The challenges analysing Gaia Time Series
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Introduction: Ptolemy vs Hipparcos vs Gaia catalogues
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Courtesy of Berry Holl




Goal of Variability Processing and Analysis

Gaia measurements for source “i”:

Astrometry

Spectro/Photometric times series
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Challenges of Gaia in terms of time series analysis

* How to deal with large data set? (e.g. reshuffle data to get time series per source)
e How to gather qualitatively different quantities? (astrometry, photometry, spectra)

* How to handle different number of measurements (from 40 to 250), sparse and different
samplings?

* How to deal with heteroscedastic data?

*How to do when there are poor estimates of uncertainties?
* How to search for “small” signals in “noisy" data?

*How to perform model selection?

* How to compute the significance of peaks in a periodogram
*How to deal with the aliasing problem

* How to classify variable objects?

* How do we crossmath?

*How to rank objects?

° etc...




Five year nominal scanning law (NSL)

NSL field transits after 5 years in: Ecliptic coordinates
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Berry Holl, AGISLab (2013) -90
Plot routines: Francesca De Angeli, GaiaTools 0

Full scanning law movie on YouTube: https://www.youtube.com/watch?v=IRhe2grA9wE

Courtesy of Berry Holl




Five year nominal scanning law (NSL)

NSL field transits after 5 years in: Galactic coordinates
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Plot routines: Francesca De Angeli, GaiaTools 0

Full scanning law movie on YouTube: https://www.youtube.com/watch?v=IRhe2grA9wE




Epoch photometric precision

Observed scatter in CCD transits

13
Purple stars: requirements on Gaia performance website
- Black line: pre-launch estimate
| red line: estimates with stray-light
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Green points: current actual scatter in individual constant source time series .
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Pragmatic approach

e Develop a “method”
- Test on simulated data (often very simple)
- Test on real data
e Apply it to real Gaia data
e Start on “easy” signal, e.g. large signal to noise ratio
e Start with law numbers of objects

e Interact with the data (subsamples) at all levels of the analysis




Gaia Variability Processing and Analysis

1 billion sources observed by Gaia
790,000 REAL Gaia data from Ecliptic Poles

Time series of 70 (40-250) measurements over 5 years
Time series up to 170 measurements over 28 days

[ Calibrated photometry (CUS)]
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Selection of sources observed by Gaia from Ecliptic
Pole Scanning Law (790,000 sources)

number of unfiltered observations
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South Ecliptic Pole region (part of Large Magellanic

Cloud): Gaia

and other surveys

* Gaia 789K
-64| ° EROS2 (Kim 2014)
* OGLE3
OGLE4 GSEP
_g5 | * Hipparcos Periodic
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To get the data flavour
Comparison with OGLE

Image of the Week (March 05, 2015):

RR Lyrae stars

Credits: ESA/Gaia/DPAC/CU5/CU7/INAF-OABo, Gisella Clementini, Dafydd
Evans, Laurent Eyer, Krzysztof Nienartowicz, Lorenzo Rimoldini and the
Geneva CU7/DPCG and CU7/INAF-OACN teams.
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Gaia Variability Processing and Analysis

790,000 REAL Gaia data from Ecliptic Poles

Time series up to 170 measurements over 28 days

v

[ Calibrated photometry (CUS)]

General Variability l Special Variability
Detection (GVD) I Detection (SVD)
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General Variability Detection

Classical hypothesis testing can’t be applied because of “poor” estimates of uncertainties

Detection was done with a classifier (Random Forest)
attributes were computed
a training set was defined (based on OGLE)

Two fundamental quantities to estimate:
—Completeness
—Contamination

Classifier result: The confusion matrix

VARIABLE
CONSTANT

376 VARIABLE | 80
546 CONSTANT | 5

Contamination 8




Gaia Variability Processing and Analysis

790,000 REAL Gaia data from Ecliptic Poles

Time series up to 170 measurements over 28 days

v

[ Calibrated photometry (CUS)]

General Variability l Special Variability
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Characterisation

Time series per object:

Time(i), G-, BP-, RP- mag(i) [ or radial velocity(i) ]
i=1,..., number of measurements

Goal: To define attributes

e statistical parameters

e Modelling
—Period search

—Fourier Series and
polynomial fit



Characterisation: few examples of modelling
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Gaia Variability Processing and Analysis

790,000 REAL Gaia data from Ecliptic Poles

Time series up to 170 measurements over 28 days
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[ Calibrated photometry (CUS)]

General Variability l Special Variability
Detection (GVD) I Detection (SVD)

Characterization

)

Classification

Vo)
7
>
O
o’
(7))
=
©
-
L >
v
>
=z
QE
i
- &
©
>
©
a
9
O

Variables catalogue (CU7)

Specific Object Studies (SOS)




Classification

Supervised classification (several methods):

Multistage tree: Multistage tree:
Bayesian networks Gaussian mixture

Tree for Gaussian Mixture:

SPB

(1)
(9 ~ |
[ \\2/ Eclipsing binaries:
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o7 O
RRAB | | RRC (5)
Cepheids:
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Random Forest
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Classification

Confusion matrix of Random Forest
using cross-matched data (OGLE, Hipparcos, AAVSO, Milliguas)
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Gaia Variability Processing and Analysis

790,000 REAL Gaia data from Ecliptic Poles

Time series up to 170 measurements over 28 days
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[ Calibrated photometry (CUS)]

General Variability l Special Variability
Detection (GVD) I Detection (SVD)

Characterization

» Classification
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Classification of
RR Lyrae and Cepheid stars

Gisella Clementini, Silvio Leccia, Vincenzo Ripepi, Nami Mowlavi, Isabelle Lecoeur

Classical overtone Cepheid
3 candidate anomalous Cepheids
Type 2 Cepheid

Credits: ESA/Gaia/DPAC/CU5/DPCI/CU7/INAF-OABo/INAF-OACn Gisella Clementini, Vincenzo
Ripepi, Silvio Leccia, Laurent Eyer, Lorenzo Rimoldini, Isabelle Lecoeur-Taibi, Nami Mowlavi,
Dafydd Evans, Geneva CU7/DPCG and the whole CU7 team. The photometric data reduction
was done with the PhotPipe pipeline at DPCI; processing data were received from the IDT
pipeline at DPCE.
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Specific Object Studies: Eclipsing binaries

Eclipsing binaries go to a dedicate treatment (Université Libre de Bruxelles) for a full modelling

Here, simple modelling (fit with “two Gaussians”) are made

The solutions enable a ranking
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Specific Object Studies: Eclipsing binaries

P = 0.089681373 [d] rChi2 = 4.42915 rank = 0.2232
s/n= 0 24179 2 ptsin Ecllpse Abbe = 0.773

Lowest rank

P = 0.1017395 [d] rChi2 = 4.97379 rank = 0.2231
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Gaia Variability Processing and Analysis

790,000 REAL Gaia data from Ecliptic Poles

Time series up to 170 measurements over 28 days
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[ Calibrated photometry (CUS)] Global processing
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Global Variability studies

Comparison of distribution functions of RR Lyrae stars
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The data releases

spacecraft
operations start

|

nominal extended
mission end mission end?

2014 2015 2016 2017 2018 2019 2020 2021 2022
(" Release 1: ) l l
» o and 8§, mean G-magnitude for 1billion stars (" Release 4: Final release:

o

) ISSitpropermotonswaranipparcosraaia)

J

» + TGAS: Tycho-Gaia astrometric solution

(2 million stars)

» + Groups of variables: RR Lyrae stars

& Cepheids (~3,300 stars)

4 Release 2:

parameters

» 5-parameter astrometric solutions for
single star (parallax)
» Integrated BP/RP + Astrophysical

» Mean V.4 (for non variable)

{

J

\§
» + All sky: RR Lyrae stars & Cepheids
& Short Time scale variables + ?

(50,000-100,000 stars?)

» Variable stars classification
» Non-single star catalogue

» Solar system objects

\_

Y
[Release 3: )

P Mean Viag

» Object classifications and
Astrophysical Parameters

» Mean RVS, BP, RP spectra
» Orbital solution of binaries

- J

» everything !

Courtesy of B.Holl



Data release caveats/limitations

¢ All sources have been treated as single stars

e Some filtering has been applied, e.g.;
-Omit sources with too few observations, without astrometry and/or photometry, with
very elongated positional error ellipses, ...
-Upper limit on errors in parallax, position, and photometry

* No high-proper-motion stars (i > 3.5 arcsec/year)

e Various unmodeled effects left in the data (chromaticity, CTl, micro-meteoroid hits, micro-
clanks, ...)

e Basic-angle-variation correction derived from on-board metrology
e Cross-matching limited by crude attitude, IGSL, and spurious sources
e Cyclic processing loops not yet closed
e All of these issues will be addressed in upcoming releases!
Warning: the above weaknesses will lead to spatially-correlated systematics in DR1: do not

blindly average astrometric quantities

Courtesy of Jos de Bruijne



