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Credits

The presentation is based on many different sources – mainly The presentation is based on many different sources – mainly 
the on-line published slides from IVOA meetings, EPRV group the on-line published slides from IVOA meetings, EPRV group 
slides and docs, ADASS  meetings, tutorials, manuals,  pictures slides and docs, ADASS  meetings, tutorials, manuals,  pictures 
found on Internet and materials  of private communication found on Internet and materials  of private communication 



Outline of the Talk

● Data Avalanche in astronomyData Avalanche in astronomy
● Spectroscopy – spectra surveysSpectroscopy – spectra surveys
● Virtual ObservatoryVirtual Observatory
● Astroinformatics (AI)Astroinformatics (AI)

● Visualizations 
● Transfer of technology 

● Artificial Intelligence (AI)Artificial Intelligence (AI)
● Future? Future? 



  

  

Astronomically Big 

Big Data  



Data Avalanche

Moore law for chips –doubling 1.5 yearMoore law for chips –doubling 1.5 year

Data in astronomy – doubling < 1 yr !  Data in astronomy – doubling < 1 yr !  

100 PB today,   100 TB/night100 PB today,   100 TB/night



  

LSST – Vera C. Rubin Observatory  

189 CCD  4kx4k, 10um
3.2 Gpix every 15 sec 
3.5 deg FOV (64cm)
15 TB/day=6 PB/yr RAW
15 PB catalogue (D11)
detection of changes 60s!
7 million allerts/night ! Tot 20B
38 billion objects x 800
32 tril. meas. -5 PB table



First light June 2025

Virgo cluster in Rubin

15 sq deg

1185 exposures / 7 nights

Credit: NSF–DOE Vera C. Rubin Observatory/NOIRLab/SLAC/AURA

LSST – Vera C. Rubin Observatory  



LOFAR network



  

SKA



SKA



SKA 



SKA Archive Volumes

700PB/year   2x135 Pflops   20 Tbit/s transfer link



Simulation of Universe



D'Abrusco 2010
Data analysis at storage place
Move processing = not data !



  

  

Large Spectra 

Surveys  



Astronomical Spectroscopy - History
● I. Newton 1666 I. Newton 1666 – – Solar spectrumSolar spectrum, prism, prism

● W. Herschel 1800 – W. Herschel 1800 – Calorific rays (IR)Calorific rays (IR)

● J. Frauenhofer 1814 J. Frauenhofer 1814 ––Solar absorption linesSolar absorption lines – letters H,K,D,A,B, Sirius – letters H,K,D,A,B, Sirius

● Ch. Doppler 1842Ch. Doppler 1842– Royal Bohemian Society of Sciences,  – Royal Bohemian Society of Sciences,  Colors of StarsColors of Stars

● W. HuggW. Hugginsins 1864 –  1864 – Physical naturePhysical nature of stars (elements), nebulae (cats Eye) of stars (elements), nebulae (cats Eye)

       1866    T CrB,  transients, evolution

       1868    RV of Sirius
● H. Draper 1872 – H. Draper 1872 – Photographic spectrumPhotographic spectrum of Vega of Vega

● E. Hubble 1929 – E. Hubble 1929 – Cosmological redshiftCosmological redshift  (Lemaitre 1927)  (Lemaitre 1927)

● M. Schmidt 1963 M. Schmidt 1963 – – QSOQSO 3C 273  (z=0.158, strange  elements?) 3C 273  (z=0.158, strange  elements?)



  

Information From  Spectral Lines
    Position (wavelength)Position (wavelength): : 

Chemical elements , Excitation / Ionization state 

RV (binarity, orbital parameters...)

ShapeShape  

Stellar parameters (Teff, log g, rotation)

Stellar activity (Turbulence, granulation)

Expansion, shells, winds (P Cyg, Novae)

Time variability (LPV) Time variability (LPV) 
Change of physical state (Be, outburst)

Spots (Mg field, overabundance – Ap stars)

Pulsations (Delta Ceph, RR Lyr, Miras)

Non radial pulsations (NRP)

Multiple systems – disentangling of orbital parameters

Detection of ES planets in spectra 



Sloan Digital Sky Survey (SDSS)   

https://www.sdss.org/dr19/scope/



LAMOST (Guoshoujing) 

● Xinglong, China
● 4 m mirror (30 deg meridian)
● 4000 fibres



LAMOST Spectral Surveys 
DR1 (end 2013)      2 204 860  spectra
                                                   1 085 404 stars classified by pipeline 
DR2 (beg 2015)     4 132 782 spectra

     3 779 674 stars
                                                   307 000 unknown! 

DR13 (Mar 2026)     13 467 468 low res

                              + 17 356 714 mid res 
Each fibre – 2 motors
double arm 33mm circle  

Fibre collects light from 
3.3 arcsec circle on sky



DESI (Dark Energy Spectroscopic Instrument)  

● Kitt Peak , Arizona
● 4 m mirror (Mayal)
● 5000 fibres  10 petals x 500 fibers, 10 spg
● 3 cameras  3600-9800A R~2000-5000

https://arxiv.org/pdf/2503.14745



DESI  

https://www.desi.lbl.gov/wp-content/uploads/sites/8/2022/06/DESI_robots.jpg



DESI Spectral Surveys 

DR1 (Mar 2025)   May 2021-June 2022  13 month

   18.7 mil objects
                13.1 mil galaxies                         
                  1.6 mil QSO
                  4.0 mil stars 

Plan 5 year (~2026 end)
   50 mil galaxies and QSOs  
   25 mil MW stars 



  

Hobby  Eberly Telescope (HET)

Mc  Donald  Observatory Texas

Equiv diameter 9.5m  (11m)

Fixed in position during observation - 
only primary tracker



  

HETDEX Survey

VIRUS   78 IFU = 156 spectrographs
IFU= 448 fibers 
34944 fibers  , FOV 22 arcmin, 3500-5500 A, R=800

PDR1 – mid 2026,  300mil spectra  plan 1 billion



4MOST  

● March 2026 ended verification phase, start soon regular
● Paranal, Chile, driven by MPI Garching
● 4 m mirror VISTA 
● 2436 fibres  (2x812+812)
● 3 spectrographs  
● Low resolution 2 spg 3700-9500A R~4000-7000 
● High resolution 3926-6790A, R~18000-21000
● Plan 20mil sources low res, 3mil high res

https://www.4most.eu/



4MOST  

https://www.4most.eu/



  

Gaia 

Source: ESA



  

Gaia Spectrographs

XP (BP+RP)  XP (BP+RP)  R~30-100     3300-10500 A R~30-100     3300-10500 A 

RVS RVS R~11500  8450-8740 AR~11500  8450-8740 A



  

● DR3  DR3  (June 2022)(June 2022)

– 220 mil XP220 mil XP (Gauss-Hermite polynomials, GAVO SSAP) (Gauss-Hermite polynomials, GAVO SSAP)
– 1 mil1 mil RVS RVS

      
● DR4 DR4 (Dec 2026)(Dec 2026)    tens of millionstens of millions RVS  RVS 

● DR5  planned DR5  planned (> 2030)(> 2030)
– 150 mil150 mil RVS  RVS 

        

Gaia Spectra Collections



  

Euclid

Euclid Deep Field South J041110.98-481939.3, Credits: ESA/Euclid/Euclid Consortium/NASA,

1.2m Korsch tel. 
Dark matter 
10B sources
1B weak lensing
600 MP camera 7filt
Spectra VIS/NIR
DR1 on June 2026
100 PB processed
26PB/year



Euclid Spectra 

● NISP NISP 1100-2000A  R~2501100-2000A  R~250
● DR Q1   DR Q1   3 mil3 mil spectra  spectra 
● Planned Planned 35 mil35 mil spectra (redshifts) spectra (redshifts)

Dominguez-Tagle  et al. 2025 Fu  et al. 2025



  

Virtual Observatory 
 



  

IVOA (established 2002)



  

Virtual Observatory : Key Definitions
● ““The Virtual Observatory will be a system that allows The Virtual Observatory will be a system that allows 

astronomers to astronomers to interrogate multiple data centersinterrogate multiple data centers in a seamless  in a seamless 
and transparent way, which provides new and transparent way, which provides new powerful analysis and powerful analysis and 
visualization visualization tools within that system, and which gives data tools within that system, and which gives data 
centers a centers a standard framework for publishingstandard framework for publishing and delivering  and delivering 
services using their dataservices using their data”.”.

● StandardizationStandardization of data and metadata, and of data  of data and metadata, and of data 
exchange methods.exchange methods.

● RegistryRegistry, listing available services and what can be , listing available services and what can be 
done with them.done with them.  

R.J.Hanisch, P.J.Quinn, in “IVOA – Guidelines for participation”R.J.Hanisch, P.J.Quinn, in “IVOA – Guidelines for participation”



Ecosystem of VO 



 Ecosystem of VO – level 2



Ontologies in Astronomy

From Graham, M. AI2010

SKOS, RDF standards, search with understanding (not return QSO as binary star)



FITS standard

>30 years, separation of metadata (human readable and data )



VOTable

<TABLE name="SpectroLog">
<FIELD name="Target" ucd="meta.id" datatype="char" arraysize="30*"/>
<FIELD name="Instr" ucd="instr.setup" datatype="char" arraysize="5*"/>
<FIELD name="Dur" ucd="time.expo" datatype="int" width="5" unit="s"/>
<FIELD name="Spectrum" ucd="meta.ref.url" datatype="float" arraysize="*"

unit="mW/m2/nm" type="location">
<DESCRIPTION>Spectrum absolutely calibrated</DESCRIPTION>
<LINK type="location"

href="http://ivoa.spectr/server?obsno="/>
</FIELD>
<DATA><TABLEDATA>
<TR><TD>NGC6543</TD><TD>SWS06</TD><TD>2028</TD><TD>01301903</TD></TR>
<TR><TD>NGC6543</TD><TD>SWS07</TD><TD>2544</TD><TD>01302004</TD></TR>
</TABLEDATA></DATA>
</TABLE>

Serialization (metadata first, end of data unknown, tree structure)



Universal Content Descriptors



Space-Time-Coordinate Data Model



Technology of  VO
Unified data format– Unified data format– VOTable, UCDVOTable, UCD (Vizier) (Vizier)

Transparent transport  (Transparent transport  (VOunitsVOunits) ) 

VOregistry  (DNS like)  Google for data+WSVOregistry  (DNS like)  Google for data+WS

Protocols Protocols 

ConeSearch (searching in circle on sky)

SIAP (Simple Image Access Protocol)

SSAP(Simple Spectral Access Protocol)

SLAP(Simple Line Access Protocol)  - VAMDC

TAP (Table Access Protocol) – query e.g. whole SDSS

VOEVENT (transients, robotic telescopes,Sun

DATALINK (related data products, e.g. raw, mosaics..)

SODA Server-side Operations for Data Acces



Technology of  VO 
ADQLADQL (Astronomical Data Query Language) (Astronomical Data Query Language)

XMATCH, REGION  (2 catalogues – shifted)

  

Application interoperabilty  –  Application interoperabilty  –  SAMPSAMP

Allows develop applications as bricks

sending VOTABLES  (catalogue-spectra-images)

Surveys visualizationSurveys visualization 

HIPS (Hiearchical Progressive Survey )  - allsky  zoom

MOC  (Multi order coverages) time, space, spectral (FoV)



Analysis



  

TOPCAT



  

Aladin



VO Science Portals 
            Stellarium + VirGo (ESO, unsupported)Stellarium + VirGo (ESO, unsupported)

       ESASky       ESASky

ESO Archive Science PortalESO Archive Science Portal

IRSA IPAC archive (Firefly)IRSA IPAC archive (Firefly)

WWT  (original MS, now AAS, web client)WWT  (original MS, now AAS, web client)

 http://worldwidetelescope.org/webclient http://worldwidetelescope.org/webclient

GoogleSky GoogleSky 

 https://www.google.com/sky/ https://www.google.com/sky/

https://archive.eso.org/scienceportal/home

https://sky.esa.int/

https://exoplanetarchive.ipac.caltech.edu/firefly/



VO Science Portals 



Open Science – EOSC 

Arviset 2023

EURO-VO DCA, ICE,  CoSADIE, ASTERICS, ESCAPE - Astroparticles



Big Data handling
VO Space Moving big tables across (load only results)

SSO   Authentication, authorization, groups and consortia 

UWS Universal worker service (job synch, asynch)

SIM-DB     Simulations, theory data

Science platforms   for BD analysis and ML 
 
(SciServer JHU, NOAO DataLab, CANFAR, Gaia, Euclid , Rubin x Pangeo )



EUROPLANET  VESPA  (EPN-TAP)

        

  

 



  

VO  in IAU  



  

(Simple) Spectra in VO



  

Simple Spectra Access Protocol
Spectral Data Model



  

SSAP Parameters



  

VO Tools

 

● SPLAT-VO (GAVO – Ondrejov) SPLAT-VO (GAVO – Ondrejov) 

● CASSIS (OMP)CASSIS (OMP)
● IPAC Firefly (IRSAViewer)IPAC Firefly (IRSAViewer)

– All NASA data, LSST (Rubin) 
– Spectra  in echelle – started
– https://github.com/Caltech-IPAC/firefly

● Not Supported:Not Supported:
– SpecView (HST)
– VOSpec (ESA)

https://github.com/Caltech-IPAC/firefly


  

Spectra in SPLAT-VO - query



LAMOST Query  Ha region



Spectra in SPLAT-VO direct access



Spectra in SPLAT-VO - DataLink



Variability of Line Profile on Be star



  

Series of Spectra – LPV

 



  

 Echelle Spectra 



  

Atlas of Arcturus – 1D Normalized 

Arcturus: Hinkle et al. 2000



  

Orders Define Geometry



  

Spectrum of Arcturus (pixel-order)

KPNO NOIRLab  



  

Overlapping Orders  

Eversberg, Vollmann. Spectroscopic Instrumentation 2015



  

HARPS-S

https://cdn.eso.org/images/large/eso0308c.jpg

71 orders (89-161) – 115 not
3780-6910 A
R~115000
dRV~3m/s

Simultaneus ThAr/Laser 
comb/Fabry Perot 

PlatoSpec simcal ThAr



  

ESO X-Shooter

Modigliani et al. 2010

High-z QSO 
Vernet et al. 2011

2936-24807 A,
R ~9100,17400,11300  
0.5arcsec slit



  

HARPS-S



Echelle Spectra Problems in Hot Stars



  

HARPS-S in SPLAT

313138 points Procyon 



  

Continuum Normalisation 

  

Theoretical spectrum of Vega 

The continuum is NOT ALWAYS at 1.0  !



  

DaCHS Testbed Split-Order SSAP

 

nu Pup  HEROS red



  

Products derived from spectra



  

Doppler Imaging
From LPV due to rotation 
stellar Spots  - darker, brighter – chemical patch



  

 Doppler Imaging

Different elements

temperature 
distribution



  

Doppler Imaging - NRP

Vogt & Penrod -80s
Zet Oph 



  

                 

C. SchrijversC. Schrijvers

Non Radial Pulsations Modes



  

Measured Pulsations

Rho Pup – del Sct type Eps Cep  - del Sct type 



  

Doppler Shadow 

HARPS-N archival CCF of HAT-P-41A.  Balkoová 2025



  

Light Curve 



  

Light Curve HAT-P-7b 

Vanderburg tutorial



  

Radial Velocity Curve



  

Radial Velocity Curve

 

51 Peg b, Mayer and Queloz 1995



  

Trappist-1 RV Curve – Carmenes 



  

Trappist-1 RV Curve – Carmenes 



  

Cross Correlation Function



  

Analogue Technique

First principle  Griffin 1967, DAO 122, CORAVEL ESO D154 1981 



  

Cross Correlation Function 

IRAF fxcor task 



  

Cross Correlation Function - CCF

Example of PlatoSpec data reduced by  CERES+ 



  

Residual CCF 



  

Dynamic spectra – CCF 

Lipták 2025, private comm.



  

EPRV Standard

 About 15 spectrographs  ( ~ 5 passively following)

● Translators from native format 

● Started 2024

● NASA JPL   (EPRV project  - WG )
 

https://github.com/EPRV-RCN/RVData

https://eprv-data-standard.readthedocs.io/en/latest

https://github.com/EPRV-RCN/RVData


  

EPRV L2 – Order by Order Unblazed



  

EPRV L3 – Merged orders normalized

This is what we already know – SSAP, “distorted data low precision”   



  

EPRV L4 – Derived core exo science

Radial Velocity and Cross Correlation Function    (various masks ….)

It is the most important output of pipeline 

But exoscientists need  Time Series  (RV curves , Doppler shadows)

VO can do it on the fly (select all observation, apply SODA extract , create time series)



  

  

Astroinformatics  



Data-Knowledge-Wisdom Pyramid
CRISP-DM

Cross-Industry Standard Process for Data Mining



Longo 2010



Data Driven Science



Hidden Patterns in Data



Visualization of Big Data

Breddels 2016



  
http://eas.unige.ch/EWASS2017/session.jsp?id=S14



  

Astroinformatics in IAU



Remote sensing – Big Data 
Machine Learning

Precise farming 

Forestry

Ore mining 

Water resources monitoring

Automatic classification of terrain

Resistence of buildings (Aquilla)



Visualization of Big Data

Breddels 2016



CAVE2 Monash University AU

8m diameter, 330 deg FOV , 80x LCD 46“  1366x768 Stereo + head tracking …... 



AstroGeoInformatics

COST Transdisciplinary 

BIG-SKY-EARTH TD1403

~55 authors

472 pages



Finding Galaxies by Shape NASA



Finding Cancer Signatures NASA



  

Digital Pathology based on SDSS



  

Digital Pathology based on SDSS



  

Artificial 
Intelligence  



Human – Machine Collaboration

MEMEX

„Hypertext“
Associations

Global network
Interactivity 
Graphics



  

Turing Test



  

Imitation Game 



  

Turing Test – Core Idea

Strong  AI  (passes TT)    x      Weak  AI
Searle 1980 – Chinese Room 

Turing prize   ~   Nobel prize in IT
1954 suicide by apple with cyanide    



  

Origins of  term „Artificial Intelligence“

https://medium.com/rla-academy/dartmouth-workshop-the-birthplace-of-ai-34c533afe992

AI Winters 



  

First Chatbot - ELIZA
Weizenbaum  MIT   1964-67



  

Recent Advanced  Neural Networks

Reinforcement Learning

Active learning (oracle)

Bayesian Deep Learning

Physics Informed (Aware) NN
     
GANs (image creation)

Diffusion models

Foundation models



  

Reviews of ML/AI in Astronomy



  

Idea of LLMs

Tomáš Mikolov 

Dissertation FIT VUT Brno 2012,  
MS Research, Google Brain, Facebook, CIIRC 

word2vec         sentence as a vector in big-N space
  improves Google Translate

Fasttext.cc

https://www.seznamzpravy.cz/clanek/jeho-figl-v-usa-nakopl-vyvoj-strojoveho-uceni-proc-se-expert-vratil-176156



  

Origin of the Current AI Boom

NIPS 2017



  

Attention



  

Transformer 
(GPT=Generative Pre-trained Transformer)



  

LLMs – Recent 2026 



  

LLMs – Computing Requirements 

LifeArchitect.ai/models



  

LLMs – Size of Training Data (equiv. books) 



  

Transformers in Astronomy - Light Curves

 



  

Transformers in Astronomy – Foundation Model

 



  

LLMs in Astronomy
ESO Cosmic Duologues 
https://www.youtube.com/@ESOCosmicDuologues/featured

AstroLLaMA : 7B pararameters, 
300 000 abstracts from ADS

Cosmology – FIT SED

ESO User Man 

Proposal rewiews

Project assessments

Ethical problems 



  

Review of LLMs in Astronomy



  

Backup Slides

Paper 2020 by Lewis https://arxiv.org/pdf/2405.20389

Retrival Augmented Generation (RAG)



  

Vision Transformers in Spectroscopy 



  

Vision Transformers in Spectroscopy 



  

 OLLAMA  - CLI 



  

 JAN  -  GUI



  

 JAN  -  GUI



  

Multimodal Universe



  

Multimodal Universe



  

Foundation Models in Astronomy



  

Omnimodal Foundation Model in Astronomy



  

Omnimodal Foundation Model in Astronomy



  

Near Future 

Challenges  



  

Fourier Neural Operators – Idea 



  

Fourier Neural Operators - Applications



  

Fourier Neural Operators - Tutorial



  

Fourier Neural Operator - Libraries



  

Global Filter Networks

Alternative to transformers 



  

Double Descent Learning Curve



  

Double Descent Learning Curve



  

Nested Learning 



  

Nested Learning 



  

Quantum Machine Learning (QML)
 Bloch sphere for qubit representation
 Noisy Intermediate-Scale Quantum era  (NISQ)  
 Quantum gates (CNOT,X,Y,Z,Hadamart=entangling) 
 Quantum circuits = Ansatz   

 IBM
 Qiskit (Josephson)

 Xanadu
 Strawberry Fields (photonic device)
 Penny Lane  (general quantum device simulator+API to HW)
  

https://pennylane.ai/blog/2025/12/open-source-quantum-computing-pennyLane-catalyst-open-quantum-design

QFT 
Quantum FourierTransform



  

QML: MNIST-Like Classification

https://pennylane.ai/qml/demos/tutorial_post-variational_quantum_neural_networks



  

Conclusions

Astronomical Spectroscopy is the key to physics

Analysis of surveys requires VO +  using ML (AI)

AI helps us to discover the secrets of the  Universe 

ML is returning to the physics theory 

The future is exciting !



  

Backup Slides – Our ML Experiments



  

Thank you 



  

Active Deep Learning:
CNN Chooses Data for 

Its Training

● Oracle classification (domain 
expert knowledge)

● Uncertainty sampling 
(entropy)

● From predicted target classes 
selected batch of 100

● Batch added to training set
● True positive rate estimation



  

Active Learning (insufficient labels)   

Oracle :  Human – Machine Interaction 



  

  Single-peak & Double-peak Candidates



  

Publication in A&A 



  

New Catalogue on Vizier 



  

Redshift  



  

SDSS Template Library 



  

 Systematic Errors in Pipelines 
Z_10K: 
~10000 randomly 
selected spectra 
visually  checked

Used to evaluate SDSS 
DR16Q  pipeline



  

BNN corrects the SDSS pipeline



  

BDN Corrects the SDSS Pipeline



  

QSOs missing due 
to SDSS pipeline error



  

SDSS Predicts QSO 
But It Is a Star



  

Eliminating false high-z QSO



  

QSOs missing
due to SDSS pipeline error



  

Hierchical Sparse Data Cube from  SDSS

Thesis Nádvorník (Škoda, Tvrdík)  2024      10.5281/zenodo.1488444

200TB  HiSSCube – Czech national supercomputer Karolina

https://doi.org/10.5281/zenodo.14884443


  

SFR by Multimodal Learning of SDSS

Thesis Rustamov (Škoda)     https://dspace.cvut.cz/entities/publication/f03b9290-bbea-4fc6-bf9e-0adf572b69d1

Best performance – highest photo resolution, spectra L2, early fusion
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