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AL Actuator

Interferometer is non-linear unless extremely
well conftrolled.

Detector readout is fed to control
differential arm lengths. 1 > I

Interfferometer

To produce an estimate of uncontrolled input, A, we Sensor, C

must have an exquisite model of the loop.




Let's assume that ...

- Sudarshan told you everything about using photon
radiation pressure as our absolute reference, K G

O2 Uncertainty = 0.76 %
O3 Uncertainty = 0.5%

- the PCAL team has delivered us a perfect
reference (no systematic error, but still with
statistical uncertainty)

- we have digital signol,pdpc (the digitized voltage
from receiver module’s integrating sphere and PD)
that's been converted to displacement of the test

mass, X -
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Stray light
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OVERALL UNCERTAINTY

i Alres Sensor h = R derr @
: . K

oo | 1 1+G
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i Filter L C

AL °‘E/ Actuator
| G=ADC
:____A_Lftfl ________________ h L d +A(m0del)

C(model) err ctrl

The model, and therefore the estimated detector
input, has uncertainty and systematic error:
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"THE PROBLEM GETS HARDER...

With all loops closed and the detector running at its best sensitivity,

we request a series of in-loop excitations to obtain direct

measurements of the sensor and actuator K G
1d, d

C=(1FI) (L)

Sensor
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Actuator

Our measurements of C and A are
ratios of complex transfer functions

>> the frequency-dependent, magnitude and phase are important for A and C



T

the uncertainty in A and C.

E SIMPLE VERSION...

 Evan mentioned the “free” parameters that dominate @
K

« Here's what you normally tell people in a talk:

. | -
gain x ( )
1+if/f.
f.="cavity pole
frequency” e
i N

Why focus on these?
+ (they're "easily” accessible to the “average” audience)

« They can only be measured with the interferometer running.
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...BUT THERE'S MORE NS

\J
IFO measurements contain more than just simple function:s.

There are WAY more details in @
- C's analog-to-digital conversation path K

« A’s digital-to-analog path

that must be measured and modelled, in order to obtfain a “clean”
result that can be fit for free parameters

For C (two paths of): For A (three s’rqges. of...):
+ Detuning of opfical plant « digital up-sampling filters,

« PD trans-impedance amplifiers compu’ro’rpqcl dgloyg
N _ analog anti-imaging filters
« analog whitening filters,

analog low-pass filters

* analog anti-aliasing filters, . trans-conductance/voltage drivers
« computational delays, « drive signal to force actuators
. digital down-sampling filters « non-trivial force to displacement

dynamics of mulfi-stage pendula

... adll must be included with systematic error quantifiably negligible in the model




E'VE GOT THAT UNDER

CONTROL...
Back to the full interferometer measurements... K@
C = dL’“‘ X %’ X pe
Terr dIN2 PCexc p dPC
doye /‘ / 0
dne Complex Transfer Absolute

Functions w/ FuUll IFO  Scale Factor

dctrl \ \ \
derr

PCerc Pl
A= = X T x ——=
A exc err xpc
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107" = Lo : : err ]
= Thisis what it looks like when we measure — =
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NTY COMPONENT BREAKDOWN

Sensor Model, C
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CURRENT STATUS

2019-03-01 H1 PUM Actuation Function: (PCAL/iStage SUS EXC) vs. Model
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fec (H2)

fs (Hz)

Tc (us)

STATISTICAL UNCERTAINTY

there are 17 free parameters per IFO:

« 5sensing function parameters
2 actuation parameters for each stage @
5 parameters that we track as a K

2R %

function of time
1 parameter for PCAL uncertainty

f, (Hz) = 3.603+3185

Each has a posterior distribution, and @
well-defined contribution to the response

-1 _ +0.009528
Q= 0'042—0.009434
T T T

TA 1 1+ADC
L ¢

Tc (us) = ~1.8061§8339

So, we numerically
evaluate the uncertainty

on R

Do B 4)0 4"5 ,),b ,;a u”” & & ob 0% bfo n}c ;; QQ
fee (Hz) fs (Hz) -t Tc (us)

example results for 5 sensing function parameters 13



= HANDLE UNKNOWN

SYSTEMATIC ERROR<

Instead of concatenating all the
residual systematic errors from
every single part of each function,
we divide out the model from our
measurement

0.100

0.075

Remaining frequency
dependence is unknown
systematic error, for which we
can fit

0.050

0.025

0.000

- |meas./model|

—0.025

1

—0.050

-0.075

Gaussian Process
Regression (GPR):

10.0

7.5

It's black magic, like any
other transfer function fitting
program

5.0

. |
°
0.0 Y
-25

but importantly it gives you @

-5.0

Phase diff. (meas./model)

posterior distribution of s 1

curves, do be sampled for
numerical evaluation of total Frequency (H2)

uncertainty in R 4 more distributions of free parameter functions...
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| R(meas) / R(model)' [%]
o

Individual
Draws of

(R+ JR),/R

2000

Uncertfainty is informed by individual,

cally evaluated draws from the

ion of posterior distributions,

J by “nominal” model (model of
um a posteriori values, and
assuming no systematic error )

-5 5
_1q0 50 100 200 500 1000
10 Extreme Phase Uncs: 20-1000 Hz = (-5.56, 8.19)
- e, .. numer
= 9 7 == coflec
’25 o= -E: % P —
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= 0 %2
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7 o s S Zz =3
£ 5 Py N\ /i S
= - 7 N |
- Samples : Median 1o Unc
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thzaRzz( !
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The 68% confidence interval bounds at
each frequency are the response
function’s frequency dependent
uncertainty and systematic error.
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~-O
We're using photon radiation pressure to great success. @
G
K

Improving PCAL uncertainty will directly improve interferometer
response uncertainty, and thus astrophysical parameter uncertainty

We're (on our 3 round of) reducing as much of our other
systematic error such that we can reach the PCAL's “fundamental”
limit (again)

Coordinate standards in the global GW Network

Let us know if there’s a systematic error in the estimate of the
pOWEer...

17
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WHY IS IT DIFFERENT BETWEEN RUNS2

The interferometers are consfantly evolving

between (and during!) runs to improve the noise, K@

and due fo reality of experimentl!

Change for Noise between O2 and O3 Consequence For Calibration

New Test Masses new force to displacement dynamical
model

Higher power for O3 more complex interferometer response

Loss on optics accrued from vent more complex interferometer response

Better sensor electronics for sensitivity New measurement of electronics
features

Better actuator electronics to reduce New measurement of electronics
impact of DAC noise

One of the O2 actuators are broken New actuator scheme model

The calibrator’s job is never finished!



In detection erq, it was safe 1o just quote a maximum in
magnitude and phase “XX % / YY deg,” because detection is
relatively insensitive to calibration uncertainty « G

In the observational era, astrophysical parameters depend
~proportionally to calibration uncertainty.

Astrophysical parameter estimation is fully Bayesian, with its own
set of 14 parameters

New, on-going project: study the subtle interactions between
astrophysical parameters and physical interfferometer parameters.

« Can better marginalize (integrate) over Gaussian distribution
of real uncertainty, instead of nailve box-car distribution

« Canretfrace steps to ask “l want to improve estimation of
astro-param M, so please improve estimation of
interferometer-param N”



Viets, A. D., et al. "Reconstructing the calibrated strain @
signal in the Advanced LIGO detectors.” Classical and K

Quantum Gravity 35.9 (2018): 095015. P 1700236

Cahillane, Craig, et al. "Calibration uncertainty for
Advanced LIGO'’s first and second observing runs." Physical
Review D 96.10 (2017): 102001. P1600139

Abboftt, B. P., and LIGO Scientific Collaboration.
"Calibration of the Advanced LIGO detectors for the

discovery of the binary black-hole merger GW150914."
Phys. Rev. D 95, 062003 (2017). P1500248

Karki, S., et al. "The Advanced LIGO photon calibrators.”

Review of Scientific Instruments 87.11 (2016):
114503. P1500249



https://dcc.ligo.org/P1700236
https://dcc.ligo.org/P1600139
https://dcc.ligo.org/P1500248
https://dcc.ligo.org/P1500249

