-
uncertainty estimates from the time closest to the signal as pri-
ors in the analysis. As these are usually well constrained, the
GW signal adds little information [6, 26]. However, for higher
SNR signals or cases where calibration errors are significant,
astrophysical calibration is expected to become informative.

We first demonstrate the measurement of the Hanford cali-
bration error with GW240925, performing three analyses. For
each, we use the usual calibration priors informed by in-situ
measurements for Livingston and Virgo. We analyze LIGO
C00 data, which contains the large Hanford calibration er-
ror, assuming two different priors for the Hanford calibra-
tion: one narrow, informed by in-situ measurements, and one
wide across all frequencies. As the cause of the calibration
error can be identified, we can directly compare the in-situ
measured calibration error to the calibration independently in-
ferred from the signal. We also analyze LIGO C01 data, where
the calibration error has been corrected, assuming a narrow in-
situ calibration prior.

In Fig. 2 (left), we plot the Hanford calibration parame-
ters for GW240925 as a function of frequency. With the wide
prior, the posterior provides the tightest constraints at frequen-
cies where the signal is loud (below the peak of the dominant
ℓ = |m| = 2 multipole at a frequency f peak

22 of ∼ 680 Hz),
and tends towards the prior at higher frequencies where there
is no signal to constrain the calibration (the oscillations re-
flect the discrete placement of spline nodes). To quantify the
difference between the wide prior and the corresponding pos-
terior, we use the Jensen–Shannon divergences (JSDs) [75]
between the distributions, finding 0.06+0.09

−0.05 nat for amplitude
and 0.05+0.13

−0.05 nat for phase, quoting the median and 90% range
across the frequency nodes, where JSD ≲ 0.002 nat is consid-

https://gcn.nasa.gov/circulars/events/ligovirgokagra-s240925n
https://gcn.nasa.gov/circulars/events/ligovirgokagra-s250207bg
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FIG. 2. LIGO Hanford calibration as a function of frequency over the analysis band for each signal. The top and bottom panels show the
frequency-dependent amplitude error δA, and phase error δϕ, respectively. Shaded regions indicate the 68% credible intervals of the posteriors,
and the lines denote the 68% probability envelopes from which the priors are derived (see Supplemental Material). GW240925 results (left)
are from three analyses: one using a wide, uninformative prior on the miscalibrated C00 data (green), one using a narrow prior envelope
based upon in-situ measurements on the same data (orange), and one using a narrow in-situ measured prior envelope for the recalibrated C01
data (purple). GW250207 results (right) are from two analyses, both using the same wide priors on the miscalibrated Hanford C00 data: one
using data from all three detectors (green), with the in-situ priors applied to Livingston and Virgo data, and one using only Hanford data (red).
Results are more informative for frequencies where there is more signal power (Fig. 1), and the dotted vertical lines indicate the approximate
peak frequencies f peak

22 for the ℓ = |m| = 2 multipole of the signals.

ered a negligible difference [71]. This indicates that the pos-
terior is informed by the signal at various frequencies. The
posterior obtained with the wide, uninformative prior agrees
well with the results informed by the in-situ measurements,
demonstrating that detector calibration can be inferred from
an astrophysical signal. Although the signal-informed cali-
bration is less constrained than the in-situ measurements, it
provides an independent cross-check and a valuable diagnos-
tic for uncovering analysis inconsistencies. In this case, the
direct comparison between constraints revealed (and led to
the correction of) a long-standing convention mismatch in the
analysis procedure for incorporating calibration uncertainties,
which had only had a minor effect prior to O4 [43, 72]. Re-
sults from the C01 data for both LIGO detectors and Virgo are
consistent with zero error, as expected after calibration correc-
tion.

We find that inferred source parameters are typically con-
sistent between analyses. We adopt the C01 results as our
default for interpretation, with medians and 90% symmetric
credible intervals for the parameters listed in Table I.

The sky localization is illustrated in Fig. 3. Calibration
uncertainty can have a significant impact on source local-
ization [20, 27, 76], and using the wider calibration prior
increases the localization area. Also shown in Fig. 3 is a
medium-latency localization [77]; this did not use Hanford
data because of the miscalibration. To leading order, the sky
localization depends upon the time delay observed between
detectors, and adding a third detector enables triangulation of

the source [78–80]. The inclusion of the Hanford data signifi-
cantly changes the inferred localization (the 90% localization
volume shrinks from ∼ 1 × 107 Mpc3 to ∼ 2 × 105 Mpc3), as
further discussed in the Supplemental Material, demonstrating
the importance of using data from all detectors.

GW240925’s source is inferred to be a low-mass binary
black hole (BBH). The binary has a total mass of M =

16.1+0.7
−0.4M⊙ (median and 90% symmetric credible interval)

and has support for equal-mass components, with mass ratio
q > 0.57 (90% probability). The masses are consistent with
the peak of the BBH mass distribution [83] and the masses of
black holes in X-ray binaries [84–89]. The source is inferred
to not have high spins (χ1 < 0.53 and χ2 < 0.69); the effective
inspiral spin χeff [90, 91] is small (|χeff | < 0.08), with positive
values preferred, indicating a probable net alignment of the
component spins with the orbital angular momentum.

Having demonstrated the efficacy of astrophysical calibra-
tion with GW240925, we turn to GW250207, where we must
rely on signal-based inference to constrain the Hanford cali-
bration. We analyze the C00 data using a wide prior across all
frequencies for the Hanford calibration parameters, and in-situ
measured priors for Livingston and Virgo. For comparison we
also perform (i) an analysis using only Hanford data, to show
what can be inferred without constraints from other detectors,
and (ii) an analysis assuming that the data from all three de-
tectors are perfectly calibrated, to investigate the impact of
neglecting calibration uncertainties.

The results in Fig. 2 (right) show that the astrophysical cal-
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FIG. 3. Sky localization for GW240925 (left) and GW250207 (right) from analyses using data from all three detectors (HLV) and just
Livingston and Virgo (LV). The contours show 90% credible areas. We show results using the wide calibration prior for Hanford (green), plus
the result using the in-situ measured prior for GW240925 (purple) and the result neglecting calibration uncertainty for GW250207 (yellow).
The medium-latency Online Bilby (magenta) analyses only used Livingston and Virgo data for both signals [77, 82]. Inclusion of the Hanford
data, enabled by the simultaneous estimation of the calibration parameters, has a significant impact on both localizations.

TABLE I. Inferred source properties [5] for GW240925 and
GW250207. We report median values with 90% symmetric credible
intervals. GW240925 results use C01 data and calibration uncertain-
ties based upon in-situ measurements. GW250207 results use a wide
prior for the Hanford calibration uncertainty, and a prior based upon
in-situ measurements for Livingston and Virgo calibration. Quan-
tities that evolve throughout the inspiral are quoted at a reference
frequency of 20 Hz. Results are computed assuming a standard cos-
mology with H0 = 67.9 km s−1 Mpc−1 [43, 81].

Parameter GW240925 GW250207
Primary mass m1/M⊙ 9.0+2.0

−1.0 35.2+1.7
−1.7

Secondary mass m2/M⊙ 7.0+0.8
−1.3 30.6+1.5

−1.8

Total mass M/M⊙ 16.1+0.7
−0.4 65.9+1.0

−1.7

Chirp massM/M⊙ 6.85+0.22
−0.08 28.57+0.44

−0.77

Final mass Mf/M⊙ 15.3+0.7
−0.4 62.7+1.0

−1.6

Effective inspiral spin χeff 0.02+0.08
−0.02 0.00+0.03

−0.04

Effective precession spin χp 0.25+0.37
−0.20 0.06+0.15

−0.05

Final spin χf 0.69+0.02
−0.03 0.69+0.01

−0.01

Luminosity distance DL/Mpc 356+61
−162 187+121

−52

Redshift z 0.08+0.01
−0.03 0.04+0.03

−0.01

Network SNR ρ 31.96+0.11
−0.15 68.91+0.08

−0.11

ibration posterior is informative and distinct from the prior
across the frequency range of the signal ( f peak

22 is ∼ 170 Hz),
similar to results for GW240925. For GW250207, we ob-
tain JSDs between the posterior and prior of 0.15+0.11

−0.15 nat for
amplitude and 0.14+0.13

−0.14 nat for phase. Some of the frequency-
dependent structure reflects the discrete placement of spline
nodes. The amplitude error near the 317.1 Hz node is only
weakly constrained (likely by contributions from higher-order
multipole moments); although the inferred error appears large,
the posterior distribution is skewed and is still consistent with
zero, with δA = 26+69

−32% (90% credible interval). The cal-
ibration is best constrained when using the in-situ measured

priors for Livingston and Virgo, but the Hanford data alone
remain informative. In the Hanford-only analysis, the overall
(frequency-independent) calibration amplitude scale is fully
degenerate with the source distance, since h(θ) scales in-
versely with distance, and the overall calibration phase scale is
fully degenerate with the signal’s reference phase. Therefore,
the absolute scales of the Hanford-only constraints shown
in Fig. 2 are prior driven: the prior favors δA ∼ 0 and
δϕ ∼ 0 deg. However, the frequency-dependent evolution of
the calibration parameters can still be constrained using the
signal morphology in the Hanford data alone.

Measurements of key astrophysical parameters for
GW250207 are given in Table I. GW250207’s source is
similar to GW150914’s [74, 92]. The BBH source has total
mass of M = 65.9+1.0

−1.7M⊙ and a well-measured mass ratio of
q = 0.87+0.08

−0.08. The individual spins are small, with χ1 < 0.15
and χ2 < 0.19. These properties are consistent with the
inferred BBH population, with component masses near the
feature in the mass distribution at ∼ 35M⊙ which contributes
many observed binaries [83, 93]. With the inclusion of
Hanford data, GW250207 has the second-highest network
SNR published to date (after GW250114 082203 [7]),
and its source is probably the closest BBH observed with
DL = 187+121

−52 Mpc [6, 92, 94, 95]. Such a high SNR
facilitates more precise parameter estimation than for typical
GW observations [6, 11].

GWs can be decomposed into spherical harmonics [96–
99]. The ℓ = |m| = 2 multipole moment dominates the sig-
nal. However, the high SNR of GW250207 means that other
moments are observable; the signal probably has the highest
ℓ = |m| = 4 SNR found to date, ρ44 = 5.1+0.5

−1.9 [6, 7, 100].
Comparing analysis results, we see that erroneously assum-

ing perfect calibration for all detectors leads to narrower and,
in some cases, biased posteriors for source parameters. The
inferred distance becomes DL = 175+42

−28 Mpc. The miscali-
bration at frequencies between ∼ 40–60 Hz is mistaken for
a signature of spin precession: the constraint on the effective
precession spin shifts from χp = 0.06+0.15

−0.05, corresponding to
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a precessing SNR [101, 102] of ρp = 2.4+4.8
−1.9 (using the wide

prior for Hanford and in-situ priors for Livingston and Virgo)
to χp = 0.13+0.17

−0.07, ρp = 5.8+6.8
−3.1 (neglecting calibration uncer-

tainties). This demonstrates how miscalibration can mimic
physical effects and impact astrophysical inferences.

The sky localization is shown in Fig. 3. Again, neglect-
ing calibration uncertainty leads to narrower posteriors. As
for GW240925, and discussed in the Supplemental Material,
the inclusion of Hanford data shifts the sky-position posterior
such that it lies outside of the two-detector 90% area [82].
This type of shift can happen in (infrequent) cases where the
third detector adds information that strongly disfavours lo-
cations in the two-detector 90% area [103, 104]. The inclu-
sion of the Hanford data reduces the volume localization from
∼ 2 × 106 Mpc3 to ∼ 5 × 104 Mpc3. Without using Hanford
data and accounting for its uncertain calibration, it would be
difficult to locate the source.

These results for GW240925 and GW250207 demonstrate
that astrophysical signals can be used to infer detector cali-
bration, providing both a practical fallback when in-situ mea-
sured calibration is incomplete or uncertain and a valuable
cross-check of analysis procedures. Further results are pro-
vided in the Supplemental Material.

Potential for dark siren cosmology— CBCs act as dark
sirens providing constraints on their source distances; cross-
referencing the inferred localization volume with galaxy cat-
alogs that provide redshift information then enables inference
of the Hubble constant [25, 105, 106]. Localization of GW
sources is best for high-SNR signals observed with at least
three detectors [80, 104, 107–109].

Since the two signals have well-localized sources, they
could be considered as potentially useful dark sirens. Un-
fortunately, GW240925 will not provide significant cosmo-
logical information from its localization as it is hidden by
the Milky Way plane. However, GW250207 has a localiza-
tion volume of ∼ 5 × 104 Mpc3, similar to that of GW190814
(∼ 5 × 104 Mpc3 [92, 110]), far from the Milky Way plane,
making it well suited for a dark siren cosmological analysis.
The host galaxy of GW250207 has an estimated probability
∼ 74% to be present in the extended version of the Galaxy List
for the Advanced Detector Era (GLADE+) catalog [111, 112].
This probability is based on the K-band luminosity, assumes
that the likelihood of hosting a CBC is proportional to the
galaxy luminosity, and adopts a flat cosmological model with
H0 = 67.9 km s−1 Mpc−1 and Ωm = 0.3065 [43, 81]. Both
signals will be included in a comprehensive analysis of all de-
tections up to the end of O4, which will be presented with
a future version of the Gravitational-Wave Transient Cata-
log (GWTC), similar to the analysis for GWTC-4.0 [106].
This population analysis will allow information from multi-
ple detections to be combined with a proper computation of
selection effects across observing runs.

Consistency tests— We perform a suite of verification tests
using the two observations, including general residual anal-
yses, tests that constrain deviations of post-Newtonian (PN)
parameters from the expected GR values, and quasinormal

mode (QNM) spectroscopy tests of the remnant. These tests
are often framed as tests of GR, but are also sensitive to a va-
riety of assumptions about the data. Failing to incorporate the
calibration systematics in these analyses can lead to biased re-
sults, potentially mimicking or obscuring deviations from GR
predictions [18, 23]. Here, we summarize results and provide
additional details in the Supplemental Material.

The residuals test evaluates the agreement between the data
and the best-fit GR waveform by searching for excess coher-
ent power remaining after subtracting the signal [113–115].
Residual power may indicate the presence of calibration er-
rors, instrumental artifacts or waveform-modeling errors. We
find no evidence of residual power.

The FTI [116], TIGER [117–120] and PCA [121, 122]
analyses explore deviations of the PN coefficients from the
GR value in the inspiral signal. TIGER also allows for devia-
tions in the phenomenological coefficients of the post-inspiral
signal [120]. All analyses incorporate calibration uncertain-
ties, like in the analyses to infer source properties, but now
using waveform models that include the modeled deviations
from GR. We find that neglecting calibration uncertainties can
introduce mild biases in the inferred deviations, even though
the results remain statistically consistent with GR. Using the
wide, uninformative calibration priors mitigates the risk of
falsely identifying GR violations. The GW250207 analyses
for the PN deviation parameters give the tightest upper limits
to date on the 2PN and higher-PN deviation parameters, sur-
passing GW250114 082203 [123]; at −1PN and 0.5PN, the
constraints from GW170817 remain the best [124, 125].

For the ringdown signal, we use the pSEOBNR [126–
130], QNMRF [131–134], and ringdown [135–137] pipelines
to perform QNM analyses. pSEOBNR can include calibra-
tion uncertainty with its parametrized waveform, but QN-
MRF and ringdown do not currently support calibration
marginalization and instead analyze Hanford and Livingston
data separately to assess potential systematic errors. Fig-
ure 4 presents results from these analyses. These consistently
show that neglecting calibration errors at Hanford leads to bi-
ased estimates for the (2, 2, 0) QNM frequency and damping
time relative to those inferred from the full inspiral–merger–
ringdown (IMR) waveform. The 90% credible intervals on the
(2, 2, 0) QNM are compatible with GW230814 230901 [100],
GW250114 082203 [7, 123], and other signals included in the
GWTC-4.0 analysis [138].

Conclusion— Using the high-SNR BBH signals
GW240925 and GW250207, observed during times of
elevated calibration uncertainty, we have demonstrated that
the information encoded within CBC signals can enable
astrophysical calibration of GW detectors. With loud
GW observations, we may cross-check in-situ calibration
measurements. Furthermore, when we lack a complete set
of calibration measurements, GW signals may be used to
infer calibration properties: in such cases, signal-informed
calibration is necessary and required to obtain precise and
accurate source localization for multi-messenger follow-up
and cosmological measurements, along with unbiased tests of
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FIG. 4. Inferred (2, 2, 0) QNM frequency and damping time from
analyses of GW250207. The full IMR GR result, incorporating a
wide prior for Hanford calibration, is indicated by the solid line. The
pSEOBNR analysis (dashed) compares results obtained by either ne-
glecting calibration uncertainties (yellow) or incorporating a wide
prior for Hanford to marginalize over them (green). The QNMRF
(dot–dashed) and ringdown (dotted) analyses analyze Hanford (red)
and Livingston (light blue) data separately without calibration un-
certainty to assess potential systematic errors. QNMRF and ring-
down analyze the signal starting at 8tMf after the peak of the strain,
where time is in units of the remnant mass in the detector frame (the
maximum-likelihood estimate from the IMR analysis using the NR-
Sur7dq4 waveform [139] and the wide calibration prior).

GR. Although astrophysical calibration has long been pro-
posed as possible [19, 26, 29, 30], the groundbreaking higher
SNRs found during O4 are now making it practical [26–28].

GW240925 and GW250207 were fortunately detected
while multiple detectors were observing, allowing for a coher-
ent analysis across the network. Having multiple observato-
ries increases the probability of detection, improves source lo-
calization, and mitigates any adverse effects of detector noise
on interpretation. Good source localization of GW250207 is
only possible with the addition of LIGO Hanford data and the
astrophysical inference of its calibration. Further expansion
of the network [5, 80] with increasing sensitivity for KAGRA
and the construction of LIGO India will enhance the opportu-
nities for GW discovery and mitigate against cases where one
observatory is adversely impacted by an instrumental prob-
lem, a glitch or a calibration issue. With a global observatory
network, we are best prepared to fulfill the potential of GW
astronomy and to make discoveries that advance our under-
standing of the Universe.
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Calibration of the LIGO strain data was performed with
GstLAL-based calibration software pipeline [34], and cali-
bration of the Virgo strain data is performed with C-based
software [17]. DQ products and event-validation results
were computed using the BRiSTOL [140], DMT [141],
DQR [142], DQSEGDB [143], Glitchfind [144], GSpyNet-
Tree [145], gwdetchar [146], Hveto [147], iDQ [148],
LigoDV-web [149], OmegaOverlap [150], Omicron [151],
PEMcheck [152], PythonVirgoTools [153] and Stationar-
ity [154] software packages and contributing software tools.
Analyses relied upon the LALSuite software library [155,
156]. The detection of the signals and subsequent signifi-
cance evaluations were performed with the GstLAL-based in-
spiral software pipeline [51–54], with the MBTA pipeline [60,
61], the PyCBC package [157–159] and the cWB pack-
ages [49, 50, 160–162]. Estimates of the noise spectra and
glitch models, as well as tests of residuals, were obtained
using BayesWave [163–165]. Signal parameter estimation
was performed with the Bilby library [70, 71] using the
Dynesty nested-sampling package [166]. SEOBNRv5PHM
waveforms used in parameter estimation were generated us-
ing pySEOBNR [167]. PESummary was used to postpro-
cess and collate parameter-estimation results [168]. Tests
of GR were performed with the FTI [116], TIGER [118–
120] and pSEOBNR [126–130] tests implemented in Bil-

byTGR [169], as well as with the QNMRF [131–134] and
ringdown [135–137] pipelines. Cosmological inference was
performed with the gwcosmo [170–172] and icarogw [173,
174] codes. Some of the parameter-estimation analysis were
managed with the Asimov library [175]. Plots were pre-
pared with Matplotlib [176], seaborn [177] and GWpy [178].
NumPy [179] and SciPy [180] were used in the preparation of
the manuscript.

C01 strain data for GW240925 and C00 strain data for
GW250207 analysed as part of this study are publicly
available through Gravitational Wave Open Science Cen-
ter (GWOSC) [181]; the (miscalibrated) C00 strain data for
GW240925 are available in a supplemental release from Zen-
odo. Data releases of inference results, together with example
scripts, are available from Zenodo [182].
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SUPPLEMENTAL MATERIAL

CALIBRATION TECHNIQUES AND MONITORING

Since the detector arm length L is known to high precision,
to reconstruct the strain we must accurately measure the dif-
ferential arm length change ∆Lfree. However, as ∆Lfree is sup-
pressed by feedback control, the detectors only measure the
residual differential arm displacement ∆Lres. In LIGO, this is
converted to a digital error signal derr via the sensing transfer
function C, such that derr = C∆Lres (all quantities are denoted
in frequency domain) [14–16, 34]. The error signal is pro-
cessed by a set of digital filters D to generate the digital con-
trol signal dctrl = Dderr, which is sent through the actuation
transfer function A to produce the analog control displacement
∆Lctrl = Adctrl. The total free differential arm length change
is given by ∆Lfree = ∆Lres + ∆Lctrl. Defining the detector re-
sponse function as [13]

R =
1
C
+ AD, (3)

the strain is reconstructed as [37]

d =
R derr

L
. (4)

KAGRA adopts an approach closely aligned with that of
LIGO [35], and Virgo follows similar procedures, with mi-
nor differences in conventions and technical implementa-
tions [17, 183].

The timing for the detectors’ real-time control systems and
recorded data, provided by Global Positioning System (GPS)
receivers located at the corner and end stations of each detec-
tor, serves as a critical absolute reference. Cross-checks be-
tween multiple GPS clocks and a local atomic clock estimate
the timing accuracy to be better than ±1 µs [42, 184].

Calibration errors in the modeled response function
R(model)( f ; t) may result from imperfect estimates of model
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FIG. 5. ASD of the LIGO Hanford detector one day before the arrival
of GW240925. Colored triangles indicate the calibration monitoring
lines used for real-time tracking of the detector response. Dots, stars,
diamonds and squares mark the additional calibration tracking lines
for time-dependent correction factors, power mains, suspension vio-
lin harmonics and suspension roll modes, respectively.

parameters, uncompensated time dependencies, or missing
features present in the true detector response. The proba-
bility distribution of the correction factor η( f ; t) is evaluated
hourly throughout the observing run by incorporating both
in-situ regular measurements taken when the detector is not
observing (typically once or twice per week) and real-time
measurements within a one-hour window [42]. This distri-
bution is constructed numerically using 103 realizations of
R( f ; t) [15, 16]. The resulting uncertainty envelope is used
to construct the calibration prior employed in signal parame-
ter estimation for all candidates whose trigger time lies closest
to the given hour tnear [43].

In addition to the procedures adopted during the early ob-
serving runs [14, 15, 34], a real-time monitoring system was
introduced in Virgo during the third observing run (O3) [17]
and in LIGO during O4 [42] to improve the evaluation of
η( f ; t) in the low-latency calibrated data. This system op-
erates by continuously injecting monochromatic calibration
lines at discrete frequencies (nine lines for LIGO) via the pho-
ton calibrator [38–41]. These lines enable direct measurement
of the detector response at their respective frequencies. Fig-
ure 5 shows the locations and relative strengths of these lines
in the amplitude spectral density (ASD) of Hanford detector
data. Two closely spaced lines at 283.91 Hz and 284.01 Hz
are injected into the X- and Y-end test masses, respectively,
to monitor the photon-calibrator absolute references [42]. For
Virgo, absolute calibration was further improved through the
deployment of a Newtonian calibrator, which provides a pre-
cise reference at low frequencies [185]. The detector response
to these injected lines is continuously measured in real time,
allowing direct inference of η( f ; t) at those frequencies.

Figures 6 and 7 show the real-time calibration monitor-
ing measurements for the Hanford detector response func-
tion around the times of GW240925 and GW250207, respec-
tively [42]. These figures show the estimated amplitude and
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FIG. 6. Real-time calibration monitoring for Hanford around the
time of GW240925 (spanning ∼ 2 days). The top and bottom panels
show the estimated amplitude and phase of the calibration error, δA
and δϕ, respectively, expressed through the complex correction factor
η. The shaded region highlights the miscalibrated interval.
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FIG. 7. Similar to Fig. 6, real-time calibration monitoring for Han-
ford around the time of GW250207 (zoomed in to the detection and
observing starting times). The shaded region marks the interval dur-
ing which the detector had not yet reached analysis-ready observing
status.

phase errors derived from the monitoring lines at their respec-
tive frequencies. These diagnostics help assess the calibration
accuracy during the periods of interest.

For GW240925, Fig. 6 spans ∼ 2 days to illustrate three
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representative periods of detector behavior: (i) a normal pe-
riod on the day before the signal, during which the measured
calibration amplitude and phase errors are within |δA| ≲ 10%
and |δϕ| ≲ 6 deg; (ii) a miscalibrated interval, where the mea-
surements deviate significantly from δA = 0 and δϕ = 0 deg,
indicating a known calibration issue, and (iii) several short-
duration lock stretches lasting ≲ 2 h, where low-frequency
evolution due to thermalization effects (time-varying lensing
by the test masses due to differential heating by the laser beam
profile) is evident, e.g., in the amplitude at 33.43 Hz and in the
phase at 17.10 Hz.

For GW250207, Fig. 7 is zoomed in around the detection.
The shaded region marks the interval when the detector had
not yet reached observing status and was undergoing thermal-
ization, as indicated by larger deviations from δA = 0 and
δϕ = 0 deg at various frequencies. The calibration is best
modeled when the interferometer is fully thermalized and op-
erating in a steady state. Several monitoring lines were also
not yet recording measurements during this period.

With real-time monitoring and hourly evaluation of sys-
tematic errors, similarly elevated calibration errors to those
seen around these two detections are not observed in other
observing-mode stretches of O4 [36].

EVENT VALIDATION

Detector data can be impacted by noise of instrumental or
environmental origin [186–188]. Noise artifacts can man-
ifest in several ways, such as shorter-duration, broadband
non-Gaussian features known as glitches [67, 68], and nar-
rowband features known as spectral lines [189]. DQ vetting
around candidate events involves multiple checks [66], such
as event validation, the DQ Report (DQR) [190, 191], and
(when needed) glitch subtraction [192–194].

GW240925 was detected while Livingston was observing
with binary neutron star inspiral range (a conventional mea-
sure of detector sensitivity [5, 195, 196]) of ∼ 168 Mpc, Virgo
was observing with range ∼ 51 Mpc, and Hanford was ob-
serving with an estimated range of ∼ 147 Mpc, neglecting its
calibration uncertainty. During event validation, some com-
ponents of the DQR were flagged for investigation. At both
Hanford and Livingston, excess noise was identified in an aux-
iliary channel that monitors environmental noise [152]; how-
ever, this noise occurred at sufficiently high frequencies to
be well separated from the GW signal band, and we found
no evidence that it coupled into the GW strain during the
times of interest. In addition, a glitch was identified in Liv-
ingston data 1.4–1.7 s after the signal in the frequency range
25–50 Hz. The glitch occurred sufficiently far from the signal
that it does not impact the inference of source properties [69].
Thus, glitch mitigation was deemed unnecessary. Overall, no
DQ issues impacting the observation were found for any of
the detectors.

Approximately 80 s of Hanford strain data preceding the
time of GW240925 were initially marked as non-observing, as

the interferometer was briefly taken out of observing mode to
make a digital configuration change to a control loop that is a
part of the arm-length stabilization system. This stabilization
system is inactive when the detector is in a low-noise state and
only used during lock acquisition. The configuration-change
procedure had no impact on the strain data, which remain
valid for analysis during that interval [45].

GW250207 was detected while Livingston and Virgo were
observing with binary neutron star inspiral ranges of ∼
168 Mpc and ∼ 51 Mpc, respectively; Hanford formally en-
tered observing mode with a range of ∼ 149 Mpc approxi-
mately five minutes later. During event validation, one DQR
task that monitors auxiliary channels for excess noise overlap-
ping the signal [150] was flagged for investigation. As with
GW240925, no DQ issues were identified for any of the de-
tectors, as no excess noise was found in the strain data during
the time of interest.

ADDITIONAL SEARCH-ANALYSIS RESULTS

Multiple search pipelines are used to search for CBC sig-
nals [43], for both low-latency, online analyses and higher-
latency, offline analyses. Online searches prioritize rapid iden-
tification of candidates for prompt alerts to the astronomi-
cal community [94, 197], whereas offline searches are per-
formed later to provide more comprehensive results. The of-
fline searches can analyze recalibrated data, incorporate up-
dated DQ information, and use more computationally expen-
sive algorithms [43]. While online searches evaluate candi-
date significance using background data collected only prior
to the candidate, offline searches can use data from both before
and after the candidate time. As a result, marginal candidates
can vary in significance between online and offline analyses,
while highly significant candidates generally remain so [6].
High-SNR candidates are typically recovered as significant
across all pipelines [43, 94].

GW240925 was identified in low-latency by cWB [47–50],
GstLAL [51–59], MBTA [60–62] and SPIIR [63]. The Py-
CBC search pipeline [198] did not report the candidate in low
latency because there were insufficient contiguous observing-
mode data to identify a Hanford trigger, and it only consid-
ers single-detector candidates with potential electromagnetic
counterparts (a duration > 7 s) [43, 198]. Nevertheless, Py-
CBC did recover a trigger with consistent SNR and timestamp
in Livingston.

GW250207 was identified in low latency by GstLAL and
SPIIR. The other low-latency search pipelines did not report
the candidate because they did not account for Virgo triggers
when constructing multi-detector coincidences, and they were
configured to either require at least two-detector coincidence
(for cWB [49, 50]) or only report single-detector candidates
likely to accompany electromagnetic emissions [43] (e.g., a
detector-frame chirp mass below 7M⊙ for MBTA [62]). Nev-
ertheless, both MBTA and PyCBC recovered a trigger with
consistent SNR and timestamp in Livingston.
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TABLE II. Offline search results for GW240925. The table lists the
SNR in the LIGO Hanford and Livingston detectors and the FAR
reported by each pipeline. The FARs are capped at < 1 × 10−5 yr−1

to ensure a consistent limit across pipelines.

Pipeline ρH ρL FAR/yr−1

GstLAL 16.8 25.5 < 1 × 10−5

MBTA 17.3 25.8 < 1 × 10−5

PyCBC 17.3 25.7 3.95 × 10−5

Full offline search results for O4b will be presented in
GWTC-5.0, with results for O4c to follow in GWTC-6.0 [5].
In Table II, we present the currently available offline results
for GW240925, analyzed with the GstLAL [51–55, 57–59],
MBTA [60–62] and PyCBC [157, 158, 199] matched-filter
pipelines using the C00 data. To assess the potential impact
of miscalibration on the search results, we also analyzed the
C01 data with the MBTA and PyCBC pipelines, and found
that the SNR and 90% credible area of the sky localization
differed by only a few percent relative to the C00 results. This
suggests that the Hanford miscalibration did not significantly
affect the search results for GW240925, which is consistent
with expectations [37, 200, 201].

PARAMETER-ESTIMATION METHODS AND RESULTS

To characterize each signal, we use the Dynesty nested
sampler [166], as implemented in the Bilby Bayesian infer-
ence library [70, 71], to obtain samples from the posterior
probability distributions of both the source and calibration pa-
rameters. Changing these parameters alters the waveform: for
example, varying the chirp mass changes the frequency evo-
lution of the inspiral [11, 76, 202]. Hence, we calculate the
posterior probability distribution for the input parameters by
assessing how well the corresponding waveform matches the
data [74, 203].

Both signals were observed in the Hanford, Livingston
and Virgo detectors, and we coherently analyze data from
all three [74] (except when investigating the potential to con-
strain calibration with Hanford data alone). For GW240925,
we analyze 32 s of data employing a sampling frequency of
4096 Hz, with a frequency range from 20 Hz to 1792 Hz.
For GW250207, we analyze 8 s of data employing a sam-
pling frequency of 1024 Hz, with a frequency range of
20 Hz to 448 Hz. For both signals, estimates of the de-
tectors’ power spectral densities (PSDs) are obtained using
BayesWave [163, 165, 204].

The strain data consist of the GW signal and detector noise,
d(corr) = h(θ)+ n(corr), where h(θ) is the waveform correspond-
ing to parameters θ, and n(corr) is the residual noise after ap-
plying the calibration correction. To account for calibration
uncertainties in the inference, we apply the calibration correc-
tion factor η to the waveform model rather than the detector

data:

d =
d(corr)

η
=

1
η

(
h + n(corr)

)
=

h
η
+ n, (5)

where n = n(corr)/η is the effective noise without applying the
calibration correction. Since the likelihood is a function of d,
rather than d(corr), and the PSD characterizes n, not n(corr), ap-
plying the calibration correction to the waveform is the more
convenient approach [43].

We parametrize the calibration uncertainty in the inference
as

1
η( f ; tnear)

=
[
1 + δA′( f )

]
exp
[
iδϕ′( f )

]
, (6)

where δA′( f ) and δϕ′( f ) are the amplitude and phase devia-
tion parameters, respectively [72]. The frequency-dependent
amplitude and phase corrections are modeled using cubic
splines [43, 73, 74]. The deviation parameters are related to
the calibration errors defined in Eq. (1) of the main paper as

δϕ′( f ) = −δϕ( f ; tnear); 1 + δA′( f ) =
1

1 + δA( f ; tnear)
. (7)

The in-situ measured calibration uncertainty estimates pro-
vide the distribution of {[1 + δA( f ; tnear)], δϕ( f ; tnear)} at
discrete frequencies. These are converted to {[1 +
δA′( f )], δϕ′( f )} and interpolated to a set of 10 frequency
nodes with log-uniform spacing over the analysis frequency
range for each detector. Gaussian priors are then set on δA′( f )
and δϕ′( f ) at each node frequency, with medians and standard
deviations determined from the in-situ measurements.

For the analysis of GW240925, we use three different IMR
waveform models, all of which include the effects of spin pre-
cession and higher-order multipole moments, while neglect-
ing orbital eccentricity: the frequency-domain IMRPhenomX-
PHM [205, 206] and IMRPhenomXPNR [207, 208], and the
time-domain SEOBNRv5PHM [209, 210], which addition-
ally includes equatorial asymmetric contributions to multipole
moments. For the analysis of GW250207, we use the same
three models as for GW240925, and additionally include NR-
Sur7dq4 [139], a time-domain numerical-relativity surrogate
model. This model cannot be used for GW240925 due to con-
straints on the mass range over which it can generate wave-
forms down to 20 Hz. We also perform an analysis with the
frequency-domain IMRPhenomXAS waveform [211], which
assumes aligned spins, thereby excluding orbital-plane pre-
cession effects, and includes only the contribution from the
dominant (2, 2) multipole. This waveform is included for
comparison with results from the search pipelines, which use
waveforms incorporating similar physics. Our overall param-
eter estimates for both signals are obtained by combining re-
sults from a set of the different waveform models that include
the effects of spin precession with equal weight (excluding
IMRPhenomXAS) [43, 74]; since IMRPhenomXPNR super-
sedes IMRPhenomXPHM, the latter is excluded from the com-
bination to avoid double-counting the results obtained with
this waveform family.
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For both signals, we adopt default priors for the source
parameters: a uniform prior on detector-frame component
masses, with bounds on the detector-frame chirp mass wide
enough to avoid truncating the posterior; a uniform prior on
spin magnitudes with isotropic spin directions; uniform pri-
ors on the reference phase and time; a uniform distribution on
the polarization angle; a uniform distribution over the sphere
for binary inclination; a uniform distribution over the sky for
sky position, and a distance prior corresponding to a uniform
distribution in comoving time and volume [43, 71, 212]. For
analyses using IMRPhenomXAS, which neglect spin preces-
sion, we adopt a prior on the spin magnitudes that gives the
same distribution for spin components aligned with the or-
bital angular momentum as the prior used in the other anal-
yses. For analyses of Hanford data where we assume a
wide calibration prior, we do not use frequency-dependent
in-situ measurements to set uncertainties for δA( f ; tnear) and
δϕ( f ; tnear), but instead assume zero-mean Gaussian uncer-
tainties with frequency-independent standard deviations of
20% and 20 deg, respectively. These calibration uncertainty
priors are sufficiently broad to encompass the miscalibrations
present at the times of the two signals, as illustrated in Fig. 6
and Fig. 7.

Results from the various analyses of the two signals are
given in Table III, with the inferred component masses shown
in Fig. 8. In addition to the analyses described in the main
text, we also provide results for GW240925 assuming per-
fect calibration in all three detectors, to assess potential biases
arising from neglecting calibration uncertainties. In Fig. 9, we
show the inferred spin parameters for GW250207, where the
inclusion of calibration uncertainty leads to a difference for χp
but not χeff , illustrating how some signal properties and more
sensitive to the calibration than others.

In contrast to the significant differences found for
GW250207 discussed in the main text and shown in Fig. 9, for
GW240925, neglecting calibration uncertainty leads to small
shifts in most intrinsic parameters. For example, the detector-
frame chirp mass is (1 + z)M = 7.368+0.011

−0.009M⊙ without incor-
porating calibration uncertainty, compared to 7.371+0.012

−0.010M⊙
when using the wide calibration prior. The luminosity dis-
tance is inferred as DL = 369+54

−156 Mpc when neglecting cal-
ibration uncertainty, shifted from 348+69

−160 Mpc with the wide
calibration prior. The most significant impact is seen in the
sky area [76], which increases from 22 deg2 without incorpo-
rating calibration uncertainty to 60 deg2 with the wide calibra-
tion prior, as illustrated in Fig. 10.

The source-mass distributions for GW240925 exhibit bi-
modality, as visible in the two-dimensional distributions of
Fig. 8. The detector-frame masses have a unimodal distribu-
tion, but the distance distribution has two modes, which im-
pacts the inferred source masses [5, 214]. The distance dis-
tribution has one mode at larger values (favored by the prior)
corresponding to face-on inclinations, and another at smaller
values corresponding to edge-on inclinations [215–217]. For
edge-on inclinations, the signal is dominated by a single po-
larization component [11, 218, 219]. While the two LIGO

detectors are approximately aligned, and so have similar sen-
sitivities to signal polarization [5, 220, 221], Virgo has a dif-
ferent sensitivity [222, 223]. Hence with edge-on inclinations,
the polarization can be adjusted to an alignment that Virgo
is less sensitive to, and this accounts for the disparate SNRs
measured in the Virgo and LIGO detectors (the inferred Virgo
SNR is ρV = 1.9+0.2

−0.7 versus ρL = 26.46+0.11
−0.13 in Livingston).

Similar to the sky localization of GW170817 [224], this illus-
trates how multi-detector observations can constrain source
properties even when SNR is low in one detector.

We find that systematic differences from the choice of
waveform model are small for both signals, as typical JSDs
between the intrinsic parameter posteriors obtained with dif-
ferent waveforms are O(0.01) nat. The most significant varia-
tions appear in parameters that are defined differently between
the waveform families, like azimuthal angles and coalescence
time. The differences in the posteriors for the calibration pa-
rameters are generally smaller than those found for the in-
trinsic binary parameters; however, larger differences between
the calibration-parameter posteriors obtained with the various
waveforms are found when using the wide priors than when
using the more constraining in-situ envelope priors. Given
the properties of the sources, it is expected that the different
waveform models should give consistent results [6].

We expect constraints on the calibration to improve with
increasing SNR. Low-SNR signals will have posteriors dom-
inated by the prior, while the likelihood becomes more dom-
inant at high SNRs [19, 26]. From Fig. 2 of the main paper,
we can see that constraints from GW250207 are often tighter
than for GW240925, but that depends on the frequency. Since
the frequency contents of the signals differ, they provide dif-
ferent amounts of information about the calibration parame-
ters as a function of frequency. If we examine the constraints
around physically comparable frequencies corresponding to
the minimum-energy circular orbit f MECO

22 for the two signals,
for GW240925 we infer δA = −7+27

−18% and δϕ = −4+19
−19 deg

(90% credible interval) at the spline node at 243.0 Hz, while
for GW250207 we infer δA = −16+10

−9 % and δϕ = 7+8
−8 deg

at the spline node at 56.4 Hz. These constraints are tighter
for GW250207. In general, the measurement precision will
depend upon both the SNR in the relevant detector, and the
network SNR, which governs how well source properties can
be determined [11–13, 27, 28].

To assess potential correlations between the inferred source
and calibration parameters, we calculate the Pearson corre-
lation coefficient (PCC) [225] between each source param-
eter and the frequency-dependent amplitude and phase cal-
ibration parameters. We find no significant correlations for
GW240925 (PCC < 0.3). For the coherent, multi-detector
analyses of GW250207, we find that the calibration phase cor-
rections are correlated with both the sky position and polariza-
tion, while the calibration amplitude corrections are correlated
with the inclination and luminosity distance, with PCC > 0.4
in both cases. For the single-detector, Hanford-only analysis,
the calibration amplitude corrections show correlations with
the inferred chirp mass and reference time, since the lumi-
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TABLE III. Inferred source properties for GW240925 and GW250207. We report median values with 90% symmetric credible intervals from
various analyses for various parameters [5], and the 90% credible area for the sky location. Four GW240925 analyses are presented: using the
initial calibration of the data and assuming all three detectors are perfectly calibrated (C00 no uncertainty); assuming a wide, uninformative
prior for Hanford calibration and the in-situ measured uncertainty envelopes for the other detectors (C00 wide); assuming the in-situ measured
uncertainty envelopes for all detectors (C00 envelope), and using recalibrated data assuming the in-situ measured uncertainty envelopes for all
detectors (C01 envelope). Two GW250207 analyses are presented: assuming all three detectors are perfectly calibrated (C00 no uncertainty),
and assuming a wide, uninformative prior for Hanford calibration and the in-situ measured uncertainty envelopes for the other detectors (C00
wide). The analyses that neglect calibration uncertainty are expected to yield biased results. Parameters that evolve throughout the inspiral are
quoted at a reference frequency of 20 Hz. All results are computed assuming a standard cosmology with H0 = 67.9 km s−1 Mpc−1 [43, 81].

GW240925 GW250207
Parameter C00 no uncertainty C00 wide C00 envelope C01 envelope C00 no uncertainty C00 wide
Primary mass m1/M⊙ 9.0+1.8

−1.0 9.0+1.8
−1.0 9.0+1.7

−1.0 9.0+2.0
−1.0 35.4+1.4

−1.4 35.2+1.7
−1.7

Secondary mass m2/M⊙ 6.9+0.9
−1.1 7.0+0.8

−1.2 7.0+0.8
−1.2 7.0+0.8

−1.3 30.5+1.3
−1.2 30.6+1.5

−1.8

Total mass M/M⊙ 16.0+0.7
−0.4 16.1+0.6

−0.5 16.1+0.6
−0.4 16.1+0.7

−0.4 66.0+0.8
−1.1 65.9+1.0

−1.7

Chirp massM/M⊙ 6.83+0.21
−0.07 6.86+0.22

−0.09 6.85+0.22
−0.08 6.85+0.22

−0.08 28.61+0.35
−0.46 28.57+0.44

−0.77

Final mass Mf/M⊙ 15.2+0.7
−0.4 15.3+0.7

−0.5 15.3+0.6
−0.4 15.3+0.7

−0.4 62.8+0.7
−1.0 62.7+1.0

−1.6

Effective inspiral spin χeff 0.02+0.07
−0.02 0.03+0.07

−0.02 0.02+0.07
−0.02 0.02+0.08

−0.02 −0.00+0.03
−0.04 0.00+0.03

−0.04

Effective precession spin χp 0.22+0.31
−0.18 0.26+0.37

−0.21 0.25+0.39
−0.20 0.25+0.37

−0.20 0.13+0.17
−0.07 0.06+0.15

−0.05

Final spin χf 0.69+0.01
−0.03 0.69+0.02

−0.03 0.69+0.02
−0.02 0.69+0.02

−0.03 0.68+0.01
−0.01 0.69+0.01

−0.01

Luminosity distance DL/Mpc 369+54
−156 348+69

−160 355+63
−165 356+61

−162 175+42
−28 187+121

−52

Redshift z 0.08+0.01
−0.03 0.07+0.01

−0.03 0.08+0.01
−0.03 0.08+0.01

−0.03 0.04+0.01
−0.01 0.04+0.03

−0.01

Network SNR ρ 31.34+0.10
−0.14 31.44+0.16

−0.20 31.50+0.11
−0.16 31.96+0.11

−0.15 68.66+0.05
−0.08 68.91+0.08

−0.11

Hanford SNR ρH 17.58+0.09
−0.14 17.75+0.18

−0.25 17.82+0.09
−0.13 17.95+0.08

−0.13 48.55+0.10
−0.11 48.81+0.08

−0.11

Livingston SNR ρL 25.98+0.11
−0.13 25.99+0.12

−0.14 25.99+0.11
−0.13 26.46+0.11

−0.13 47.90+0.08
−0.10 48.00+0.05

−0.07

Virgo SNR ρV 1.9+0.1
−0.5 1.9+0.2

−0.8 1.9+0.2
−0.8 1.9+0.2

−0.7 8.2+0.2
−0.4 8.1+0.3

−0.6
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FIG. 8. Inferred component masses for GW240925 (left) and GW250207 (right). Results are shown for analyses that neglect calibration
uncertainty (yellow) and that adopt a wide prior on the Hanford calibration (green), for both signals. For GW240925, we additionally show
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FIG. 10. Sky localization for GW240925 from the low-latency
BAYESTAR analysis (which does not account for calibration uncer-
tainty) [213], and Bilby analyses including and excluding calibra-
tion uncertainty. All analyses use data from Hanford, Livingston and
Virgo. While including calibration uncertainty broadens the localiza-
tion, failing to marginalize over calibration uncertainty may lead to
biased results in the presence of significant miscalibration.

nosity distance posterior is more prior driven for the single-
detector analysis.

We also investigate the cause of the inconsistency be-
tween the Livingston–Virgo and three-detector sky localiza-
tions. The effect of including Hanford data is illustrated in
Fig. 11, which shows the posteriors on the sky location and
time delays between detector pairs for both the two- and

three-detector analyses for each signal. For GW240925, the
two-detector sky localization has multiple modes, each cor-
responding to a different Livingston–Virgo time delay. The
low Virgo SNR means that there is posterior support for time
delays corresponding to offsets of approximately a GW cy-
cle [226]. Adding Hanford data adds significant extra infor-
mation to the analysis, resulting in a change in the localiza-
tion [103, 104]. The three-detector localization is primarily
constrained by the Hanford–Livingston time delay, and the
three-detector analysis selects one of the secondary modes for
the Livingston–Virgo time delay from the two-detector analy-
sis as most probable. The two-detector localization does have
some posterior support at the sky location identified in the
three-detector analysis, but this is outside of the 90% cred-
ible area. For GW250207, the two-detector localization ex-
hibits two separate modes, although again only the primary
mode falls within the 90% credible area. The secondary mode
corresponds to a much closer inferred distance than the pri-
mary mode and is therefore downweighted by the prior in the
two-detector analysis. However, adding Hanford data shifts
the localization around the ring of constant Livingston–Virgo
time delay, to a point consistent with the observed Hanford
time; the additional constraint on the timing overcomes the
prior suppression of the secondary mode, which then becomes
the preferred source location. The precise sky localization ob-
tained with the inclusion of Hanford data for both signals was
enabled by the simultaneous inference of the calibration pa-
rameters in the parameter-estimation analyses.

Another source of the discrepancy between the low-latency
BAYESTAR localization and the offline Bilby results arises
from differences in the physical effects included in the wave-
form models underlying each analysis. The search pipelines
that produce the matched-filter SNR time series used by
BAYESTAR include only aligned-spin effects and GW emis-
sion from the dominant (2, 2) multipole moment, analogous to
the IMRPhenomXAS Bilby analyses. They also assume that
the data are perfectly calibrated. In Fig. 12, we show how the
three-detector sky localization for GW250207 changes when
these assumptions are relaxed in full parameter-estimation
analyses. The inclusion of higher-order multipole moments
and precession effects, which are better measured with three
detectors than with two, leads to an improvement in the sky
localization relative to analyses using waveforms that only
model the dominant (2, 2)-multipole emission and aligned
spins. Finally, marginalizing over calibration uncertainty
broadens the sky localization.

CONSISTENCY TESTS

Analyses that test the consistency of GW signals with
GR predictions can reveal potential errors in the underly-
ing assumptions, whether due to deviations from GR, miss-
ing physics in waveform models, mismodeling of the noise,
or miscalibration of the data [23, 100, 113]. Different tests
are complementary, since they probe different types of devia-
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tions [114]. We perform a set of tests to search for inconsis-
tencies in the signal modeling, DQ and detector calibration.

Residual tests

The residuals test examines the data for excess coherent
power remaining in the detector network after subtracting a
best-fit waveform [113–115]. Significant residual power may
indicate additional physical effects beyond those captured by
BBH waveform models, alternative physics, unmodeled cali-
bration systematic errors or instrumental noise artifacts.

The residual data are obtained by subtracting the
maximum-likelihood waveform, inferred from the parameter
estimation, from the original data. If the waveform model ade-
quately captures the GW signal, the resulting residuals should
be consistent with stationary Gaussian noise. We analyze the
residual data using BayesWave [163–165] and compute the

90% credible upper limit on the network SNR, denoted ρ90.
To assess the significance of the obtained ρ90, we also ana-
lyze nearby segments of detector data around the signal (with-
out simulated signals) to estimate the background distribution.
The probability of obtaining a ρ90 higher than or equal to that
calculated from the residual data is reported as the p-value,
P(ρn

90 ≥ ρ90), where ρn
90 is the 90% credible upper limit on the

coherent network SNR from the noise-only background seg-
ments. A higher p-value indicates that the residual power is
likely to originate from instrumental noise. For a single signal
consistent with GR, the p-value is expected to follow a uni-
form distribution on the interval (0, 1] [113]. The goodness-
of-fit of the GR-based waveform to the data can also be quan-
tified by calculating the 90% credible lower limit on the fitting
factor:

FF90 = ρGR

(
ρ2

GR + ρ
2
90

)−1/2
, (8)

where ρGR is the optimal network SNR for the maximum-
likelihood waveform, and a value of FF90 = 1 indicates perfect
agreement between the waveform and the data [113].

We compute residuals using the C00 strain data, r(t) =
dC00(t) − hML(t)/η, where 1/η is the median calibration cor-
rection factor inferred from parameter estimation, and hML(t)
is the maximum-likelihood waveform. In analyses where cal-
ibration parameters are not inferred, the residuals are com-
puted in the standard way as r(t) = dC00(t) − hML(t). We show
the results in Fig. 13.

For GW240925, when calibration effects are not included
in the analysis, ρ90 = 7.2 with a p-value of 0.26 and FF90 =

0.97. When the residuals are computed using the calibration
correction factor from the wide prior analysis, ρ90 = 7.2 with a
p-value of 0.30 and FF90 = 0.97. These ρ90 values fall within
the range reported in analyses of previous detections [115].
The top two panels of Fig. 13 show the residuals for these two
cases. No excess residual power can be identified, and these
results remain consistent with the expectation for Gaussian
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noise, regardless of the calibration treatment.
For GW250207, ρ90 = 7.2 with a p-value of 0.28 and

FF90 = 0.99 when calibration effects are neglected, and ρ90 =

7.6 with a p-value of 0.19 and FF90 = 0.99 when the calibra-
tion correction factor from the wide prior analysis is applied.
The corresponding residuals are shown in the bottom two pan-
els of Fig. 13. Although the Hanford residuals appear to ex-
hibit visible excess power in both cases, the results are con-
sistent with expectations for Gaussian noise. We confirm that
there is no correlation between these peaks and environmen-
tal monitors. We further investigate the residuals in Hanford
by performing the Anderson–Darling test on a 1 s segment of
the residual data centered on the search-analysis trigger time.
We then compute a p-value for this statistic against the back-
ground segments. Both cases result in an equal Anderson–
Darling statistic of 1.07, with a p-value of 0.98. These results
indicate that the residuals are consistent with Gaussian noise.

Parametrized tests

The parametrized tests modify the signal waveforms by
introducing parametrized deviations away from the GR
model [125]. Modifying the waveform in this case is not ex-
pected to reproduce a signal in an alternative theory of grav-
ity, but the additional flexibility in the waveform may identify
phenomena such as missing physics in the waveform or an
issue with DQ [23, 100, 119, 227]. Calibration errors could
potentially mimic or mask the parametrized deviations con-
sidered here; hence, we expect that biases may result from
miscalibration. However, as waveform modifications produce
coherent effects across the detector network, while calibration
errors affect each detector independently, the impact of mis-
calibration may not lead to an observable effect [228].

We study the impact of calibration uncertainties on the FTI
test [116], which examines deviations in the PN coefficients
during the inspiral phase. To assess this, we perform analyses
both with and without marginalization over calibration uncer-
tainties for each signal; in the latter case, we assume the data
are perfectly calibrated. The analyses adopt the same settings
and calibration priors as those used for the inference of source
properties. We use the aligned-spin SEOBNRv5HM ROM
waveform model [229] as the GR baseline and allow a single
PN deviation parameter to vary at a time.

For both signals, the FTI results are all consistent with their
GR values. When calibration uncertainty is not marginalized,
the posteriors on the deviation parameters peak further from
zero compared to the results obtained using the wide cali-
bration prior. Marginalizing over the wide calibration prior
also broadens the posteriors on the deviation parameters. Fig-
ure 14 shows the GW250207 results for δφ̂0 as a representative
example. The choice of calibration prior affects GW240925
less than GW250207; an illustrative example for GW240925
is shown in Fig. 14 with the δφ̂7 posteriors. The resulting
constraints on the PN deviation parameters are summarized
as 90% upper bounds in Table IV. Despite the wide cali-

TABLE IV. The 90% upper bounds on the PN deviation parameters
obtained with FTI and TIGER, as well as bounds on the post-inspiral
deviation parameters from TIGER. Results are from analyses that
use the in-situ measured calibration prior for Hanford in the case of
GW240925 and a wide calibration prior for Hanford in the case of
GW250207. If the GR waveform accurately models the signal and
the data are accurately described by our analysis assumptions (well-
calibrated data with stationary Gaussian noise), we expect the results
to be statistically consistent with deviation values of zero; conversely,
a deviation away from zero does not necessarily imply a modification
of GR.

GW240925 GW250207
PN order Parameter FTI TIGER FTI TIGER
−1 δφ̂−2 5.0 × 10−4 5.8 × 10−4 2.6 × 10−3 3.0 × 10−3

0 δφ̂0 0.085 0.20 0.034 0.05
0.5 δφ̂1 0.37 0.22 0.11 0.21
1 δφ̂2 0.17 0.14 0.056 0.13

1.5 δφ̂3 0.076 0.10 0.027 0.08
2 δφ̂4 0.36 0.88 0.14 0.59

2.5 log δφ̂5l 0.088 0.33 0.037 0.20
3 δφ̂6 0.11 0.45 0.046 0.31

3 log δφ̂6l 1.9 2.15 0.87 1.35
3.5 δφ̂7 0.22 1.15 0.088 0.88
Post-inspiral

parameter TIGER TIGER
δb̂1 0.04 0.03
δb̂2 0.01 0.01
δb̂3 0.01 0.01
δb̂4 0.03 0.02
δĉ1 0.84 0.25
δĉ2 0.26 0.08
δĉ3 0.75 0.24
δĉℓ 1.30 0.34

bration prior assumed for Hanford, the FTI bounds obtained
for GW250207 on the 0PN, 1PN and higher-order PN coeffi-
cients are the most stringent achieved from GW observations
to date [123–125]. Such tight constraints would not have been
possible if the Hanford data were excluded from the analysis.

We similarly assess the impact of calibration uncertainties
on the TIGER test [120], which allows for deviations in both
the inspiral PN coefficients and the phenomenological coef-
ficients in the post-inspiral regime. Using the IMRPhenomX-
PHM waveform model [205, 206] as the GR baseline, we vary
one deviation parameter at a time, repeating the analysis with
and without calibration uncertainty. As in the FTI case, we
find that including calibration uncertainties leads to broader
posteriors and improved consistency with the GR values. In
the analysis of GW250207, one of the merger–ringdown pa-
rameters (δĉℓ, which scales the damping frequency of the ring-
down signal) shows that the GR value falls outside the 90%
credible interval when calibration uncertainties are neglected,
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FIG. 13. Time–frequency spectrograms [46] showing residual data from LIGO Hanford (left), LIGO Livingston (middle) and Virgo (right)
after waveform subtraction. Data for GW240925 and GW250207 are shown in the two top and bottom panels, respectively; for both signals,
the upper panels are for results neglecting calibration uncertainty, and the lower panels are for those using a wide, uninformative prior for
Hanford calibration and in-situ measured uncertainty for other detectors. Times are measured relative to the times reported from the search
algorithms. The data have been whitened [13], and the scale bar shows the normalized energy (which has a reduced range compared to Fig. 1
of the main paper).

as shown in Fig. 14. The resulting constraints on the PN devi-
ation parameters and the phenomenological post-inspiral pa-
rameters are reported as 90% upper bounds in Table IV. The
TIGER bounds from GW250207 are the most stringent from a
single GW observation for the 2PN and higher-order PN coef-
ficients, as well as for the post-inspiral parameters excluding
δĉℓ, where GW250114 082203 is the most constraining [123–
125].

To understand why GW250207 is particularly informative,
we may consider its source properties. There is significant
posterior support for near edge-on inclinations, a configu-
ration that naturally enhances the visibility of higher-order
spherical-harmonic moments, in particular the (4, 4) multi-
pole [99], and the component masses are unequal (for com-
parison, GW250114 082203 does not have support for edge-
on inclinations and is consistent with having equal compo-
nent masses [7]). These characteristics lead to a non-trivial
contribution of higher-order multipoles to the observed sig-
nal, which are correlated with precise measurements of the
properties like chirp mass, mass ratio and component spins, as
well as the deviation parameters themselves [120, 230]. Hav-
ing precise measurements of the source properties is beneficial

because deviation parameters are correlated with the underly-
ing GR parameters, and such degeneracies often weaken con-
straints on the PN terms, even with many inspiral cycles in-
band [124, 231]. The signal properties of GW250207 reduce
these degeneracies, and allow the analyses to obtain strin-
gent constraints on the higher-PN deviation parameters and
the phenomenological post-inspiral parameters.

The TIGER inspiral bounds are generally weaker than those
from FTI. In these PN-parametrized tests, the beyond-GR
correction is included only in the inspiral regime, while the
merger–ringdown sector remains fixed to its GR prediction.
The difference in bounds between the two frameworks likely
arises from the different choices of upper cutoff frequency for
the beyond-GR correction. TIGER terminates these correc-
tions at the (2, 2)-multipole frequency at approximately the
minimum-energy circular orbit f MECO

22 , whereas FTI tapers
the waveform at the peak frequency of the (2, 2) multipole
f peak
22 [116, 120, 124]. For GW240925 (GW250207), the cut-

off frequencies are approximately 259 Hz (64 Hz) for TIGER
and 684 Hz (169 Hz) for FTI. The higher cutoff frequency in
the FTI analysis leads to the tighter constraints [125].

We also investigate the impact of detector calibration on the
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FIG. 14. Illustrative results from the FTI (top, middle) and TIGER
(bottom) analyses for GW250207 and GW240925. The dashed lines
indicate the 90% credible interval, and the solid black line indicates
the GR value. Shown are selected deviation parameters; other pa-
rameters exhibit similar behaviors. Results are shown using a wide
calibration prior for Hanford (green) and neglecting calibration un-
certainty (yellow) for both signals. For GW240925, we additionally
show results using the in-situ measured calibration prior for Hanford
(orange). Neglecting calibration uncertainty leads to narrower poste-
riors and reduced agreement with GR.

PCA test of GR, which looks for correlated deviations across
multiple PN orders simultaneously, thereby probing signa-
tures of more complex departures from GR predictions [121,
122, 232, 233]. We perform PCA analyses with and with-
out calibration uncertainty for each signal, using the same
analysis settings and priors as in the source-parameter esti-
mation. In the TIGER framework, we use the IMRPhenomX-
PHM waveform model [205, 206], while in the FTI frame-
work, we adopt SEOBNRv5HM ROM [229] as the baseline
GR model and simultaneously vary six fractional PN defor-
mation parameters between 1.5PN and 3.5PN order. We then
apply PCA to identify linear combinations of PN deformation
parameters that are best constrained by the data: those aligned
with the eigenvectors corresponding to the smallest uncertain-
ties define the principal directions of parameter covariance,
with the leading component representing the linear combina-
tion of PN coefficients that is most tightly constrained. For
GW250207, the PCA posteriors in both frameworks are con-
sistent with the GR values. For GW240925, we only report
results within the TIGER framework due to the computational
cost of analyzing this longer signal; again we find consistency
with GR. Incorporating wide, uninformative calibration priors
broadens the PCA parameter posteriors and shifts their peaks
closer to zero, improving agreement with GR relative to anal-
yses that neglect calibration uncertainty. Figure 15 presents
the 90% credible contours for the leading two PCA parame-
ters, δφ̂(1)

PCA and δφ̂(2)
PCA.

These results show that not including calibration uncer-
tainty could potentially lead to biases in tests of GR. Using
wide calibration priors when the calibration of the detector is
unknown can prevent this from happening, at the cost of los-
ing some constraining power.

Ringdown tests

We perform a range of QNM analyses using the ring-
down [135–137], QNMRF [131–134], and pSEOBNR [126–
128, 130] pipelines. For GW240925, the ringdown SNR is
low, as expected for a lower-mass BBH, and is therefore
not suitable for an in-depth ringdown test. The pSEOBNR
analysis requires a SNR of ρ ≥ 8 in both the inspiral and
post-inspiral regimes to break the degeneracy between the
QNM frequency deviation and the remnant mass [127], while
the ringdown analysis requires a post-peak SNR of ρ >
10. Only GW250207 satisfies the SNR thresholds for both
pSEOBNR and ringdown analyses. As a check, we perform
the QNMRF analysis focusing on the dominant (2, 2, 0) mode
for GW240925. The resulting broad posteriors are generally
uninformative for both the C00 and C01 data. Therefore, we
focus on the results from GW250207, where the higher ring-
down SNR enables a more informative test.

Both ringdown and QNMRF pipelines do not implement
marginalization over calibration uncertainty, so we perform
single-detector analyses of Hanford and Livingston data indi-
vidually to explore results with different calibration errors. We
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For GW240925, we additionally show results using the in-situ mea-
sured calibration priors applied to the Hanford miscalibrated C00
(orange) and recalibrated C01 (purple) data. Neglecting calibration
uncertainty leads to narrower posteriors that peak further from zero,
while incorporating a wide calibration prior yields wider posteriors
that exhibit improved consistency with GR.

fit the dominant Kerr (2, 2, 0) mode to the data over a ∼ 1 ms
range of late starting times, tpeak + ∆t, where ∆t ∈ [8, 11]tMf

with tMf = G(1 + z)Mf/c3, and tpeak is the reference peak
time of the strain. The reference peak time tpeak, remnant
mass Mf , and extrinsic parameters are fixed to those from
the maximum-likelihood posterior sample of the NRSur7dq4
IMR analysis using the wide calibration prior. To condition
the data prior to fitting with ringdown, we high-pass filter the
time series above a cut-off frequency of 10 Hz, downsample
with an anti-aliasing digital filter [137] to a 2048 Hz sam-

pling rate, and crop to a 0.66 s analysis segment beginning at
the native 16384 Hz discretized sample closest to tpeak + ∆t.
In the QNMRF analysis, we analyze the data over the inter-
vals [∆t,∆t + 0.2 s], downsampled at 4096 Hz. A check was
also performed over longer 0.66 s segments to verify that dif-
ferences in configuration between QNMRF and ringdown do
not affect the results. We obtain consistent results from both
pipelines: for all start times, the remnant black hole proper-
ties inferred from the Livingston data are consistent with the
maximum-likelihood IMR result, while the measured (2, 2, 0)
QNM from the Hanford analysis are biased to lower frequen-
cies and higher damping times, disagreeing with the full-
signal inference at the 90% credible level. No evidence for
an overtone is found in the Livingston-only analysis within
this time window by either pipeline (e.g., with all QNMRF
detection statistics falling below threshold [134]), thereby jus-
tifying a fit using only the fundamental (2, 2, 0) mode.

The pSEOBNR analysis [126–130] introduces fractional
deviations to the frequency and damping time of the funda-
mental QNMs in the underlying SEOBNRv5PHM waveform
model, parametrized as

fℓm0 = f GR
ℓm0(1 + δ f̂ℓm0), τℓm0 = τ

GR
ℓm0(1 + δτ̂ℓm0). (9)

Unlike analyses that isolate the ringdown phase, pSEOBNR
directly modifies parameters within an IMR waveform model,
allowing it to leverage the full signal duration and total SNR,
while avoiding ambiguities in the choice of the ringdown start
time. The analysis constraints fractional deviations in the
(2, 2, 0) QNM in addition to the GR parameters of the wave-
form model, assuming uniform priors of δ f̂220 ∈ [−0.8, 2]
and δτ̂220 ∈ [−0.8, 2]. The high SNR of GW250207 also al-
lows us to constrain fractional deviations in the (4, 4, 0) QNM,
assuming uniform priors of δ f̂440 ∈ [−0.8, 0.8] and δτ̂440 ∈

[−0.8, 0.8]. Since this analysis can explicitly incorporate cal-
ibration uncertainties, we perform analyses both with and
without calibration uncertainties, adopting a wide, uninfor-
mative prior for Hanford in the latter case. In both cases, the
inferred remnant parameters and QNM deviations remain con-
sistent with the IMR analysis within the 90% credible interval;
however, neglecting calibration uncertainty reduces this level
of agreement. The (2, 2, 0) QNM is well constrained, with
δ f̂220 = 0.01+0.03

−0.03 and δτ̂220 = −0.02+0.17
−0.15 when calibration un-

certainty is incorporated, compared to δ f̂220 = −0.01+0.02
−0.02 and

δτ̂220 = 0.12+0.14
−0.13 when it is neglected, for the analyses with

fractional deviations in the (2, 2, 0) QNM in addition to the GR
parameters. The frequency of the (4, 4, 0) QNM is constrained
to δ f̂440 = 0.03+0.20

−0.64 and δ f̂440 = 0.00+0.12
−0.28 with and with-

out incorporating calibration uncertainty, respectively. The
damping time of the (4, 4, 0) QNM remains unconstrained.
The impact of calibration uncertainties is less pronounced
in the pSEOBNR analysis, potentially because it incorpo-
rates data from all three detectors and uses a full waveform
model, in contrast to single-detector, ringdown-only analyses
of QNMRF and ringdown.
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