Characterization of systematic error in Advanced
LIGO calibration in the second half of O3

Ling Sun'?, Evan Goetz?, Jeffrey S. Kissel?, Joseph Betzwieser®,

Sudarshan Karki®, Dripta Bhattacharjee®, Pep B. Covas'’,
Laurence E. H. Datrier!!, Shivaraj Kandhasamy'2,

Yannick K. Lecoeuche?, Gregory Mendell*, Timesh Mistry'3,
Ethan Payne'?, Richard L. Savage®, Aaron Viets’,

Madeline Wade®, Alan J. Weinstein!, Stuart Aston®,

Craig Cahillane', Jennifer C. Driggers*, Sheila E. Dwyer?, and
Alexander Urban!'®

'LIGO, California Institute of Technology, Pasadena, CA 91125, USA
20zGrav-ANU, Centre for Gravitational Astrophysics, College of Science, The
Australian National University, ACT 2601, Australia

3University of British Columbia, Vancouver, BC V6T 1Z4, Canada

4LIGO Hanford Observatory, Richland, WA 99352, USA

SLIGO Livingston Observatory, Livingston, LA 70754, USA

SInstitute of Multi-messenger Astrophysics and Cosmology, Missouri Institute of
Science and Technology, Rolla, MO 65409, USA

"Concordia University Wisconsin, 12800 N Lake Shore Dr, Mequon, WI 53097, USA
8Kenyon College, Gambier, OH 43022, USA

10Universitat de les Illes Balears, IAC3—IEEC, E-07122 Palma de Mallorca, Spain
HSUPA, University of Glasgow, Glasgow G12 8QQ, UK

2Inter-University Centre for Astronomy and Astrophysics, Pune 411007, India
13The University of Sheffield, Sheffield S10 2TN, UK

140zGrav, School of Physics & Astronomy, Monash University, Clayton 3800, Victoria,
Australia

BLIGO, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

6L ouisiana State University, Baton Rouge, LA 70803, USA

E-mail: joseph.betzwieser@ligo.org

1 June 2021 GIT ID Hash: d9e21d6e-dirty

Abstract. We present the probability distribution of systematic errors in the most
accurate, high-latency version of the reconstructed dimensionless strain h, at the
Hanford and Livingston LIGO detectors, used for gravitational-wave astrophysical
analysis, including parameter estimation, in the last five months of the third observing
run (O3B). This work extends the results presented in Sun et. al (2020) [1]. We
find the level of systematic errors roughly consistent with the first six months of
the third observing run (O3A). Yet the changes of detector configurations in O3B
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introduce a non-negligible change in the frequency dependence of the error, leading to
larger uncertainties and/or larger errors during some observational time. The complex-
valued, frequency-dependent, and slowly time-varying maximum excursions from zero
systematic error in the frequency band 20-2000 Hz are at best 1.20 + 3.42% (68% CI)
and at worst 1.97 £ 11.29% (68% CI) in magnitude. These errors and uncertainties
are dominated by the imperfect modeling of the frequency dependence of the detector
response functions rather than the uncertainty in the absolute reference, the photon
calibrators.

1. Introduction

The Advanced Laser Interferometer Gravitational-Wave Observatory (Advanced LIGO)
detectors [2] and the Virgo Detector [3] have directly observed transient gravitational
waves from multiple compact binary coalescences in the first and second observing
runs [4,5]. After a series of instrument upgrades to further improve the sensitivity, e.g.,
replacing test masses and optics, increasing laser power, and adding squeezed light [6],
the two LIGO detectors started the third observing run (O3), together with Virgo, on
April 1st, 2019, and ended the first half of O3 (O3A) on Oct 1st, 2019. After completing
a month long period of maintenance and upgrades, the second half of O3 (O3B) started
on Nov 1st, 2019 and ran through Mar 27th, 2020. It ended about a month earlier than
planned due to the COVID-19 stay-at-home orders.

In this paper, we describe changes to the estimation of the calibration systematic
errors associated with improvement to the methods and responses to changes in the
detectors during O3B. It is a supplement to Ref. [1] (which only discusses sources of
systematic errors during O3A), and must be read in that context. This paper does
not attempt to redefine all of the quantities defined in [1], and contains more technical
details and jargon than would be appropriate for a stand-alone published article. Ref. [1]
provides a full description of the calibration model and method. Here we only briefly
review the material from [1] which is most relevant for understanding this supplement.

The Advanced LIGO detectors output a dimensionless strain h (not the gravitational-
wave strain), defined by the differential changes in arm length (DARM length) A Lgee
divided by the average length of the arms L,

_ A Lgree _ AL, — AL, (1)

L L ’
where ALy and AL, are the displacements in the two orthogonal arms, X and Y,
respectively. In the DARM feedback control loop, the residual DARM displacement
AL, is converted by the sensing function C, to produce the digital output de,. The

h

error signal is filtered through a set of digital filters D, creating the digital control
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signal, den (i.e., detrg = Ddery). The actuation function A converts de, to the control
displacement —A L.,y With the model of the control system, A Lge. is reconstructed as

ALfree = ALres + ALctrl = derr + A(mOdeDdctrl- (2)

1
(/(model)
We can define a response function, R(™m°%)  given by

(model) _ 14+ A(model)Dc(model)

R (/(model) ’ (3)

such that
R(model) derr
= (4)

Also see equations (1)—(4) and the full definition of functions C' and A in section 2 of [1].
The frequency-dependent and time-dependent systematic error of the response function,

h

equivalent to the systematic error in estimated h, is defined by

R
Nr = R(model) (5)
The ultimate goal of accurate calibration is to keep this systematic error as low as
possible, i.e., ideally ng is at unity in magnitude and zero in phase across the entire
frequency band at all times. A systematic error in C, defined by ne = C/C™ede)  will
impact the response function systematic error as

1 1
— (model)
Nr;c = R(model) |:ncc(model) +4 D:| : (6)

Similarly, a systematic error in A; (¢ = U, P,T), defined by na, = A, /Angdel), will impact
the response function systemic error as

1 model model
C(model) T (nAiA’( ! + Z A§ )) D] ' (7)
J#

In Ref. [1], the accuracy and precision of the detector response model, and equivalently

1
MR;A; = R(model)

the reconstructed h, are reported for O3A. The complex-valued, frequency-dependent
systematic error in the model (or equivalently in h) is presented in terms of the 68%
confidence interval contours of the error probability distribution estimated at any given
time, denoted by ngr(f;t) [1]. This paper extends the results presented in [1] to the
O3B portion of the run. The structure of the parameterized control system model, and
methods for characterizing and combining the systematic error therein, are virtually
identical to those presented in [1]. However, the errors encountered in components during
O3B are different than those in O3A and are addressed in this paper.

The structure of this paper is as follows. We first quantify the systematic error
probability distribution ng(f;t) in the detector response R and equivalently in the
estimate of strain h as the “final results” for O3B in section 2, as in section 5 of [1]. The
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provided error estimates pertain to the most accurate and final version of calibrated
strain generated in O3B. Sections 3 through 6 discuss the enhancements, changes, and
updated inputs of the models that lead to these final results. Finally, in section 7, we
conclude and discuss the O3 results in terms of the systematic error impact on current
and future gravitational wave analyses.

2. Systematic error final results

In this section, we quantify the combined systematic error and uncertainty ng(f;t)
over time, present in the modeled detector response R and thus in the data stream
of dimensionless strain h used for astrophysical analysis. We use the same numerical
method as described in section 5.1 of [1] to obtain the frequency-dependent probability
distribution of 7 at a given time. As in section 5.2 of [1], the results are described by the

)

statistical percentile contours, the so-called “epoch distribution,” of all the systematic
error estimates at discrete times ¢, with hourly cadence, i.e., all ng(f;t), within a given

epoch of the detector configuration.

Table 1: O3A and O3B calibration epochs and the maximum 1o and median excursions of
response from unity magnitude and zero phase compared to Ryap, in the most sensitive
frequency band 20-2000 Hz. The maximum median values represent the best estimate
of the systematic error bounds.

Hanford epoch Max lo Max 1o Max median ~ Max median
magnitude [%] phase [deg] magnitude [%] phase [deg]

(O3A a) Mar 28-Jun 11  6.96 3.79 1.58 0.86
(O3A b) Jun 11-Aug 28 4.11 2.34 1.15 0.92
(O3A ¢) Aug 28-Oct 1 3.33 1.53 1.42 1.00
(O3B a) Nov 1-Jan 14 3.89 2.02 1.19 0.77
(O3B b) Jan 14-Feb 11  3.42 1.83 1.20 0.82
(O3B ¢) Feb 11-Mar 16  4.56 2.33 2.00 1.07
(O3B d) Mar 16-Mar 27 11.29 9.18 1.97 4.32
Livingston epoch Max lo Max 1o Max median Max median

magnitude [%] phase [deg] magnitude [%] phase [deg]

(O3A a) Mar 28-Jun 11 6.37 3.49 1.13 1.59
(O3A b) Jun 11-Oct 1 5.99 3.68 1.09 2.09
(03B a) Nov 1-Jan 14 9.58 6.60 0.80 0.52
( )

O3B b) Jan 14-Mar 27 8.63 5.98 0.61 0.52
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As described in section 5.2 of [1], the systematic error and uncertainty estimate
for a given epoch across a given frequency band is quoted by two numbers (one for
magnitude and the other for phase) for brevity, which indicate the maximum excursions
from zero systematic error in that band. These numbers are listed in table 1 for the most
sensitive frequency band of 20-2000 Hz. We include the O3A epochs for completeness
and comparison. Table 2 lists the epochs in O3B for both Hanford and Livingston
detectors and the detector configuration changes that define the boundaries associated
with each epoch. Note that at Hanford, epoch O3B b (starting on January 11, 2020) is
created so that the data delivery is aligned with the Livingston configuration change.
Although there is no detector configuration change for Hanford from O3B a to O3B b,
the resulting numbers in table 1 are different for these two epochs. This is because more
measurements are included in O3B b such that the uncertainties are better constrained.

Table 2: O3B calibration epochs and the main changes in each epoch. The configuration
changes leading to the epoch boundaries are discussed in more detail in sections 4 and 5.

Hanford epoch Changes

(O3B a) Nov 1-Jan 14  Start of O3B

(O3B b) Jan 14-Feb 11  Start of the second data interval, chosen to align
with the LLO epoch

(O3B ¢) Feb 11-Mar 16  Electrostatic driver current limit resistors replaced
with Safe High Voltage (SHV) barrels at the end
test mass on the X arm

(O3B d) Mar 16-Mar 27 OMC whitening chassis configuration changed

Livingston epoch Changes

(O3B a) Nov 1-Jan 14  Start of O3B
(O3B b) Jan 14-Mar 27  Adjusted the gain in the TST actuator due to a
30% drift

In the left panels of figures 1-3, the white curves indicate the estimated frequency-
dependent systematic error for each epoch. The 68%, 95%, and 99% confidence intervals
of the 1o uncertainty boundaries in the epoch distributions are shown as dark, moderate,
and light shaded regions, respectively. These epoch distributions quantify the time-
dependent variation of the combined uncertainty and systematic error bounds over the
entire epoch. The absolute values of the white curve (median) and 68% boundaries in
the left panels are plotted on the right. (See detailed description for figures 16 and 17
in [1].) The features of these plots are discussed below.
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Figure 1: Variation of the combined systematic error and uncertainty (left) and the
maximum bounds (right) for Hanford. The two subfigures correspond to Hanford O3B
epochs (a)—(b) in table 1. The top and bottom panels of each subfigure show the frequency
dependent excursions of response from unity magnitude and zero phase compared to
Ryiap, respectively. The percentiles are obtained from all the hourly evaluated ng(f;tx)
over each epoch. In the left panels, the colors represent 1o uncertainty for 68%, 95%,
and 99% of the run time, as indicated in the legend. The 95% and 99% percentiles
overlap each other but deviate from the 68% percentile (see details in text). The white
curve indicates the median excursion. The absolute values of the boundaries (median
and 68%) in the left panels are plotted on the right. The star and dot markers indicate
the median and 1o maximum excursions in the frequency band 20-2000 Hz, respectively.
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Figure 2: (Continued.)-Variation of the combined systematic error and uncertainty (left)
and the maximum bounds (right) for Hanford. The two subfigures correspond to Hanford
O3B epochs (c)—(d) in table 1.

At Hanford, unlike in O3A where all three confidence intervals generally overlap
(figures 16 in [1]), the 95% and 99% percentiles overlap each other but deviate significantly
from the 68% interval in O3B, as a result of a better representation of the deficiencies
in the detector sensing function model. This new representation is discussed in more
detail in section 4.1 and summarized here as follows. As the laser power input into the
detector increases on the way for the detector to achieve its nominal low-noise state,
and the optics are far from thermal equilibrium, the sensing function below ~30 Hz is
further distorted beyond the problems discussed in section 4.2 of [1]. Defined by the
thermal time constant of the optics, this systematic error is the worst immediately after
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Figure 3: Variation of the combined systematic error and uncertainty (left) and the
maximum bounds (right) for Livingston. The two subfigures correspond to Livingston
O3B epochs (a)-(b) in table 1. The top and bottom panels of each subfigure show
the frequency dependent excursions of response from unity magnitude and zero phase

compared to Ryap, respectively.

The percentiles are obtained from all the hourly

evaluated ng(f;tx) over each epoch. In the left panels, the colors represent 1o uncertainty
for 68%, 95%, and 99% of the run time, as indicated in the legend. These percentiles
generally overlap with each other, indicating that the variation of the uncertainty bounds
is negligible at Livingston. The white curve indicates the median excursion. The absolute
values of the boundaries (median and 68%) in the left panels are plotted on the right. The
star and dot markers indicate the median and 1o maximum excursions in the frequency

band 20-2000 Hz, respectively.
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the power increase, and exponentially diminishes to negligible within two hours when
the detector eventually reaches thermal equilibrium. The detector noise performance
is unaffected by this error; gravitational wave detections are possible as soon as the
nominal low-noise state is achieved, prior to achieving thermal equilibrium.

While this effect is present at the Hanford detector throughout O3, we only quantify
the error in O3B, because: 1) the severity of this error was not appreciated until O3B;
2) the method for estimating and including the error was not developed until O3B; and
3) it is confirmed that no transient gravitational wave detection falls within the time
periods impacted by this effect in O3A. Whether there are transient gravitational-wave
events impacted by this effect in O3B remains to be confirmed when all the analyses are
completed. Hence we better quantify and include the impact on the sensing function in
the estimates of the overall error in the detector response during relevant times. The
uncertainty estimates with such quantified impact taken into consideration will thus be
applied to all astrophysical analyses using O3B data.

As in O3A (see section 5.2 in [1]), the systematic error is estimated at discrete times
t;, with 1-hr cadence (from the start of each epoch) to inform the error time-dependent
variation over each epoch. At each discrete time ¢, if the uncertainty of the injected

Y

sinusoidal excitations (“calibration lines,” see section 4.1 in [1]) is sufficiently low (Eq.
(19) in [1]), a proxy indication for whether the detector is in a state with sufficiently
low noise to detect gravitational waves, an estimate of the error is computed for that
given time. In O3B, we apply an additional, fixed, frequency-dependent error calculated
as described in section 4.1 to each estimate ng(f;tx)) with ¢, falling within an hour
after the laser power increases and the automated lock acquisition system [7] reports
that it has achieved the nominal low-noise state. Using this method, roughly 10% of
the Hanford detector hourly estimates have this extra error applied throughout O3B
(consistent with the detector duty cycle [6]), affecting all of the Hanford epochs in table 2.
Therefore the 95% and 99% percentile curves report the enlarged error for all Hanford
epochs.

Figure 2(d) shows relatively larger uncertainties at Hanford for Epoch O3B d. This is
because only a limited number of measurements were taken during the final 11-day epoch,
after the detector configuration changed on March 16, 2020 (see details in section 4.2).
As such, the estimate of the unknown systematic error and uncertainty via Gaussian
Process Regression (GPR) in the sensing function is poorly constrained, leading to
increased uncertainty of the overall response function systematic error estimate.

At Livingston, the elevated contribution of the test mass (TST) actuator to the
response function at ~ 50 Hz continues to result in the relatively larger uncertainty
around 50 Hz in O3B (see figure 3). This is essentially unchanged from O3A and also
indicates slightly higher overall combined systematic error and uncertainty (see figure 17
in [1]). The variation of the overall uncertainty bounds remains negligible at Livingston
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in O3B (i.e., the 68%, 95%, and 99% percentiles generally overlap with each other in
both O3A and O3B).

3. Update to Pcal absolute reference

Photon calibrators (Pcal), which independently use photon radiation pressure to produce
strain within the detector [8,9], are the primary absolute reference used to validate
the estimates of h itself as well as the error and uncertainty of the detector response.
Calibration of the displacement fiducials provided by the Pcal systems is realized by
control system variables in code running on the computers that convert the signals
from the Pcal receiver-side sensors at the interferometer end stations to end test
mass displacement. The amplitude (in meters) of a displacement (x(w)) induced by
periodic Pcal forces at angular frequency w is given by X/w? multiplied by receiver-side
power sensor signal, in digital counts (for details of how the displacement factors are
implemented, see [9,10]). The relevant variables were updated at the beginning of the O3
observing run. They were based on the limited data available at the time for the various
components of the Pcal calibrations. It was updated at the end of the O3A portion of the
observing run, then again at the end of the O3B portion of the run, taking into account
both additional measurements of the relevant components of the Pcal calibrations and
improvements in the methods for estimating uncertainties. Improvements in the methods
used to estimate Pcal uncertainties, as well as the details of the Pcal systematic error
and uncertainties for the Hanford and Livingston detector during the O3 run can be
found in [9,11,12].

The relevant dates and the associated Pcal displacement factors updated in the
front end code in O3 for both end stations at both the Hanford and Livingston detectors
are listed in table 3. The table summarizes the results of analyses captured in [12] for
the Hanford detector and in [11] for the Livingston detector.

If the raw Pcal signals were to be re-calibrated after the end of the O3 run, the values
in the “All of O3 run” rows of the tables would be used for the whole run. However,
given that the data have been calibrated in “chunks” during the run, discrepancies
between the “All of O3 run” displacment factor and the factors calibrating the Pcal
signals during the intervals listed in the tables result in incorrectly calibrated data. The
final column in the tables lists values for np.,;, the multiplicative correction factors for the
Pcal fiducials during the various O3 intervals due to errors (poorly or mistakenly formed
estimates) in Pcal displacement factors. Because these corrections factors are not applied
when the data are calibrated, they indicate the Pcal-related relative errors remaining
in the reconstructed strain data. These np., factors together with their associated 1-o
uncertainty U,y are taken into account when numerically estimating ng (see section
5.1 in [1]), and thus the Pcal systematic error uncertainties are included in the results
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presented in section 2.

Table 3: The first column lists the
interferometer end station, the second column the dates for the relevant interval, the

Pcal calibration factors during the O3 run.

third column the displacement factors, and their estimated relative uncertainties (1-0)
in the fourth column; the last column lists the Pcal multiplicative correction factors by
which the displacement factors in each interval should be multiplied to take advantage
of all of the information and improvements in analysis methods available at the end of
the observing run.

End Front end X (displ. factor) Uye  Mpcal
Station code interval Units: m/(s%ct) (%)
Hanford  3/26/19:10/31/19 1.5673 x 10  0.54 0.9960
X-end  10/31/19:11/11/19 15721 x 10 0.54 0.9929

11/11/19:4/1/20  1.5711 x 1074 0.54 0.9935
All of O3 run 1.5610 x 10~ 0.41 NA
Hanford 3/26/19:10/31/19 1.5781 x 107 0.54 1.0018
Yeend  10/31/19:11/11/19 15840 x 1074 0.54 0.9980
11/11/19: 4/1/20  1.5830 x 107 0.54 0.9986
All of O3 run 1.5808 x 107 0.41 NA
Livingston 3/26/19:11/1/19  1.6433 x 10°* 0.54 1.0018
X-end  11/1/19:4/1/20  1.6519 x 107 0.54 0.9966
All of O3 run 1.6463 x 107 0.44 NA
Livingston 3/26/19:11/1/19  1.6143 x 107 0.54 1.0037
Yeend  11/1/19:4/1/20  1.6194x 10°* 0.54 1.0005
All of O3 run 1.6203 x 10~ 0.44 NA

4. Hanford detector changes

4.1. Thermalization error handling

Specific to the Hanford detector in the O3 run, the low-frequency (30 Hz) response of
the detector displayed time-dependence within the first ~2 hrs of ‘observation-ready’
low-noise operation that was not sufficiently characterized and included in the O3A
systematic error and associated uncertainty. This time-dependence is due to a complex
interaction of the thermalization of the interferometer optics caused by point-like optical
defects and the specific configuration choices for the location of laser beam spots away
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Figure 4: Response function measurements and errors for two sets of measurements
taken on (a) December 17, 2019 and (b) February 27, 2020 at Hanford. Measurements
at the start are in darkest blue when the detector first enters low-noise configuration,
while those in the lightest yellow are at the end as the detector has thermalized.
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from the center of optics and design choices of different control loops. Specifically,
this thermalization effect changes the sensing function of the detector but not the
actuation function, and altogether, changes the overall response function. It has proven
to be a unique challenge, however, to derive a model of this complicated effect from
first principles, so the approach taken here is to rely on an empirically derived model.
Detailed procedures are described in detail below.

This effect was not included in the overall error and uncertainty estimates in
O3A [1], but it has been included in O3B. A complete study was conducted in O3B
using measurements taken during the thermalization process to characterize the impact
on the sensing function and overall response function in the first two hours after entering
low-noise operation. It is important to note that we cannot utilize the measurements
made in O3B described below and conclusions drawn, however, to retroactively apply
changes to the O3A systematic error because the Hanford detector configuration was
modified between O3A and O3B impacting the thermalization performance. Fortunately,
no confidently detected gravitational wave signal in O3A was impacted by neglecting
this source of calibration error.

Rather than measuring the transfer functions to characterize the response function
of Hanford detector using the standard ‘swept-sine’ measurement approach [1], we instead
add several additional sinusoidal calibration lines to the DARM servo loop using the
Pcal and DARM actuators before the detector enters low-noise operation. Data are
saved in frames for later retrieval and analysis. After two hours in low-noise operation,
the lines are turned off and the observing status is resumed. At each injected line
frequency, a transfer function is computed at 2-min intervals (40 seconds per FFT,
Hann windowing, 50% overlap; equating to 5 averages per measurement) to track the
amplitude and phase during the detector thermalization. Measurement parameters are
chosen so that a balanced trade-off between time resolution and signal-to-noise ratio of
the measurement lines in each FF'T is reached. The measurements are repeated during
another thermalization period to verify the reproducibility of this effect.

The systematic error caused by the thermalization of the Hanford detector during
the first two hours after entering low-noise operation is demonstrated in figure 4. For
each measurement time and frequency, the results are compared against the expected
response based upon the reference model and time dependent correction factors. As the
detector thermalizes, the early data points (blue curves) slowly evolve to the thermalized
state (yellow curves). The effect is reproducible and shown for the second measurement
period as well. These measurements show that right after the observation-ready low-noise
state is achieved, the systematic error can be as large as 8% in magnitude at 20 Hz and
diminishes over a 2-hr period to only a small amount (the phase change is negligible
throughout the 2-hr period). At 10 Hz and below, the rapidly increasing detector noise
is problematic for this type of measurement where a tradeoff is chosen to enable study
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of the time variability versus signal-to-noise.

A GPR fit is applied to the two sets of measurements combined so that the empirically
derived frequency-dependent systematic error associated with this thermalization effect
can be quantified and taken into account in the overall error and uncertainty estimate for
the response function (see figure 5). The response to the calibration lines indicates that
the contribution of this thermalization effect is entirely negligible above 1 kHz. Thus we
add several artificial data points in the fit between 1.5 kHz and 5 kHz in order to obtain
desired constraints in the GPR fitting above ~ 1 kHz where no measured data points
are available. Additionally, measured data points below 9 Hz are discarded due to low
signal-to-noise ratios at those frequencies.
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Figure 5: Systematic error and uncertainty estimate of the Hanford response function
right after the observation-ready low-noise state is achieved. Data points in two different
colors indicate the measurements taken on two different days. The thick red curve is
the maximum a postiori estimate of the frequency-dependent systematic error following
a GPR applied to the two sets of data points. The shaded region indicates the 68%
confidence interval on the systematic error.

This systematic error and associated uncertainty estimate is included in the overall
error and uncertainty estimate for the Hanford detector for those times within 1 hour
after achieving the nominal low-noise performance. Although the systematic error caused
by the thermalization is not entirely dissipated after 1 hour, it is relatively small after
1 hour and does not contribute significantly to the overall systematic error. When
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calculating the overall error and uncertainty estimate at a given discrete time, we check
within the most recent hour of data to see if the Hanford detector achieves both 1)
nominal low-noise and 2) nominal high-laser-power operation. If any of the two status
values for low-noise and high-laser-power is not nominal within the most recent hour,
it indicates that the detector is still thermalizing and impacted by the error. Thus the
error derived from the thermalization GPR fit (figure 5) is applied. Since the cadence
of the overall error and uncertainty estimate is once per hour (see details in section 2),
this effect is well represented in the statistics collecting all the hourly estimates over the
whole observing time (see figures 1 and 2).

4.2. Electronics changes

As the observing run progresses, noise, non-Guassianity, or non-stationary “glitches” are
often identified in the data without a clear source or physical mechanism from which they
arise. To aid noise mitigation efforts, the configuration of some individual component of
a given detector control system is changed to judge whether that component is creating
these excess noise sources. In O3B, at the Hanford detector, two of these configuration
changes adversely affected the DARM control loop, and the problems were identified
and the impact quantified only after the observing run ended. After a complete study,
the data are divided into distinct periods defined by the times of the configuration
changes, and an updated level of systematic error in the response function is created for
each period. Sections 4.2.1 and 4.2.2 cover the effects of two changes to the quadruple
pendulum actuator in O3B: (1) a change in configuration of the switchable low-pass
filtering of the analog driver in the upper intermediate mass stage (UIM), and (2) a
configuration change in the resistance along the signal path of the test mass stage (TST)
actuation driver electronics outside of the vacuum enclosure. Section 4.2.3 covers the
effects of a change in the analog whitening electronics in the gravitational-wave readout
photodiodes. For more details about suspension system signal processing electronics and
a better explanation of the terms used in this section, see Refs. [13,14].

4.2.1. UIM switchable analog filter change (between November 27 and December 3, 2019)

The UIM coil drivers are a collection of analog circuits which drive current through
the four voice-coil actuators on the UIM actuator stage of every quadruple pendulum
(see figure (2) of [1]). The driver has switchable frequency response to allow for switching
between higher-range mode during lock acquisition of the detector, and low-noise mode
after the detector is under control. Each of the switchable frequency responses is assigned
to a state number. In the case of the UIM driver, “State 1”7 is the highest range state;
“State 4”7 is the lowest noise state; “State 2”7 and “State 3" are intermediate range/noise
states in between. To reduce the complexity of the up-stream, global control filter design,
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the response of any analog state of the driver is inverted, or “compensated,” in the
digital system. The compensation filters are typically informed by either first-principle
calculations of the expected response, or fits of direct measurements of the analog system
response. With the desire/intent for the product of the analog response and the digital
compensation response to be unity, any frequency-dependent error in the product of the
analog circuit and its compensation filter is the direct frequency-dependent error, 7y, ,
on the UIM actuation function Ay .

2019-02-03 H1 ETMX UIM Systematic Error, cast as Response Function Systematic Error
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Figure 6: Systematic errors in the overall response function of the Hanford detector
(MR.a, ) due to the imperfect UIM electronics compensation (74, ). This is an unique
issue at Hanford.

The accuracy of these compensation filters often depends on assumptions about
that actuator stage’s contribution to the response function and on the prioritization of
person-power to conduct a detailed measurement and fit. The UIM stages have been a
decidedly low priority throughout Advanced LIGO observing runs. Early in O3B, we
identified a systematic error in the response function model caused by an unaccounted for
collection of sharp resonant features in the mechanical/dynamical force-to-displacement
transfer function of the UIM stage, which results in a more significant contribution
from the UIM stage than assumed (as mentioned in section 4.4 (d) in [1]). As further
detailed in [15], this error in the UIM force-to-displacement transfer function was present
until January 2020 in the low-latency data stream, but fixed in the most accurate,
offline calibrated data stream, such that the most accurate data used for astrophysical
parameter estimations do not suffer from this error. However, the error in the low-latency
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data drew our attention to a period between November 27 and December 3, 2019, when
the configuration of the UIM coil driver was switched from State 1 to State 2, without
knowing the accuracy of the compensation for State 2, and then switched back. Much
later, the accuracy of the compensation in both (a) the state used throughout most of
03, State 1, and (b) during this 6 day period when in State 2, was investigated in detail.
In doing so, we quantified the resulting frequency-dependent error 74, ; see details in [16].
Figure 6 shows the contribution to the response function, ng.4,,, for both configurations
of the driver. Note: even though it has been fixed in the most accurately calibrated strain
data for O3B, the impact of the error in the UIM mechanical/dynamical transfer function
has intentionally not been fixed during this electronics compensation investigation (and
as a result creates the sharp feature in the ~150 Hz region of figure 6). Leaving the
dynamical error in demonstrated that even if we do not correct for the dynamical error,
the imperfect compensation of the UIM electronics would still be negligible; i.e. the
two negligible errors, from completely different mechanisms, do not combine to form
something non-negligible. Neither error in compensation, for State 1 or State 2, exceed
0.15% in magnitude and 0.09 deg in phase from 10 to 1000 Hz, and is less than 0.05% in
magnitude and 0.03 deg in phase in the most sensitive region of the detector. This level
of estimated contribution to the total response function systematic error, i.e., ng.4,,, has
been deemed too small to be worth the effort to include in the collection of explicitly
modeled systematic error that comprises ng for O3.

However, because the level of impact was not identified and quantified until much
later, we excluded all measurements of Ay, Ap, and At taken prior to December 4, 2019
from the collection of measurements used in the GPR to quantify unknown systematic
error in each component of the actuator Agn odel) Agmdel) , and A(TmOdel). We acknowledge
in retrospect that the exclusion of data is unnecessary, yet we believe there are sufficient
measurements of each actuation stage taken between December 4, 2019 and the end of
the run such that the GPR is sufficiently informed.

4.2.2. TST resistance change in electrostatic drive signal path (O3B ¢ boundary February
11, 2020)

Changes to the TST electronics made on February 11, 2020, that were assumed to be
inconsequential, did in fact cause some changes as revealed by the measurements made
over the the O3B interval. The collection of TST actuation stage measurements, A(Tmeas)
(Eq. (23) in [1]), taken from December 4, 2019 through March 23, 2020 compared against
the model, A7) (Eq. (9) in [1]) is shown in figure 7. While the magnitude residual
is inconclusive, there is a clear bifurcation in the phase residual between February 10
and February 24, 2020. The bifurcation in the data is consistent with a ~4-5 deg phase
change at 1 kHz.

We suspect that this change is the result of the removal of a collection of current-
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Figure 7: Comparison between the collection of TST-stage actuator measurements from
December 4, 2019 through March 23, 2020 and the Hanford O3B TST-stage actuator
model. The left panels are the magnitude and phase of the model and measured transfer
functions, and the right panels are the magnitude and phase of the ratio, or “residual”,
with each measurement divided by the model.

limiting resistors (of resistance ~10 k€2) from the signal path of the electrostatic drive
(ESD) system. These resistors were originally installed as a separate component to
protect the sensitive electrodes when it became apparent that the high voltage ESD
driver allowed for enough current to damage the in-vacuum electrodes. The functionality
of these independent resistors, however, was integrated into an upgrade of the ESD
driver electronics before the start of O3. During the upgrade, the removal of the external
redundant resistor collection was forgotten, leaving excess resistance in the signal path.
Due to the large parasitic cable capacitance between the redundant resistors and the
ESD electrodes (suspected to be of order ~1 nF), the redundant 10-kQ2 current-limiting
resistors produced a voltage-divider-like, passive first-order low-pass filter response with
a single pole frequency at

fyF =1/(27 [10°0hm] [10~° Farad]) = 15.9 kHz, (8)

throughout most of O3, prior to February 11, 2020. Such a low-pass filter incurs a phase
loss, ¢rp, at 1 kHz of

¢rp = (180/7) tan™'(—27[1000 Hz] [10°0Ohm] [10~? Farad])
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= —3.59 deg. (9)

Upon the removal of these redundant resistors on February 11, 2020, the component
was replaced by simple, so-called “Safe High Voltage” or SHV BNC barrel connectors
with negligible resistance. We suspect that removing the phase loss from the unintended
low-pass filter is the cause of the ~4-5 deg phase increase at 1 kHz, as indicated by the
residual AW /4% in figure 7.

As we do not have a precise measurement of the parasitic cable capacitance, we
cannot build a precise model of the low-pass filter, and thus cannot precisely account for
the change in the actuation strength. As such, the collection of Agrmeas) measurements
taken between December 4, 2019 and March 26, 2020 are divided into two distinct
periods, with the boundary on February 11, 2020. We then use the standard GPR
method to capture the “unknown” residual systematic error in the TST model (n4,.) for
each period separately, and propagate through the response function to quantify ng, 4,
(see Eq. (11) in [1]). Figure 8 shows the resulting impact on the overall systematic error
estimate, comparing the estimate from January 14 to February 11, 2020 against that
from February 11 to March 16, 2020.
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Figure 8: Change in the estimated systematic error in Hanford response function
attributed to the change in electronics cabling in TST actuation function A7 on February
11, 2020.
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4.2.3. Changes of analog electronics in the sensing function

Similar to the driver electronics response in the actuation function, the sensing function
also contains analog electronics with switchable frequency response. In this case, the
gravitational-wave readout photodiodes (DCPDs) mounted on the output mode cleaner
(OMC) have switchable levels of analog whitening. As before, the response of the OMC
DCPD whitening circuits are measured, fit, inverted, and installed in the digital signal
path as compensation. Unlike the UIM, the sensing function term heavily contributes
to, if not dominates, the response function above 30 Hz, which requires more careful
measurements and accurate compensation. In fact, several poles in the whitening
electronics analog response are compensated only with corrections added in the last
stages of the acausal portion of the low-latency and high-latency calibration pipelines
because they are above the Nyquist frequency of the digitally sampled data (see section
3.1.3 of [1]). In the last week of O3B, on March 16, 2020, the configuration of the
whitening electronics was switched from having all stages of its whitening response ‘ON’
(State 3) to only having the first stage of whitening ‘ON’ (State 1). Unfortunately, neither
the circuit and the measurements thereof, nor the compensation were well-understood at
the time. As a result, the low-frequency, sub-Nyquist compensation remained generally
accurate, but the super-Nyquist poles that changed due to the configuration change were
not updated and resulted in errors.

Figure 9 shows, in the left two panels, the sum transfer function of the two DCPDs
that are used in the gravitational-wave readout, in each of the two configurations
under question, including the digital compensation thereof. The middle two panels
show the ratio of these two configurations transfer functions. This represents the error
nEMEWE incurred on the sensing function C', when the OMC whitening circuit (OMCWC)
configuration is switched from State 3 to State 1 without updating the super-Nyquist
poles in the response. Finally, the right two panels show the error in the response
function np caused by the nSMCWC. More details of the circuit, measurements, model,
and fitting can be found in [16].

The right most panels in figure 9 highlight fp., = 410.3 Hz. This is one of the
frequencies at which the Pcal system injects a constant, sinusoidal excitation on the
detector as described in section 4.1 of [1]. Recapping here, the excitation provides a
reference for changes in the response function, cast as time-dependent correction factors
(TDCFs) that are continuously applied to the data stream as in [17] (see the definitions
and derivations of the TDCF's detailed in [18]). The magnitude and phase of the response,
however, are cast into corrections to the interferometric response of the sensing function:
a change in the overall gain k¢ and a change in the coupled cavity pole frequency f..,

derr(chal) > L o — K’C(t)
(ALPcal(chal) C’R B SC(fpcah t) - 1 + 7:](‘1:’03‘1/fcc(t)7

(10)



21

Response Residual namewe nRiewe
1.92 1.010 1.010
/ 7 |
| 1.005 7/ 1.005
E 1.91 |
: ' - 0
P — i —_
8 -2 1.000 = 1.000
E= S
= i &
o |
= 1.90 ! !
0.995 0.995 \\
== = State 3 (Most of 03)
== = State 1 (After 2020-03-16) me| State 1] / [State 3]
1.89 + + 0.990 + + 0.990
10* 102 103 10! 102 10° 10t 102 103
3 3 3
2 ,‘ 2 2
l'
1 4 1 1
e 7 e - =
(9] P 7] 9]
ke o = Y 2 n
g ° < s g ° s g ° .
a B s Lo 4 a
© © ©
z N £ £ §
-1 -1 -1
/ \
-2 -2 -2
-3 -3 -3
10* 102 10° 10! 102 10° 10! 102 103
Frequency [Hz] Frequency [Hz] Frequency [Hz]

Figure 9: (Left) Bode plot of the transfer function of the measured analog whitening
circuit response from the sum of the two DCPDs at Hanford, multiplied by their digital
compensation filters and gain balancing coefficients. This is shown for “State 3,” in
which all whitening stages are ‘ON’, and “State 1”7 in which only the first whitening
stage is ‘ON’. (Middle) Bode plot of the ratio of the two transfer functions in the left
panels. This represents the systematic error, noMCWC incurred in the sensing function
C', when the OMC whitening circuit (OMCWC) configuration is switched from State 3
to State 1 without compensating for the change in the super-Nyquist poles in the analog
circuit response. State 3 has more super-Nyquist poles than State 1, so the State 3 poles
are over-compensating the number of poles in State 1, leading to the increase in the
ratio of the transfer functions. (Right) Bode plot of the systematic error in the detector
response function, due to the error in the middle panels. The calibration line frequency
of 410.3 Hz is highlighted to show the apparent detector response function changes by

0.35 degrees at this frequency.

which we may re-arrange and reduce to find

ke = |SC(cha1)|/COS(¢SC)’ (11)

_ cos(¢s)
fcc - = chalm; (12)
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as in [18]. The fixed change in switchable electronics response and the resulting systematic
error from poor electronics compensation, however, does not depend on time. As such,
the change in phase of S¢ at fpea, 0 (in units of deg), is misinterpreted by the TDCF
system as a fixed bias Arkc and Afe. in k¢ and fe., respectively, where
AHC = /ilc — Ko = |Sc| |: ! - L 1 (13)
cos(ps. +0)  cos(dps.) ]|’
Af o [COS(¢SC +4) COS(QZ%)}
fcc—fcc fcc— fcal . . .
sin(¢s. +90)  sin(¢s,)
We note explicitly that if § = 0.35 deg, the reported change Af,. is 5 Hz, which impacts
the response function in a broad frequency region down to ~100 Hz.
These TDCFs k- and f/,., errantly biased by n2MWC have been applied to the
data, producing an incorrect response function, immediately and continuously after the

(14)

whitening circuit configuration change,

/ 1+if/fc(;n0d61) (model) (model)

R _ M re T A bc
incorrect — /4;/ 1+if/fcrgf
C1+if/fl.

1 +nref—>inc A(model) D O(model)

(/(model)

_ TDCF (15)
- ref—inc 1 ’
Nrpor C(mode )
h ref—inc _ 4 1+7Lf/fc<émdel>
where nrper . = Ko Ty

To create the correct response function, we must cancel out the applied errant
TDCFs within C’,

LGV (s L) il At Dt

R t —

corree OMCWC ((re Ltif/fic) pref=riney(model)

Ne Wp 1+if/fec ) 'TTDCF
, N
_ L+ @MY o A D ¢l (16)
OMCWC  inc—cor,,Tef =inc ~(model) ’
el "Irpcr  "'rper
inc—cor — ko 1/ fle

where n{5aE” = e THi

From here, we can produce a time-independent systematic error in the response
function due to the TDCF error as usual, denoted by ng.rcpr. The fundamental error due
to the electronics change n9M“WC has been modeled independently from measurements
of the electronics (figure 9). The value of AMedel) and Cmedel) are computed using the
maximum a posteriori values of \{j,p and A p as in Eq. (26) of [1] while D is known
completely. We can obtain the values of “before the change” k¢ and f.., and “after the
change” ki, and f!, from what is calculated by the low-latency pipeline right before and
right after the configuration change. Thanks to the redundancy of gravitational-wave
readout photodiodes (which also provide the error signal for the DARM control loop),

the electronics configuration change can and has been made within 30 minutes while the
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detector is otherwise fully operational at high power and thermalized for many hours
(the benefit of having redundant gravitational-wave readout photodiodes!). As such, we
can safely assume the actual (relative) optical gain and coupled cavity-pole frequency
remain stable, and the only change in TDCF value is due to the circuit configuration
change. Putting it all together, using (15) and (16), the total systematic error from this
seemingly unimportant error in high-frequency electronics compensation is

Rcorrect
NR,IDCF = 5
Rincorrect
OMCWC,, inc—cor, ref—inc 4(model model
= 1 L+ e NESas e A ) D C( )
— ,, OMCWC , inc—scor ref—inc
e UsysTery TgCF A(model) ) ((model)
(1)

See [16] and [19] for more details about the diagnosis of this problem.

Figure 10 shows the resulting systematic error ng.rpcr (brown dashed curve). This
systematic error is deemed large enough to be included as a multiplicative term in all
the hourly estimates of the overall systematic error and statistical uncertainty in the
detector response function from March 16 to March 27, 2020. Figure 10 also shows the
statistical summary of the systematic error estimates in the detector response function
(median and 1o uncertainty boundaries), collected from all hourly estimates in the two
different periods. While the dominant change from the period February 11-March 16,
2020 to March 16-March 27, 2020 is from ng,rpcr, the unknown systematic error in the
latter period is also re-assessed with GPR using only the single measurement taken on
March 23, 2020, and a small collection of the long-duration discrete sinusoidal excitations
above 1 kHz captured during that period. With so few measurements between March 16
and March 27, 2020 to inform the residual error and statistical uncertainty using GPR,
the 1o uncertainty in the sensing function error estimate increases dramatically beyond
prior periods. In hindsight, this reduction in the collection of data used as input to the
GPR fit for unknown systematic error is unnecessary, since the model for ng.pcr is
well-quantified and precise, i.e., we could have used the entire O3B collection of C("¢s)
in the GPR fit and multiplied by ng.rpcr. In figure 10, this would be the equivalent to
multiplying the green curves by the brown dashed curve. Instead, we have the purple
curves, which accurately reflects the change, but likely over-estimates the 68% confidence
interval above ~100 Hz.

5. Livingston detector changes

During O3B, several changes directly impact the DARM control loop at the Livingston
detector and thus require changes to the calibration model used to calibrate the strain
data. These changes are: 1) a 30% increase in the digital gain of the Y-arm end test
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Figure 10: Change of the systematic error in the detector response function attributed to
Nr;rocr, due to the change in OMC whitening circuit configuration on March 16, 2020.

mass drive strength to compensate for a slowly physically weakening ESD; 2) a change of
the X-arm coil driver electronics in the path to drive the penultimate mass (PUM) of the
quadruple test mass suspension; and 3) a switch from sending the DARM drive control
from the Y-arm to the X-arm end test mass. In each case, the effects of these changes
were measured and accounted for in the final control loop model used to calibrate the
strain data.

5.1. X-arm electrostatic drive gain

The strength of the ESDs is known to drift over time, and is generally associated with
charge accumulation on the test mass [6,20]. During O3B, the Y-arm ESD actuator had
become 30% weaker compared to the start of O3. This leads to several undesirable effects
including reducing the unity gain frequency of the DARM control loop, which affects
interferometer stability, and increasing the systematic error and uncertainty estimate in
the detector response in a band of 40-60 Hz due to less final actuation strength when
the test mass stage and the penultimate mass stage acutation are combined.

On January 14, 2020, the digital drive gain to the Y-arm ESD was increased by
30% to compensate for this observed overall drift. In figure 11, we show the contribution
of each actuation stage, total actuation function, and sensing function to the overall
response function before and after the drive gain change. This change improves the
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overall combined systematic error and uncertainty by a factor of ~ 3 in the 40-50 Hz
band due to how the test mass stage and penultimate stage actuations are combined in
the total actuation.
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Figure 11: At Livingston the contributions of each stage of the bottom three end test
mass actuators, namely the Y-arm test mass (TST), X-arm penultimate test mass (PUM),
and X-arm upper intermediate mass (UIM), as well as the overall actuation (A), and
the inverse sensing (Inv. C) to the response function (a) before and (b) after the 30%
increase in the TST digital drive strength on January 14th, 2020.

5.2. Penultimate mass coil driver electronics change

On February 11, 2020, the electronics that drive the coils used to actuate the X-arm
PUM stage of the quadruple suspension were exchanged for a newer version, with a
slightly different transfer function. However, the interferometer digital compensation
filters were not updated to use the measured transfer function for these new electronics
until February 25, 2020. To account for this discrepancy, the calibration model used for
the most accurate high-latency version of strain data was adjusted to take into account
the very slight difference (< 1% in magnitude) between the new analog electronics
transfer function and the outdated digital compensation.

During this two-week time period, the low-latency calibrated strain data was slightly
affected, with a small error < 1% in magnitude and < 0.25 deg in phase. Figure 12
shows the estimated contribution to the overall systematic error in calibrated data due
to the residual error between the measurements and the electronics fits used to generate
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Figure 12: At Livingston the error in the overall response function due to the error in
the PUM coil driver electronics alone. The blue curve shows the expected contribution
to the overall systematic error due to the residual of the fits to the new PUM coil driver
electronics. The orange curve shows the expected contribution to overall systematic
error when using the old digital compensation with the new analog electronics, assuming
that the fits for both new and old electronics are perfect.

the new digital compensation filters. It also shows the estimated contribution to the
overall systematic error introduced in the low-latency calibrated strain data (but not the
final high-latency calibrated strain data) by using the outdated digital filters with the
new electronics.

We note that this is only one component of the actuation transfer function for the
PUM stage. GPR analyses of multiple transfer function measurements performed every
one to two weeks during the run allow further quantifying the systematic error and
uncertainty in the whole PUM stage [1].
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5.3. DARM test mass actuation switched from Y arm to X arm

For all of O3A and the majority of O3B, the DARM control signal at the Livingston
detector was sent to the TST stage of the Y-arm end suspension and the two middle
stages (UIM and PUM) of the X-arm end suspension. In an effort to explore possible
noise improvements to the interferometer, this control scheme was changed to send the
DARM control signal to the TST stage of the X-arm end suspension on March 10, 2020.

The net effect of this change on the calibration is only a frequency-independent gain
in terms of the physical actuation strength of the TST stage, which has been compensated
for with digital gains and tracked by calibration lines. The digital compensation and
modeling of the actuation of these two test masses sufficiently accounts for this change
such that the transfer function measurements show no significant discrepancy in the
frequency bands where the TST actuator dominantly contributes to the overall response
function. In figure 13, we plot these corrected measurements on top of each other for
comparison.

In practice, we switched the TST calibration line driven on the TST stage of the
Y-arm end suspension to the equivalent X-arm end suspension, requiring a small update
to the calibration pipeline to accommodate the new control scheme. Overall, the change
was transparent to end users of the calibrated strain data.

6. GPR parameter choices

During O3B, further investigations encouraged updates to the radial basis function
(RBF) length scale hyperparameter, ¢, of the GPR kernel (c.f. (24) and surrounding text
in [1]) and to modify the frequency regions of data being used to inform the regressions.
These changes are motivated and described below, and table 4 explicitly tabulates the
changes in the parameter values.

First, for the Hanford sensing function, the lower frequency limit, fuin, of the C'(™e2s)
data used to inform the regression is adjusted upwards from 12 Hz to 20 Hz because
the region below 20 Hz is dominated by deficiencies in the sensing function model (c.f.
section 4.2 of [1] and section 4.1 in this article). This change in fy, increases the 68%
confidence interval of the regression at frequencies < 20 Hz to a level deemed appropriate
to reflect that deficiency. This increase in the 68% confidence interval at lower frequencies
may result in an overestimate of ng due to the slightly overestimated sensing function

(meas) yised to inform the

error, 7¢. The collection of sensing function measurements C'
GPR, do not account for thermalization effects (as described in section 4.1). Some
thermalization effects are already present in 7¢ as the GPR output using €™ and
we further account for thermalization effects at the beginning of each observing interval

when the Hanford detector has just reached its low-noise operating configuration. Thus
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Figure 13: Transfer function measurements at Livingston of the X-arm and Y-arm
TST actuators taken throughout O3B (left) and the fractional residuals between the
measurements and the corresponding calibration model (right). Measurements prior to
March 10, 2020 use the Y-arm TST actuator, and the two after use the X-arm TST
actuator.

the low frequency contribution to ng from 7¢ is slightly overestimated for some hourly
estimates. Since the Livingston detector does not suffer from any of these deficiencies,
the lower limit remains unchanged from O3A.

meas)

Second, the f;, values for the collection of AZ(» to inform the regressions of
actuation functions are adjusted upwards from 6 Hz to 7 Hz for Ay and Ap, and to
10 Hz for Ay at both detectors. The low-frequency noise below 10 Hz tends to be highly
non-stationary and difficult to measure due to the rapidly decreasing detector sensitivity
in that frequency range. The higher strength of the coil actuators involved in Ay and
Ap allows for reproducible results to slightly lower frequencies.

meas) Jata used to inform the

Third, the upper frequency limits, fiax, of the AZ(
regression are increased for the UIM and PUM stages. Modeling of the narrow-band,
high-quality-factor features in the quadruple pendulum dynamics has been improved
in O3B, reducing the sharp residual systematic error at ~ 10> Hz due to the model
deficiencies that previously impact GPR. As such, more data at higher frequencies can
be used in the fit with the updated length scales.

Finally, the RBF length scale, ¢, of the GPR was modified for each of the sensing and
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actuation functions in order to plausibly account for or identify any previously unknown
systematic errors. In this application of the RBF kernel in the GPR, the length scale
is related to frequency through df = +f(10** — 1
systematic errors are characterized by small values of ¢ whereas broad-band errors would

). Thus, narrow-band deviations or

be characterized by large ¢ values. Changes to the prior of ¢ allow the GPR to better
identify such errors if they are present in the data. No significant unknown systematic
errors were found in O3B because of these changes.

Table 4: Parameter limits and frequency intervals used for Gaussian Process Regression

in O3A and O3B.

Detector Parameter O3A value O3B value
H1 Sensing [ fmin, fmax] (Hz) [12, 5000]  [20, 5000]
H1 Sensing RBF / limits [min, max] [0.48, 0.52] [0.33, 0.37]
L1 Sensing [fumins foae] (Hz) 12, 5000]  [12, 5000]
L1 Sensing RBF / limits [min, max] [0.48, 0.52] [0.33, 0.37]
H1/L1 UM [fains fones] (H2) 6, 50] 7, 250]
H1/L1  UIM RBF ¢ limits [min, max] (0.5, 1.5]  [0.08, 0.12]
H1/L1  PUM [fuin, foa] (Hz) 6, 400]  [7, 500]
H1/L1  PUM RBF /¢ limits [min, max]  [0.1, 0.5] [0.18, 0.22]
H1/L1  TST [fuins fne (Hz) 6, 1000]  [10, 1000]
H1/L1  TST RBF ¢ limits [min, max] (0.1, 0.5] [0.48, 0.52]

7. Conclusion

In this paper, we presented the systematic error and statistical uncertainty in the most
accurate, high-latency version of strain data used for gravitational-wave astrophysical
parameter estimation in O3B at the Hanford and Livingston detectors. We discuss the
improvements in understanding the detector systematic errors and highlight challenges
specific to the O3B portion of the observing run, propagating their impact through
to the estimated systematic error in the overall detector response function. We find
the levels of the overall systematic error roughly consistent with O3A, and yet in each
epoch, the changes of the detector configuration have introduced non-negligible impact
on the frequency-dependent systematic error, leading to larger uncertainties and/or
larger errors during some observational time. In O3B, the overall, combined systematic
error and associated uncertainty of the most accurate calibrated data is within ~ 10% in
magnitude and 10 deg in phase in the frequency band 20-2000 Hz. In this same band,
the systematic error alone is estimated to be below 2% in magnitude and 5 deg in phase.
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The understanding of the Pcal systems and thus the uncertainty and systematic
error of this absolute reference continue to improve in O3B. However, we show that
the combined systematic error and uncertainty in the detector response function are
dominated by errors and uncertainties in many individual frequency-dependent terms in
the response function model rather than in the absolute reference at this stage.

It remains true that the detection of transient gravitational waves is insensitive to
the level of systematic error and uncertainty now regularly achieved [21,22]. However,
in the face of this practical limit of systematic errors in calibration, understanding of
the effects on uncertainty and bias in astrophysical parameter estimation continues
to improve as studies are carried out to better integrate these errors. For example,
in Refs. [23] and [24], the authors have used results from the first gravitational wave
transient catalog (GWTC-1 [4]) and the systematic error estimated in Advanced LIGO’s
first and second observing runs (O1 and O2) [25], and concluded that the astrophysical
parameter estimation for the GWTC-1 events is insensitive to calibration error at the
levels described in [25]. However, in O1 and O2, the durations of the observation
were short (with much less error-prone configuration changes and parameter drift), the
detectors were operating at low power (with much less deficiencies in modeling the
sensing function), and our methods for characterizing the errors and the understanding
of the details were not as sophisticated as those achieved in O3 [1]. In addition, the
GWTC-1 events have relatively low signal-to-noise ratio given that the detectors were
less sensitive in O1 and O2. These facts imply that the combined effects of calibration
errors, event signal-to-noise ratios, and accuracy and precision of astrophysical parameter
estimation have not yet been sufficiently explored. Quantitative requirements on the
level of calibration errors and uncertainties for future detectors therefore remain to be
studied. As such, investigations of the impacts on transient gravitational wave events at
high SNRs, using the realistic systematic errors identified in O3 as examples for future
observations, are under way. Beyond the impact on parameter estimation for individual
events, studies are also underway to investigate the impact on cosmology and tests of
General Relativity using collections of events detected in different calibration epochs,
e.g., bias in the estimates of the Hubble constant or limits on statistical averaging.
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