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ABSTRACT

Here, we present the first catalog of Ultraviolet time-VAriable sources (1UVA). We describe a new analysis pipeline called VAriable
Source Clustering Analysis (VASCA). We applied this pipeline to 10 yr of data from the Galaxy Evolution Explorer (GALEX) satellite.
We analyzed a sky area 302 deg2, and detected 4,202 time-variable ultraviolet (UV) sources. We cross-correlated these sources with
multi-frequency data from the Gaia satellite and the Set of Identifications, Measurements and Bibliography for Astronomical Data
(SIMBAD) database, finding an association for 3,655 sources. The source sample was dominated by active galactic nuclei (≈73%) and
stars (≈24%). We examined the UV and multi-frequency properties of these sources, focusing on the stellar population. We found UV
variability for four white dwarfs (WDs). One of them, WD J004917.14−252556.81, was recently found to be the most massive pulsating
WD. Its spectral energy distribution shows no sign of a stellar companion. The observed flux variability was unexpected and difficult
to explain.
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1. Introduction

The study of the time-variable sky has historically been a key
area in astronomy. Characterization of planet movements and
the light emitted by distant supernovae (SNe), for example, have
fundamentally shaped our understanding of the Universe. More
recently, the time variability of stars due to the occultation by
orbiting planets has led to the discovery of thousands of extra-
solar planets (Zhu & Dong 2021). Over the past decades, several
new classes of variable sources have been identified, such as fast
radio bursts (Cordes & Chatterjee 2019), tidal disruption events
(Gezari 2021), kilonovae, (Abbott et al. 2017) and pulsar wind
nebulae (Bühler & Blandford 2014).

Wide-field surveys have been used to characterize the time
variability of the sky from radio to gamma-ray frequencies
(Thyagarajan et al. 2011; Bellm et al. 2019; Lo et al. 2014;
Abdollahi et al. 2017). At all wavebands, active galactic nuclei
(AGNs) and/or variable stars constitute the bulk of variable
sources. The stellar variability observed typically has a thermal
photon spectrum, indicating time-variable heating and/or cool-
ing of the star or its environment. For AGNs, variability often
shows non-thermal spectra and is therefore linked to the acceler-
ation and cooling of cosmic rays. However, exceptions to both of
these generalizations exist.

In this article, we study the variability of the ultraviolet (UV)
sky using data from the GALaxy Evolution eXplorer (GALEX).
This satellite scanned ≈70% of the sky from 2003 to 2013. To
date, GALEX data still provide the best UV coverage in time
over a wide field. GALEX captures data using two filters, in the

⋆ The catalog is available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/687/A313

near-ultraviolet (NUV) (λeff = 2316 Å) and far-ultraviolet (FUV)
(λeff = 1539 Å) bands. The FUV sensor failed in 2009, which
is why only NUV data have been available since then. A sum-
mary of the GALEX instrument’s performance can be found in
Morrissey et al. (2007), and a description of its different surveys
in Bianchi et al. (2014).

The most detailed systematic characterization of time-
variable sources in the GALEX data was done in the Time-
Domain Survey (TDS, Gezari et al. 2013). The TDS covered an
area of 40 deg2 finding 1078 UV-variable sources. More recently,
a project has been started to create a legacy catalog of GALEX
sources using all available GALEX data1. This catalog also
includes time variability information. As a first result, a catalog
of 1426 sources that vary on small timescales of /1500 s was
derived (Million et al. 2023). Future missions, such as the Ultra-
violet Transient Astronomy Satellite (ULTRASAT) (Shvartzvald
et al. 2024), the Chinese Space Station Telescope, (Zhan 2018)
and the proposed UltraViolet EXplorer (UVEX) (Kulkarni et al.
2021), are expected to improve the sensitivity of such studies in
the coming decade.

In this work, we created the first catalog of Ultraviolet time-
VAriable sources (1UVA) from the GALEX data, extending the
sky coverage of the TDS by a factor '7. For this purpose, we
implemented a new analysis pipeline, the VAriable Source Clus-
ter Analysis (VASCA). This article is structured as follows: in
Sect. 2, we describe the VASCA pipeline, the GALEX dataset
and the source association procedures. In Sect. 3, we present the
results obtained and discuss the source classes, focusing on UV
variable stars and white dwarfs (WDs). Finally, we summarize
our findings in Sect. 4.

1 https://www.millionconcepts.com/documents/glcat_

adap_trimmed.pdf
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Table 1. Selection parameters used in the VASCA pipeline.

Variable Description Value

Detection quality selection
S2N Signal to noise >3
Rfov Distance to the center of the FoV <0.5 deg
ELLIPworld Ellipticity <0.5
SIZEworld Circular extension <6′′

CLASSstar Extended (0) or point like (1) >0.15
CHKOBJtype Matched to a bright star (0=no, 1 = yes) 0
APPRATIOflux Ratio of flux calculated with apertures of 3.8 to 6.0′′ 0.3 to 1.05
ARTIFACTS Detections on-top of variable/hot pixels and of optical reflections are ignored 2, 4, 8, 128 and 256

Variable source selection
FLUX Spectral flux density 0.145µJy to 575.4µJy
Ndet Number of detections >3
PVALflux Probability of constant flux <5.73 × 10−7

NXVflux Flux normalized excess variance >0.001 (>0.01)
FRATIOco Ratio of the mean flux to the co-add flux >2
S2Nfdiff

co Signal to noise of the flux to co-add flux difference >7
QVALpos Cluster position quality parameter <5.73 × 10−7

XVpos Positional excess variance <2 arcsec2

Notes. More details on the detection variables can be found in the GALEX documentation http://www.galex.caltech.edu/wiki/. The text
provides additional information on the source variables. The selection parameters for the NUV and FUV bands are generally identical. However,
discrepancies in the FUV parameter values, if any, are indicated in brackets.

selected, as artifacts are typically extended and asymmetric. Fur-
thermore, we restricted our analysis to the inner camera, where
artifacts are sparser. Finally, we required a minimum of three
independent detections for each source, as artifacts typically do
not repeat in position over multiple visits. All selection variables
and values are listed in Table 1.

2.2. Pipeline and variability selection

A schematic representation of the VASCA analysis flow is shown
in Appendix B. The photometric detections of each visit are
inputs to the pipeline. After quality selection, detections were
clustered for all visits of each field using the mean-shift algo-
rithm (Pedregosa et al. 2011; Comaniciu & Meer 2002). The
clustering bandwidth is always fixed at 4′′, which is signifi-
cantly larger than the typical absolute astrometric performance
of /1.5′′ of GALEX (Morrissey et al. 2007).

A second clustering was performed for all clusters obtained
in the field analysis to take into account different observation
filters and overlapping fields. The clusters obtained in this sec-
ond step defined the position of the 1UVA source. The position
and mean flux were calculated as the error-weighted mean of all
detections associated with the individual cluster. For GALEX
observations, additional source photometry was typically pro-
vided for the sum of all visit images in a field, the so-called
co-added image. This information was also fed into the pipeline.
Co-added image detections were clustered and associated with
the sources previously derived from the visit detections.

Statistical measures were calculated to diagnose source time
variability. The primary statistic for a constant flux is the χ2

probability. We selected sources that were incompatible with a
constant flux at the 5-σ level. We also selected sources with a
significant difference between the mean flux and the co-added
flux. The former is defined as the error-weighted mean of the flux
in all visit-level detections, whereas the latter is obtained from
the photometry of the co-added images. This cut was applied
to select sources that were only detected during bright flaring

periods in a few visits. All selection values are listed in Table 1.
To consider possible systematic flux variations, we also selected
the normalized excess variance of the flux, NXVflux = (Varflux −

err2
flux)/flux

2
, where Varflux and errflux are the variance and error

of the flux measurements (Vaughan et al. 2003). The selection
of the minimum excess variance corresponds to a flux variability
of ≈3% and ≈10% for the NUV and FUV bands, respectively.
This is approximately four times the expected photometric sta-
bility of GALEX discussed in the previous section, ensuring that
no instrumental variations lead to artificial variability.

2.3. Source association

To find multi-frequency counterparts, we checked for positional
coincidences within 1.5′′ for all 1UVA sources. This match was
performed for all sources listed in the Set of Identifications, Mea-
surements, and Bibliography for Astronomical Data (SIMBAD)
database (Wenger et al. 2000), the Gaia-DR3 and WD catalogs
(Gaia Collaboration 2023; Gentile Fusillo et al. 2021) and the
recent GALEX Flare Catalog (Million et al. 2023). The latter
lists sources in GALEX data that are variable within one visit. In
the case of multiple counterparts in one catalog, the closest one
was taken.

To obtain a spectral energy distribution (SED), we used the
VizieR photometry tool4. This provides all SED points from all
entries in the VizieR database (Ochsenbein et al. 2000). We
caution that the latter was done without specific checks on the
quality of these catalogs. Finally, we also queried whether spec-
tra from the Sloan Digital Sky Survey were available for each
source (Abdurro’uf et al. 2022).

2.4. Periodicity search

We performed a periodicity search using a Lomb-Scargle peri-
odogram (Lomb 1976; Scargle 1982) in the frequency range of

4 http://vizier.cds.unistra.fr/vizier/sed/doc/
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Table 2. Types of 1UVA counterparts in the SIMBAD database.

Group Type Description No.

AGN AGN Active Galaxy Nucleus 87
AGN BLL BL Lac 11
AGN Bla Blazar 2
AGN QSO Quasar 1620
AGN Sy1 Seyfert 1 Galaxy 127
AGN Sy2 Seyfert 2 Galaxy 2
AGN SyG Seyfert Galaxy 1
AGN rG Radio Galaxy 1
Binary ** Double or Multiple Star 2
Binary CV* Cataclysmic Binary 11
Binary EB* Eclipsing Binary 109
Binary No* Classical Nova 2
Binary SB* Spectroscopic Binary 9
Galaxy BiC Brightest Galaxy in a Cluster 2
Galaxy EmG Emission-line galaxy 2
Galaxy G Galaxy 62
Galaxy GiC Galaxy towards a Cluster 3
Galaxy GrG Group of Galaxies 2
Misc HII HII Region 1
Misc SN* Supernova 2
Star * Star 157
Star AB* Asymptotic Giant Branch Star 1
Star BS* Blue Straggler 1
Star BY* BY Dra Variable 1
Star Em* Emission-line Star 1
Star Er* Eruptive Variable 8
Star GlC Globular Cluster 1
Star HB* Horizontal Branch Star 5
Star Ir* Irregular Variable 2
Star LM* Low-mass Star 4
Star LP* Long-Period Variable 3
Star PM* High Proper Motion Star 20
Star Pe* Chemically Peculiar Star 1
Star Pu* Pulsating Variable 12
Star RG* Red Giant Branch star 2
Star RR* RR Lyrae Variable 203
Star Ro* Rotating Variable 5
Star TT* T Tauri Star 1
Star V* Variable Star 22
Star WD* White Dwarf 5
Star WV* Type II Cepheid Variable 1
Star Y*O Young Stellar Object 1
Star cC* Classical Cepheid Variable 2
Star dS* delta Sct Variable 4
Star s*b Blue Supergiant 1

found to be variable, although their SEDs do not indicate the
presence of any companion star. We subsequently go into more
detail on both findings in the following sections.

3.2. UV-variable stars

As can be seen in Table 2, many different stellar classes are
found to be UV-variable. As expected from previous studies,
the dominant class is RR Lyrae stars (Gezari et al. 2013).
Several other pulsating stars were also observed, such as pul-
sating variables, Cepheids, and Delta Scuti variables. Perhaps
more surprisingly, 20 high-proper-motion stars were found in the
sample.

Using the Gaia-DR3 associations, we constructed the
Hertzsprung-Russel (HR) diagram of the Gaia counterparts of
1UVA sources, shown in Fig. 6. The figure also shows the star
density for a random sample of Gaia sources. For both, we
applied the same quality cuts on the Gaia measurements; the
signal-to-noise ratios for both the blue and red filter photom-
etry, as well as the parallax measurements, all exceeded ten.
The fluxes of sources beyond 150 pc were corrected for dust
extinction using estimates from the low-resolution Gaia spectra
(Andrae et al. 2023). Only sources for which the latter extinction
estimate was available were included in the sample. In addi-
tion, sources were only included if they had an extinction in the
G band AG < 1. All sources within a distance of 150 pc were
included without correction for extinction, as we anticipated it to
have a minimal effect in the scenario AG . 0.02.

It is interesting to note that 1UVA sources are found through-
out the HR diagram, although there is a strong selection bias
toward bluer stars due to the UV selection of the sample. UV
variability seems to be ubiquitous for stars, regardless of whether
they are on the main sequence or in the horizontal branch. In the
former, a shift toward redder and brighter sources is seen for stars
with absolute magnitudes larger than approximately seven. This
is likely due to the fact that UV variable sources are generally
binary systems (Gaia Collaboration 2018). Finally, WDs were
also found in the sample.

3.3. UV-variable white dwarfs

White dwarfs are known to exhibit significant variability in the
UV spectrum when they have a stellar companion. The accretion
of matter from the companion star can lead to strong nova explo-
sions in cataclysmic variables (CVs Inight et al. 2023). Eleven
CV counterparts were indeed found for 1UVA sources in the
SIMBAD database (see Table 2). Time variability has also been
found for WDs with substellar companions; obscuration dur-
ing eclipses and the heating of the companion can cause flux
periodicity on timescales between a few hours and several days
(Hernández Santisteban et al. 2016; van Roestel et al. 2021).
On short timescales of ≈10 min, periodic UV variability has
been found for isolated WDs from their rotating photosphere in
so-called pulsators (Rowan et al. 2019).

We searched for isolated variable WDs among the 1UVA
sources. For this, we selected sources with counterparts clas-
sified as WDs at >90 % confidence in the Gaia-EDR3 WD
catalog. The properties of the four 1UVA counterpart sources
that passed these selection criteria are listed in Table 3. It should
be noted that this classification is more reliable than that of
the SIMBAD database used previously. Two sources that had
been classified as WDs in the SIMBAD database did show a
probability <35% of being a WD in the Gaia-EDR3 WD cata-
log (1UVA J234829.1−92500.3 and 1UVA J221409.9+05246.0).
These were therefore not included in this discussion.

The SEDs of these sources are shown in the left panels of
Fig. 7. No companion star is visible in any of the cases. To
emphasize this point, we included the SED of a putative dim
brown dwarf star companion in the SED in this figure. The
star was assumed to have a radius of 0.1 R⊙ and a tempera-
ture of 2700K. As evident, the measured fluxes are roughly one
order of magnitude lower than the anticipated stellar emission,
particularly in the infrared region.

The UV light curve of the four WDs is shown in the right
panels of Fig. 7. All of these exhibit variability. The timescale
of this variability must exceed the typical observation duration
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is in agreement with TP1 and TP2 within the accuracy of our
data’s time binning. We therefore interpret this as an indication
that the observed oscillations also manifest in the UV, at least
during certain intervals. To definitively address this question,
more sensitive UV observations with finer time resolution will
be required.

4. Summary and outlook

We present here the 1UVA source catalog of variable UV
sources. We describe a novel analysis pipeline, named VASCA,
designed for clustering and assessing sources identified in pho-
tometric data. Utilizing the VASCA pipeline on GALEX data,
we identified 4202 variable UV sources exhibiting variability
across timescales ranging from ≈30 min to several years. We
found a multi-frequency counterpart for 3655 of these sources.
As expected, AGNs comprises the majority of the source sample
in terms of numbers. Variable stars constitute the second largest
group.

We found that UV variability is ubiquitous in stellar objects,
including those not within binary systems; thus, UV-variable
stars are distributed across all regions of the HR diagram. We
then focused on WDs that are not in CV systems and found four
variable WDs. One of them, WD J004917.14−252556.81, is par-
ticularly interesting. This source has recently been found to be
the most massive WD with seismic periodic oscillations (Kilic
et al. 2023a). We found indications of these pulsations also in the
GALEX UV data. The observed UV variability from this source
is puzzling, leading us to speculate on several possible scenarios.

Due to its modular design and instrument independence,
VASCA can be applied to different surveys in the future. The
only requirement is the availability of photometric measure-
ments at the visit level prior to data co-addition. Such data
are expected to become available from the upcoming ULTRA-
SAT mission (Shvartzvald et al. 2024), the Vera Rubin telescope
(Ivezić et al. 2019), and the Cherenkov Telescope Array (Actis
et al. 2011) data. For future UV data, the 1UVA catalog offers
a long-term reference point for investigating UV flux variability
over several decades.

Finally, it should be pointed out that given the extensive data
within the 1UVA dataset, our current study could only concen-
trate on selected sources. We encourage the usage of the VASCA
code and the catalog data products for further studies.
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Appendix A: GALEX observations

0 100Nr. of visits
Fig. A.1. Number of visits with NUV exposure for each field considered in the 1UVA catalog. The sky map is shown in galactic coordinates in a
Mollweide projection.

10 210 1100101102103104
Period [day]

10 4 10 3 10 2 10 1 100 101 102

Frequency [1/day]

0

20000

40000

60000

80000

100000

Nr
. o

f e
nt

rie
s

Fig. A.2. Time difference distribution between all combinations of light-curve points for the 1UVA sources.
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Appendix B: VASCA processing flow
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Fig. B.1. Schematic of the VASCA processing flow.
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Appendix C: Catalog tables content

Table C.1. Columns of the “SOURCES” table of the 1UVA catalog.

Name Description Unit
SRC_NAME VASCA catalog source name
NR_DET Number of detections
RA Sky coordinate Right Ascension (J2000) degree
DEC Sky coordinate Declination (J2000) degree
POS_ERR Sky coordinate position error arcsec
POS_XV Sky position excess variance arcsec2

POS_VAR Sky position variance arcsec2

POS_CPVAL Sky position quality
POS_RCHIQ Sky position reduced chisquared of the constant mean
FLUX Flux density µJy
FLUX_ERR Flux density error µJy
FLUX_NXV Flux normalized excess variance
FLUX_VAR Flux variance 10−12 Jy2

FLUX_CPVAL Probability value for a constant flux from the chisquare test
FLUX_RCHIQ Flux reduced chisquared of the constant mean
COADD_SRC_ID Co-add source ID number
COADD_FFACTOR Source flux divided by flux of the associated co-add source
COADD_FDIFF_S2N Signal to noise of the flux difference
RG_SRC_ID Region source ID number
NR_FD_SRCS Number of field sources
HR Flux hardness ratio, only simultaneous detections considered
HR_ERR Flux hardness ratio error
OGRP_SIMBAD SIMBAD source type group in VASCA
OTYPE_SIMBAD SIMBAD source type
MAIN_ID_SIMBAD SIMBAD main ID
SOURCE_GAIADR3 Gaia DR3 source ID
WDJNAME_GAIAEDR3_WD Gaia-EDR3-WD object name
OBJID_GFCAT GFCAT object ID
LS_PEAK_PVAL LombScargle power probability value
LS_PEAK_FREQ LombScargle peak frequency d−1

Table C.2. Tables from the 1UVA catalog.

Name Description
SOURCES Properties of the 1UVA sources
DETECTIONS Properties of detections of 1UVA sources
FIELDS Properties of the analysed fields
VISITS Properties of the analysed visits
COADD_SOURCES Properties of the co-add sources
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