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* In the following I will focus on the Virgo Detector Characterization,
but the equivalent group exists in LIGO and 1s extremely active
= We are working together: common calls, joint projects, visitors, etc.
= We are also working with KAGRA to help them setting up their DetChar group o



Detector Characterization
(DetChar) in a nutshell



Detector Characterization: DetChar

* Detector monitoring

Spectrogra 1:spectro_LSC_DARM_300_100_0 =1228933565.000000 (Sat Dec 15 18:25:51 uTtcy

* Detector noise characterization
» Transient and spectral
= Noise evolution: it is not stationary!

Frequency (Hz)

* Several partners
— Commissioning & noise hunting Fil ‘
= Data quality analysis TSI N (R
— Search groups
» Data quality information
" Vetoes: time and frequency domains
— DAQ / computing
= Access to flags and vetoes for online and offline analysis
— Physics groups
= Vet gravitational-wave (GW) candidates

* Virgo DetChar group
= About 5 FTE spread among O(20) people
» Weekly meeting attendance: 15-20 participants on average

au/sqri{Hz) normalized by median



Highlights and challenges



GW150914
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* GW150914: first direct detection of gravitational waves
= Data recorded: September 15th, 2015
= Announcement: February 11th, 2016 e
— 5 month-work to acquire enough confidence that this event -
was a real binary black merger of astrophysical origin
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* DetChar companion paper to go along the announcement
= DetChar strategy: 1identifying and mitigating noise sources
* Pipeline background studies
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Global 3-detector running

* Individual detector duty cycle: example of Virgo

Status of channel V1:DQ META_ITF_Mode -- time range: 2019/04/01 15:00:00 UTC -> 2019/07/02 03:30:02 UTC

A A

2019/04/16 00:00 2019[05/01 00:00 2019/05/16 00:00 2019/05.‘31 00:00 2019!06;‘15 00:00 2019/06{30 00:00

Science: 81.12 %
Locking: 6.12 %
Commissioning: 2.70 %
Maintenance: 2.53 %
Troubleshooting: 2.30 %
Calibration: 2.01 %

Not locked: 1.32 %
Locked: 1.15 %
Adjusting: 0.74 %
Unknown: 0.01 %




Global 3-detector running

* Network duty cycle

plot_HLV_science_segments: Number of detectors online

2019-04-01 15:00:00+00:00 UTC -> 2019-07-02 02:07:03+00:00 UTC -- segments: DMT-ANALYSIS_READY (H1-L1), SCIENCE (V1)

H1-L1-V1: 45.43 %
H1-L1:11.19 %
H1-V1: 10.20 %
L1-V1:13.99 %
H1:2.18 %

L1: 2.79 %

V1: 10.80 %

None: 2.73 %



LIGO-Hanford magnetometer
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Schumann resonances

10

WéBﬁZJO 944696231 94

* Global electromagnetic resonances
of the Earth-1onosphere ‘waveguide’ m_.‘._:::;.'mmw
» Extremely low-frequency kil i
» Generated and excited by lightning
= Magnetic fields coherent
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Virgo magnetometer
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* Use data from a network of magnetometers
= At GW detector locations
= At other sites (magnetically quiet)
— Compute correlations
— Remove them using Wiener filtering techniques
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e References: Class. Quantum Grav. 33 (2016) 224003
Class. Quantum Grav. 34 (2017) 074002
Phys. Rev. D 97, 102007 (2018)
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Observation run 3

* April 150 2019: start of Observation run 3
» One year of global network data taking
» Three detectors initially: LIGO Hanford, LIGO Livingston, Virgo
¢+ KAGRA should join the network during O3
— 4-detector configuration for the first time!

fuore ]
uID Labels Estart o end FAR (Hz) Created

$190701ah PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1246048403.576563 1246048404.577637 1246048405.814941 1.916e-08 2019-07-01 20:33:24 UTC
5190630ag  PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1245955942.175325 1245955943.179550 1245955944.183184 1.435e-13  2019-06-30 18:52:28 UTC
$190602aq PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1243533584.081266 1243533585.089355 1243533586.346191 1.901e-09  2019-06-02 17:59:51 UTC
$190524q ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242708743.678669 1242708744.678669 1242708746.133301 6.971e-09  2019-05-24 04:52:30 UTC
$190521r PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242459856.453418 1242459857.460739 1242459858.642090 3.1682-10  2019-05-21 07:44:22 UTC
$190521g PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242442966.447266 1242442967.606934 1242442968.888184 3.801e-09  2019-05-21 03:02:49 UTC
5190519b PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242315361.378873 1242315362.655762 1242315363.676270 5.702e-09 2019-05-19 15:36:04 UTC
5190518bb  ADVNO SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242242376.474609 1242242377.474609 1242242380.922655 1.004e-08  2019-05-18 19:19:39 UTC
$190517h PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1242107478.819517 1242107479.994141 1242107480.994141 2.373e-09  2019-05-17 05:51:23 UTC
5190513bm  ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241816085.736106 1241816086.869141 1241816087.869141 3.734e-13  2019-05-13 20:54:48 UTC
5190512a1 PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241719651.411441 1241719652.416286 1241719653.518066 1.901e-09  2019-05-12 18:07:42 UTC
$190510g ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1241492396.291636 1241492397.291636 1241492398.293185 8.834e-09  2019-05-10 03:00:03 UTC
$190503bf ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1240944861.288574 1240944862.412598 1240944863.422852 1.636e-09  2019-05-03 18:54:26 UTC
5190426¢ PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1240327332.331668 1240327333.348145 1240327334.353516 1.947e-08  2019-04-26 15:22:15 UTC
5190425z ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 1240215502.011549 1240215503.011549 1240215504.018242 4.538e-13  2019-04-25 08:18:26 UTC
S190421ar PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1239917953.250977 1239917954.409180 1239917955.409180 1.489e-08 2019-04-21 21:39:16 UTC
5190412m PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1239082261.146717 1239082262.222168 1239082263.229492 1.683e-27  2019-04-12 05:31:03 UTC
. $190408an PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1238782699.268296 1238782700.287958 1238782701.359863 2.811e-18  2019-04-08 18:18:27 UTC
. Op en publlc alerts 5190405ar ADVNO SKYMAP_READY EMERIGHT_READY PASTRO_READY DQOK 1238515307.863646 1238515308.863646 1238515309.863646 2.141e-04  2019-04-05 16:01:56 UTC

= Lowest possible latency

» Preceed vetting in most cases
— Possible retractions at a later stage
+ Automate tasks as much as possible

— More events: compact binary coalescences (black holes, neutron stars), etc.
10



Open data releases

e Gravitational Wave Open Science Center

* Data public around each event when published

* Current policy: given dataset published 18 months after data taking is over
— Tough schedule for the LIGO and Virgo collaborations
* (Re)processings, analysis, validation, publication
= 02 data to be released in a couple of weeks

e Tens of projects already based on LIGO-Virgo open data
= At all scientific levels, art & science, etc.

* Goal: users should be able to reproduce LIGO-Virgo results
— Document everything
» For scientific consistency and with future open data releases in mind

11



Virgo DetChar
in the O3 era

12



Dataflow

* From the detectors, to the offline validation of online events

LIGO
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@ 128 Hz

State DMT DQ

1 1 1
1 1 1
1 1 1
1 I 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
: l :
vectors vector : DOR :
@1Hz @ 16Hz i i :
: : i
N h(t) . l : . i

R Calibration Online i GraceDB i Validation | Checks

1 1
IFOs ——> daw > Gated —> Triggers | —8 > SY:IV ! : >

a3 Reconstruction ;(:) pipelines , orchestrator candi ates: Vetting ! Studies
1 1 1
1 1 1
State Veto i i i
vector streams i ' :
@1Hz @50Hz l D?R :
| l :
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
Vi : | |
Irego ! ! -
g | ! !
1 1 1
: : :
Online ! Real-time ! Offline !

. . ; >

Seconds : Minutes | Hours ' Weeks
Latency | | !
1 1 1
1 1 1

""""""""""""""""""""""""""" E‘““““"““'“““T““““““:“'“““
1 1
GCN : Initial : Initial ! Updates

| notices i circulars |
1 1
1 1 1

13



State Vector

e [ ive interferometer status

» | Hz channel 0: h(t) was successfully computed
= Bit structure 1: science mode button is pushed
2: observation ready
e Bits 0-1: science data taking 3: h(t) was produced by the calibration pipeline
4: calibration filters settled in
. . . 5: No stochastic HW injections
* Bit 10: online data quality assessment J
= | © Data OK 6: No CBC HW injection
ata ) 7: No burst HW injection
=0 © Datais bad 8: No HW injections for detector characterization
. Inputs: saturation ﬂags 9: No continuous wave HW injection
¢ Output port photodiodes 10: good data quality (CAT1 type)
. Suspension coil drivers 11: interferometer is locked

¢+ DARM (differential Fabry-Perot
arm length) glitch rate

* Constant monitoring of the SCIENCE segments
= State Vector should match information from the Virgo automated control system

* Bit 10 1s only flagging a very small fraction of the data

14



Glitches

* Omicron tool
= 400 channels processed online
= 3,000 channels reprocessed offline
= Based on the Q-transform:
overcomplete basis of
sinusoidal Gaussian functions
¢ Glitches defined by
{time, frequency, SNR}

— Reference: public Virgo note

e Two main channels
= h(t)
= DARM

* Analysis window

» Gating + windowing applied on both ends
» Only central part used to produce triggers
= Overlap between analysis windows
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Veto streams

* Goal: reject online triggers likely due to glitches

= 50 Hz channels

" Veto flags: 1 © veto 0 © pass | o 2| |E

gglmmeonitors .g § ;

Auxilia 1 BRMSMon g E -
amds —» o | ][]  vetot) s \/ &/ \/

50 Hz .l VetoMerger

. ‘ . DMS —

= Inputs: all data quality flags available online _ of & 3

= One stream per pipeline e §, 2 9

¢ Pipeline-specific configurations QI QI QI

Burst VI1:DQ VETO CWB gl 8| 8

-¢
-
-

Vl DQ_VETO—GSTLAL To low-latency frames
CBC 4 VI1:DQ VETO MBTA
V1:DQ VETO PYCBC =—— Being tested on live data

Not in Science:
W 24.231% [1d:16h:42m:28s]
In Science, no veto:
B 5 756% [5d:7h:16m:11s]
In Science, veto:
B (.013% [0d:0h:1m:21s]
DQ_VETO_PYCBC 1 6




Gated h(t)

* Goal: getting round of extremely loud glitches,
while keeping the pipelines running -

= Glitches pollute PSD estimation
= (Gate out data instead of

interrupting the data analysis ‘
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e In Virgo, based on MBTA internal gating - -~ .
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Data quality reports

* Data Quality Report (DQR)
» Triggered by each (online) GW trigger
» Runs various analysis on the available data: from basic to complex
* Detector status, environment status, noise analysis, more expert plots, etc.
= Each task reports a status
— Helps final decision: keep or reject event
» Runs independently on data from all three detectors

— Virgo flavour of the DQR »_~1Grace DB i & %,

* Results gathered and linked — _______________ “\°\;’;’? ___________
back to the event that N
triggered the DQR ‘é Reﬁ:eir‘t’e" e Sender

o'“‘"e X5
* Fully automated c:% T, Scheduler io\\ec“es“\
= 4,000+ DQRs since O3 began S _ Launches | all checks

DOR status + summary message
= Actual response now depends Check #1] riies:Suon con, fnsaes, ove

. : EGO DQR status + summary message
On Slgnlﬁcance cOndor . ChECk #2 + files: json, t-e'xt},K imagei, etc.
» Extremely reliable framework FARM .

DQR status + summary message
ChECk #N + files: json, text, images, etc.




* One of the recent LIGO-Virgo triggers

DQR workflow example: S190630ag

= Pyblic information: https://eracedb.ligo.org/superevents/S190630ag/view

* Timeline (EGO local time)

= Event t0

= S-event creation in GraceDB
= Virgo DQR triggered by GraceDB

» Virgo DQR generation
" Virgo DQR processing
» Key information available

= Virgo DQR processing completed

20:52:05
20:52:28
20:52:35
20:57:40
20:58:00
21:03:56
21:13:42
21:50:23

— LIGO-Virgo internal monitoring of that task

A

300 s

C— configurable

latency

[Conservative]

Log Entry Created

Jun 30, 2019 19:50:24 UTC
Jun 30, 2019 18:58:03 UTC
Jun 30, 2019 18:57:59 UTC
Jun 30, 2019 18:57:58 UTC

Submitter

Virgo Detchar
Virgo Detchar
Virgo Detchar
Virgo Detchar

Comment

Condor DAG is done: monitoring has ended.
Condor DAG is running.

Virgo DQR being initialized.

Condor DAG successfully generated.

19



Offline data quality

* Goals
* Final data quality assessment for the new detections

» Final dataset for offline analysis

— Basic container: time segments

* SCIENCE segments

* Primary data quality vetoes: segments during which the data are definitely bad
¢ Using online-computed flags
+ Adding flags for offline-identified issues

= Additional, optional, data quality flags
+ Available to optimize the cuts of each analysis

» Flags keeping track of changes in the interferometer
configuration with SCIENCE segments
— Action not causing the loss of the detector control nor visible in the data

¢ Example: switching on/off some correction

* Framework 1n its final stages
" First segment lists available to analysts
= Plan is to update them regularly, following the data taking progress

20



Spectral lines

* Noise Frequency Event Miner: NoEMi
* Monitoring and identification of spectral noise lines
— Major rewriting for O3: “quicker, smaller, lighter, easier”

_ . ) cC @ @ & https://apps.virgo-gw.eu/noe
i= Persistency lines @ click on a frequency peak to track the line in tir B Download this list of )
£+ Most Visited @ Getting Started
delta f presence persistency CR logl@(ampli)
Channel Frequency range 13.460154836 0.04 0.853658536585366 12.8340074137931 -15.9702990054678

-45988819 0.01 ©.269230769230769 4.15855545454546 -5.93696255070324

. .000093636 0 0.549019607843137 5.04012333333333 -16.9948150147071
V1:ENV_NEB_SEIS_V 13.449664422-13.48971873 13.4601548 el g A Do
.29887787 0.01 1 76.47257375 -15.6359007066969
.798960464 0.61 1 113.77806 -15.2825156186016

V1:ENV_NEB_MIC 13.45631192-13.46584864 13.45988819 .171821204 0.64 0.682926829268293 10.6205084210526 -16.867228860491
116604848 6.03 0.336538461538462 5.27744583333333 -8.49434368345189
.B47965648 0.01 0.196878431372549 4.33728714285714 -18.7025193434592

V1:LSC_DARM 14.998305498-15.001285728 15.000093636 .96395219 0.03 ©.701923676923077 10.8568773 -7.11128357261239

.91950162 ©.03 ©.597560975609756 9.28589857142857 -17.4322977316556
.999957378 0.01 0.92156862745098 7.51945230769231 -18.5764880487681
.9531549 0.03 0.317307692307692 5.18532034482759 -6.29067185111829
.954641936 0.02 0.195121951219512 4.91940083333333 -17.9161753013488
.999856896 0 ©.137254901960784 4.071825 -19.6684885523134

.999490744 0 ©.176470588235294 4.54353222222222 -20.3261167868454
.69680803 0.06 ©.586538461538462 10.7191124324324 -4.4990019747027
.699024464 0.05 0.560975609756098 7.85484205882353 -15.8624372408208
.999655932 @ ©.156862745098039 4.043815 -20.3067842595806

pa— 228 2 M .497950388 0.61 1 128.662761538462 -17.6231199815662

i= Critical ratio lines © cClick on a frequency peak to track the line in time B Download this list of lines .840080792 @ ©.117647058823529 4.01634166666667 -19.723523222314
.845445206 0 ©.117647058823529 3.93799333333333 -20.0430883967073
.99982112 ©.01 ©.92156862745698 10.04851 -19.5699543842792
.999986308 6 ©.529411764705882 4.95905571428571 -20.1391308890312
.173868494 0.62 0.1768731707317673 7.57620636363636 -18.1815370989937
.498280764 0.81 1 200.66157 -17.6026841073804

.499041998 ©.01 1 139.404216666667 -17.8473343048773

.419565142 0.06 0.451219512195122 8.192295 -16.7205795473955
.38443293 0.04 0.278846153846154 6.30791269230769 -6.33262794775944
.649109332 0.65 0.231707317673171 5.79665583333333 -18.1014832177143
.B6082496 ©.63 ©.158536585365854 4.66657886888889 -18.8107292635448
.999684862 0.01 0.647058823529412 5.0640175 -20.4650436231899
.192703512 0.04 0.158536585365854 4.68892777777778 -18.0513904762211
.538887174 0.04 0.24390243902439 4.91826692307692 -17.4083963625983
.46314298 6 0.137254901960784 3.8879 -26.3586134135161

.813618028 0.01 0.431372549019608 4.42970333333333 -19.9157330014643
.885878888 0.04 0.207317073170732 6.51311571428571 -17.6285506278204
.89350828 © 0.121951219512195 4.55160444444444 -17.5892978858986
.90781339 6.61 ©.121951219512195 4.604891 -17.6850091618523
.909720738 @ ©.109756897560976 4.58080888888889 -17.9336889465976

Channel Frequency range Frequency peak

V1:LSC_DARM 10.141126644-10.156027794 10.14470292

V1:ENV_NEB_MIC 17.08980224-17.14702256 17.14583047

VL:ENV_NEB_MIC 17.16013555-17.18159317 17.17920899

NNNNNNUOOWEABRD D
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e [.1ines Database

Spectral lines

= Collect all information about lines found in the data
— Many new functionalities added for O3

# Lines DB

524 2

@ Click on a line frequency to view additional associated information.

Frequency

(Hz)

10.53

Tags
02 |

1582.1

Width

(Hz)

0.1

0.1

0.1

21006.0 2629.9 3153.8

Stationarity

Stationary

Stationary

Stationary

3677.7

1.0

Frequency (Hz)

57733 6297.2 6821.1 7345.( 7868.0

CAL noise line49
Observed in 02

CALnoise PR_MIR_perline0
Observed in 02

CALnoise BS MAR permline0
Observed in 02

Line source

Calibration
Calibration

Calibration

3

2] &)

Locations Recording devices | Added by Date added
66 Central Building (CEB) Magnetometer hemming 02-08-2017
18.6 m 0.1 Stationary Observed in 02 Air conditioner
20 1 Stationary Mechanical mode of External Injection Bench Mechanical
Observed in 02 mode
24.6 0 Stationary DAQ room air conditioner (elog 38709). Air conditioner
Seen in 02.
29.2 m 0.1 Stationary Eliminated 25/7/17 Vacuum pump
29.68 m 0.5 Stationary Excited with white z shaking of SDB1 (elog 38625) Mechanical
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DetChar shifts

* Supplement DetChar experts
= Nominally 2 shifters / week, from a maintenance period to the next one
— Collaboration-wide service task
¢ Contribution proportional to the number of Virgo authors in a given group

* Main tasks
= Data quality monitoring
* Rapid Response Team for online triggers

— Effective since pre-O3 commissioning last Fall
= Positive experience overall
¢ Training and documentation are keys to the success of such initiatives

Virgo DQR documentation: Introduction Checks FAQ h_s“uc“ons for For experts LIGO DQR documentation: Introduction
\ ) \ | | shifters and RRT | | ) \ -
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Conclusions
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Outlook

— When writing that slide...

* 3 months into O3

* 74+ days of SCIENCE data

* 4,000+ DQRs processed

* 16 open public alerts

e 57 DetChar shifts

* ~20 people involved in regular DetChar activities
— Work (always) in progress!

= ~Quarter of the expected data taking completed
= Offline work

» Next campaign of upgrades: Advanced Virgo Plus
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