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® EFinstein Telescope is the

Detection distance of GWD proposed European third
I generation GW detector

I for the 2030s

Years Atter the Big Bang i I
400 tousand 0.1 k?llllon.‘ . ‘1 b.I|||I0n 4.b|III|on ‘ 8 b.llllon' ~14.b|||“0n ® 10 tlmeS greater |
ThoDark o/ R X FAY AP} sensitivity, ~1000 times
IR o L A T b @ more events than
B LIGO-Virgo-KAGRA (LVK)
el L - ' R
l Sy A .Q ® 1000 times higher
100 10 | information density
1 + Redshift (z) I |
I ® EXxpect at least one sister
2~2 (2G GWD) detector in the US

(Cosmic Explorer)

Z=0,45 (GW170729)

Image credit: NAOJ/ALMA http://alma.mtk.nao.ac.jp/
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https://www.et-gw.eu/
https://cosmicexplorer.org/

GW detection and GW data )»\\ L)
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< mirror j ) G .
, 1.0
Light s ﬁ ﬂ
detector 05 | :
0.0} ,
£
1)
=-0.5 | U -
n u “ U
-1.0 = Numerical relativity al
W Reconstructed (template) 1 1
Normal situation Gravitational wave detection Toel ' : ' (Jax
" 2 0.5 | — Black hole separation 413 &
. \ ) g ' === Black hole relative velocity - 2 %
L —».Nomgnal ... Signal 204} 15 8
> 0.3 1 \ 1 Ll ©
0.30 0.35 0.40 045 ¥
NICOLLE RAGER FULLER .
Time (s)

® Strain data, h(1), is the time-series needed for analysis, recorded at 16 kHz
® This will be the same for Einstein Telescope as it is today for LVK
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GW data analysis | .
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Hanford, Washington (H1) Livingston, Louisiana (L1)
! | | | | | | | | | parameter estimation from
lnspual Merger Ring- 1.0 - 1L _ .
down 0 ) L A matched filtering:
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! |
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o | 1 1
— I | I | | I T I
Z 1.0} 1L § 4
A ﬁ ﬂ £ o5 secondary BH mass 294_r 1Mo
— S D o | -
& 0.0 J\/M Mm«,
k W\,vw oor I _ final BH mass 62 Mg
- ‘ . -1.0 H — Numerical relativity “ - H — Numerical relativity ' -
Reconstructed (wavelet) Reconstructed (wavelet) i +() 05
u H I Reconstructed (template) | | I Reconstructed (template) | l ﬁna] BH bpln O 67_0 07
— Numerical relativity i 0.5F i | I = F | | | = = JC/(GMz)
! | | | ’J’ -0.5 [— Residual | /= Residual | lumanSit diSlanCC 410+l60 M C
B - 4 5 :ll | I | :|| I | I O y 180 p
| — Black hole separation 43 5 _ 012 g . 0.03
=== Black hole relative velocity 4 2 % - 256 8 5 source redshift 0. Ogi() 04
g 118 > 6 £
O
| 1 ! L0 3 5 128 4 O
0.30 0.35 0.40 0.45 = I
. > 64 .
Time (s) = =
32 0 5
<

0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Time (s) Time (s)

Matched filtering with large template banks is the canonical method used for analysis
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GW detector networks

® LIGO and Virgo G\W detectors
share data in low latency using
Kafka

e |mprove signal detection
(coincidence, increase SNR)

Operational

Planned - * Improve parameter estimation
including sky localisation

e The latter is crucial for
multi-messenger astronomy
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https://kafka.apache.org/

Swiss role in ET computing
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https://osg-htc.org/
https://wlcg.web.cern.ch/
https://htcondor.org/
https://rucio.cern.ch/
https://eosc.eu/
https://doi.org/10.1051/epjconf/202429510007

Data Challenges for Einstein Telescope Jjji
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® The main observable of interest is the “strain” h(t), one
time series sampled at 16 kHz

Mirror

® This doesn’t change much, although ET will consist of
either 4 or 6 interferometers (final design not decided)

® Data rates will be similar to today

® QOver-estimate ~100 PB/year of raw detector data (very
many auxiliary channels)

e This is significant, but largely for archive

® To first order, most analysis only needs h(t

PRL 116, 061102 (20 16)

® apbout 10-100 TB/year

® Plus data quality and some metadata
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Compute Challenges for Einstein Telescope [l
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K Detector Detector
- al'm arm _ M\

S N >~ @ Low latency computing will deal with 1000 times more
miror * g events, some of which will overlap

Light

detector ® |t currently takes ~30s to analyse data promptly and

| generate alerts using ~20k cores + ~500 GPUs

oy ® |ncreased signal sensitivity for ET means signals are
e/ - | = also in-band for much longer (minutes, hours, days)
G @
J P § ® A huge deal for multi-messenger science!
1.0 —
To Vi ] & - -
= zz \/\/\/\/\}A L f; ® Naively, ET could need 40M cores just for low latency
.05l | =
3 \ . .
1.0 H— Romericar ety U (- g ® Al/ML and GPUs are being aggressively pursued, see
e the Science Blue Book
Time (s)
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https://arxiv.org/abs/2503.12263
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Onsite computing for Virgo

s

e

Interferometer b
(ADC, DAC, processing units, front-end data acquisition, ....)
Input: 800 MB/s uncompressed data, with camera images P
Front-end data flow (compressed)

210 MB/s

i

Automation 0 h(t) reconstruction
Process Control and Monitoring data characterization
Online data visualization

-

\

Online data preparation

Data collection chain

,

»)}171717 Wl\/\) TELESCOPE

The onsite data storage
needs are significant, while
the computing power is
modest:

~500 cores

. e s ¥ v Y Data storage
" raw_full raw (x2 with backup)  rds trend h(t) @ EGO,
130 MB/s 60 MB/s 1.8 MB/day 0.1 MB/day 0.05 MB/s (compressed data)
buffer 10 days buffer >1 year 60 TB/year 3 TBlyear 1.6 TBlyear
K (100 TB) (2000 TB) permanent permanent permanent durlng runs J
| | | | |
H Y \/ Y Y @ CC
Permanent storage in Computing Centers (CC-IN2P3 and CNAF) during runs
.
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Scaling data rates to ET

Data rate | DAQ Raw full | Raw RDS | Trend | Strain | DetChar
MB/s | 250 130 2x60 1.8 0.2 0.05 0.2 The scaling model per
TB /day | 20.5 10.7 2x4.9 0.15 |0.016 | 0.004 |0.016 IF is
PB /year | 7.4 3.8 2x1.8 0.05 |0.006 |0.001 |0.006 _
ET =Virgo * 5
Table 2: Data rates for the interferometer before the O4 run, “DAQ 1s the
bandwidth used by the entire DAQ system, while the subsequent columns correspond to The number depends
data formats described in the text. Note that two full copies of the “Raw” data have on geometry, ana

allows for more
auxiliary channels and
higher sampling freq.

been accounted for, while for Virgo the second copy currently only covers 6 months.

Data rate | DAQ Raw full | Raw RDS | Trend | Strain | DetChar hink this i
MB/s | 1250 650 2x300 | 9 1 025 |1 Jve Chinic Lhis Is very
TB /day | 104 54 2x25 075 10.08 [0.02 |0.08

PB /year | 37 19 2x9 0.26 |0.029 |0.007 |0.029

Table 3: Data rates per|ET|interferometer.
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Onsite Computing needs for ET

Table 7: Baseline online computing requirements per ET interferometer for data storage

AN

»»/;,7,7 )/

Minimal Operational The scaling model per IF is

scenario safety margin
Operations storage 800 1600 ET = Virgo * 5 (storage)
buffer (TB)
Long-term storage 20 40 ET = Virgo * 3 (CPU and RAM)
(PB)
CPU cores 2150 6450 The number depends on geometry,
RAM (GB) 6300 18900 and allows for more auxiliary
Netwotk 100 Gb/s 2 * 100 Gb/s channels and higher sampling freq.

We think this is very conservative

capacity, processing power, RAM memory and network speed.

While the computing power needed is modest, there is still a relatively large amount of data needed

onsite and, particularly during commissioning, an efficient data reduction strateqgy will be a priority
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Low latency alerts - challenges

|

View o — Shared infrastructure
models between LIGO and Virgo
Raw data Raw data *
i l l i Streaming data (Kafka)

hit) hit) rl
Public

‘ PR Fracny Heterogeneous, ad hoc
searches (CBC & Burst) database deploymen tS Of
PPLL | | PPL2| "™ [ PPLn componen [S

| .* | Public-facing database
Sky localization -
Fast parameter estimation also serving LVK

End-to-end testing is very difficult for the current LVK infrastructure, increasing the load on
operations and introducing risk to the science
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https://kafka.apache.org/
https://gracedb.ligo.org/

AN

The UniGe end-to-end testbed »»/IWIMII | ensren

-----------------------------------------------------------------------

Low Latency Computing Infrastructure Testbed Infrastructure 'y

GW search pipelines GW alert generation LL Validation LL Monitor

. GW event " Validate a low Monitor low
alert * latency test run latency testbed

event

L B R R R R R RN e

UniGe is creating a low latency computing end-to-end testbed for LVK

. Deployed on kubernetes, building on work of the Virgo k8s team

. Focus on making pipeline deployment more uniform

. Validation test suite: scientific validation of end-to-end tests

. Monitoring test suite: monitor and eventually optimise resource usage
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https://kubernetes.io/

Low latency alerts for ET )
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Scaling up to ET, the biggest challenge

will be to keep compute under control for
a 50 year lifespan

There is a clear need for a common
software framework, and professional
software engineers to provide support
and ensure science and performance
goals are met sustainably

\
e
L Event Enrichment Service 1 \
(Extemal alert pipeline 1) (( e.g.s kym ap generati ))

Figure from draft ET Computing Model (Ex)‘bw)‘{

(EM / neutrino
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Software development best practice [mpm ..
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Continuous Integration Example — Integration Test

Continuous Integration

def test_upload_to_local_gracedb(se 3

Deploy in events_before_upload = get_number_of_events()
> - >> o >> = >> eeee >> Eat Sl e ety

Continuous Delivery

The most challenging aspect of software development for LVK is integration testing: components are
deployed, often on bare metal, with a range of dependencies. End-to-end testing is practically impossible

Containerization goes a long way to enabling Continuous Integration (CI) testing and moving towards
making best software development practice a requirement

ET foresees a core team of software engineers and infrastructure experts

s Kubernetes a good deployment platform for ‘everything’ for ET? To be seen!
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UniGe: ET Computing sustainability
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Oscars: ETAP project page
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Funded through EOSC/OSCARS cascading
grants, a jupyterhub-based platform built on
the CERN VRE:

® Rucio for data management

® REANA for workflow capture

® UniGe is adding:
e A unified helm chart

® HSF conditions database

® Monitoring and accounting for

predicting ET’s needs and
addressing sustainabillity
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https://oscars-project.eu/
https://github.com/vre-hub/
https://rucio.cern.ch/
https://docs.reana.io/
https://bnlnpps.github.io/nopayloaddb/
https://oscars-project.eu/projects/etap-einstein-telescope-analysis-portal
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® Einstein Telescope is the proposed third generation European gravitational wave detector, planned to
run for five decades for thousands of scientists. ET presents significant computing challenges:

® Analysis data volumes are modest, but archival storage needs are significant
® Thankfully this is a solved problem with tools like Rucio

® Traditional CPU-based algorithms must be replaced by tools like ML to keep computing needs
under control, while moving to best practice software practices and a common framework

® As ET will run for over 50 years, this presents a serious software engineering challenge

® Virgo has very few computing/software professionals:
® Jraining, hiring and retaining software and computing expertise has to be a priority for ET

® Collaboration will be essential, especially as we move more and more toward shared infrastructure

Let’s keep talking!
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