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Fig. 10. Cumulative number of alerts detected as a function of pub-
lication date. Changes in the alert rate correspond to changes and
improvements to AlertPipe, as described in this paper, which allowed
us to identify alerts more reliably. Grey line shows the cumulative num-
ber of classified alerts, reaching almost 25% of all alerts by the end of
2019 (see Sect. 3.2). Figure includes alerts published from the start of
operations until the end of December 2019.

alerted but were not published at that time (out of a total of 9969
alerts, i.e. 5.6%).

3. Results
3.1. Alert rate

The cumulative number of published alerts is shown in Fig. 10
and shows a number of distinct phases (indicated with different
colours in the figure):

— From September 2014 to June 2015: an initial commissioning
phase, spanning almost 300 days, where we published alerts
at a rate of about one event per day.

— From June 2015 to January 2016: a pause in publica-
tion, where we developed most of the filters discussed in
Sect. 2.7.1, to minimise the rate of spurious detections.
January 2016: restarting of operations for AlertPipe and
Alert publication. A density map was implemented to ignore
events arising in the most crowded regions of sky.

June 2016: following further improvements to the filters, and
removal of the density map restriction.
April 2018: eyeballing App introduced.

— May 2019: OldSourceSkew VonN detector introduced.
Figure 9 shows the magnitude distribution of alerts detected
and published by GSA. Some transients have alerting magni-
tudes fainter than G = 19, our nominal threshold for detection.
This can happen for a number of reasons: (1) the first detection
of a brightening source is fainter than G = 19, but subsequent
measurements are brighter, (2) a source which was previously
brighter than G = 19, fades, (3) in earlier phases of operations
we allowed publications of fainter transients.

3.2. Alerts as a function of class

A long-standing problem with transient surveys is the rate of
classification compared to the (usually much higher) rate of
discovery. For GSA we see that almost 25% of alerts discovered
up to the end of 2019 were classified. These classifications were
obtained from numerous sources (including Simbad, ADS, TNS,
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Fig. 11. Distribution of the most common classifications for alerts from
GSA. As discussed in the text, there is strong bias in the rate of follow-
up and classification in favour of events which look like supernovae or
other extragalactic transients.

and Astronomical Telegrams as described in Sect. 2.8) and may
well be incomplete. The majority of classifications were obtained
spectroscopically (and are dominated by SNe). However in the
case of microlensing events, a classification could be derived
from modelling of the lightcurve alone. An analysis of all events
reported to the Transient Name Server in 2019 (Kulkarni 2020),
showed that only around 10% of events were classified. This is
typically limited by access to ground-based facilities, where the
problem scales with magnitude as shown in Fig. 4 of Kulkarni
(2020), that is fainter objects are less frequently classified
(although they also note that there is a bright tail of events, dom-
inated by GSA, which remain unclassified and are likely stellar
in origin). This is supported by Fig. 14, but see also Sect. 4.1.

For the classified GSA alerts, Fig. 11 shows the most com-
mon transient classes. We see that supernovae are dominant
amongst classified alerts, followed by AGN (this includes QSOs
and BL Lac objects) and then CVs. A full list of these broad
classifications is given in Table 2, and some illustrative exam-
ple lightcurves for eight different classified alerts are shown in
Fig. 12.

A large fraction of the classifications come from ded-
icated spectroscopic programmes such as PESSTO (Smartt
et al. 2015) and Spectral Energy Distribution Machine (SEDM,
Blagorodnova et al. 2018), and therefore they are heavily biased
towards supernova discovery by design. Consequently, the class
fractions derived from these classifications are not representative
of the entire sample of GSA events.

3.3. Spatial distribution

In Fig. 13, we show 9969 Gaia alerts published from obser-
vations made between 11 June 2016 and 31 December 2019
inclusive. We compare the distribution on the sky (in Galactic
coordinates) with three other ongoing transient surveys for
the same time range: ASAS-SN (3120 events), Pan-STARRS1
(15086 events), and ATLAS (7804 events). We note a number of
interesting features in the distributions. Firstly, only the Gaia and
ASAS-SN surveys sample the Galactic plane, while the major-
ity of surveys, including Pan-STARRS1 and ATLAS avoid this
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Fig. 12. Gaia lightcurves for eight alerts spanning a range of classes. Top row: type II supernova, cataclysmic variable, active galactic nucleus,
nova. Bottom row: R CrB star, microlensing event, tidal disruption event, young stellar object. The red vertical line illustrates the alerting transit for
the event. The y-axis gives the Gaia magnitude, and the shared x-axis spans mid-2015 to mid-2021.

Table 2. GSA classifications by number and percentage (of classified
alerts).

Class Number % of Classified
SN 2019 59.0
AGN 717 20.1
CV 442 12.4
YSO 125 35
Star 55 1.5
Microlensing 37 1.0
Nova 29 0.8
SLSN 22 0.6
TDE 9 0.2
R CrB 9 0.2
XRB 8 0.2
Symbiotic 7 0.2
SN Impostor 3 0.1
SSO 2 0.1

crowded region. Secondly, only ASAS-SN and GSA are all-sky
surveys, the others are based on data taken from a single ground-
based observatory, and thus miss a significant fraction of the
southern hemisphere. Finally we note that Gaia sees an excess
of events in the Galactic plane which is not seen by ASAS-
SN, perhaps because the latter uses bluer filters (which will be
more affected by extinction), is shallower, and has lower spatial
resolution.

The overdensity in the plane is further explored in Fig. 14
which shows in two panels the distribution of classified and
unclassified Gaia alerts. The classified and unclassified alerts
are anti-correlated with Galactic latitude. This is perhaps unsur-
prising, as the main follow-up campaigns (e.g. PESSTO, NUTS)
are focused on extragalactic events (such as supernovae and tidal
disruption flares), and so avoid the plane by design. We can infer
from this that the majority of unclassified alerts are Galactic
in origin, and thus the statistics presented in Table 2 are not
reflective of the true breakdown of the GSA transient classes.

Gaia . ASAS-SN

-75°

Fig. 13. Survey coverage for GSA (top-left), compared to three other
transient surveys: ASAS-SN (top-right), ATLAS (bottom-right) and
PanSTARRS (bottom-left). Data are presented in Galactic coordinates,
with the centre of the Galaxy at the centre of each figure. Transients
were all compiled using our local database as described in Sect. 2.8,
and reported during the date range June 11 2016 to December 31 2019
inclusive.

3.4. Astrometry

As discussed in Sect. 2 GSA uses astrometry derived by IDT.
Previously, Wevers et al. (2019) has shown that the median sep-
aration between the Gaia alert coordinates and Gaia DR2 is
62 milliarcsec (with a standard deviation of 40 milliarcsec). We
independently compared the per-transit RA and Dec positions
for 10461 distinct alerts comprising just over 240 000 individual
transits, measured between 15 January 2016 and 31 December
2019, with the positions published in Gaia DR2. We find the
separations between the two coordinate systems are reasonably
well described by a Rayleigh Distribution, albeit with a slight
excess in the tail to larger separations, presumably arising from
systematic differences between the actual and predicted Gaia
spacecraft attitude (i.e. consistent with spacecraft hits, Fabricius
et al. 2016). The best fit model results in an average offset of
55 milliarcsec, with no dependency on magnitude.
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Classified

Unclassified

Fig. 14. Distribution on the sky for classified (upper panel) and unclas-
sified (lower panel) alerts. The map is in Galactic coordinates, using
a HEALpix grid with a resolution of about 1.8° (level 5, NSIDE=32,
12288 pixels), and has been lightly smoothed.

We also note that Yaron et al. (2019) compared the tran-
sient positions between published Gaia alerts and a number of
surveys, finding the following median separations (amongst oth-
ers): Gaia—ZTF: 0.12 arcsec; Gaia—Pan-STARRSI1: 0.12 arcsec;
Gaia—ASAS-SN: 1.17 arcsec.

They conclude that GSA astrometric measurements will be
treated as ground truth, which is to say that the TNS coordinates
will be updated to the Gaia positions if and when published.

3.5. Photometry

All transit photometry is calibrated on-the-fly via a database
function. The parameters used by the function are derived from
the Photometric One Day Calibration (PODC, see Appendix B),
and are generated with a one-day cadence. The operation to build
the calibration is run roughly monthly, thus at the time of alert,
the calibration can be a month out of date (and sometimes more).

To test the precision of PODC, we selected a random sample
of 184 000 sources which lie in the SDSS DR7 footprint (avoid-
ing the most crowded regions of the Galactic plane). We required
the sources to have a minimum of 10 Gaia field-of-view transits,
and we used the median of the per-CCD PODC calibrated fluxes
as the per-transit CCD flux. We used the standard deviation of
multiple transits for a source as a measurement of the preci-
sion of a single Gaia transit in the Alerts system. In Fig. 15 we
show that the precision reaches 1% for sources around G = 13,
falling to around 10% near the limit of the survey (G = 20). Most
alerting sources must reach G = 19, where the median standard
deviation is 0.031 mag.
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Fig. 15. Standard deviation of the PODC per-transit photometry (in
magnitudes), as a function of Gaia DR2 magnitude. We overlay a
fourth-order polynomial model, fit to the median standard deviation as
a function of Gpg, magnitude.

We note the features (steps) at G = 13 and at G = 16, which
are consistent with changes to the window-class (see Appendix B
for more details). Sources which can swap window class between
observations will end up with additional scatter in their photome-
try, because PODC does not attempt to homogenise the different
calibration units. As an approximation, we fitted a model to the
median standard deviation versus magnitude:

STD =3.44 —0.879G + 0.084G> — 0.0036G"> + 0.00006G*, (2)

where G is from DR2, and the model is valid only for the
range 13 < G < 21. For brighter sources, we suggest using a
conservative value of 0.02 mag. Discussion on the accuracy
of the PODC calibration, and comparison with Gaia DR2 is
included in Appendix B.

3.6. Transient variability in the Hertzsprung—Russell diagram

GSA has a unique feature among other transient surveys: in
addition to the G-magnitude, each datapoint (transit) in a Gaia
transient lightcurve has simultaneous broad-band colour infor-
mation delivered by the red and blue photometers. Although this
colour is essentially uncalibrated for GSA (i.e. derived from the
raw pixel samples), it can nevertheless be used to trace the colour
evolution of transients as they evolve over time.

Unlike the Gaia colours released as part of DR2, at the
moment of processing GSA does not have available all the
necessary information to accurately calibrate the BP/RP mea-
surements (either in wavelength or in flux). For DR2, this
calibration was derived from a large sample of spectrophotomet-
ric standard stars within a narrow spectral range, to accurately
assess and correct for the relevant distortions (Evans et al. 2018).
Here we used uncalibrated colours derived by integrating the raw
BP and RP spectra, uncorrected for any throughput variations or
wavelength offsets that may have been present. Although this is
an approximation, we show that the raw BP-RP colour provides
a reasonable assessment of the transient properties.

In order to mitigate the effects of cosmic rays, charge injec-
tions and other artefacts that artificially distort the colour, we
used a 3 o outlier rejection in the sample values of the spectra
before we computed the integrated fluxes. Although this some-
times removed real features in exceptionally strong emission line
sources, it significantly improved the overall consistency of the
BP-RP colour. For a higher degree of consistency, we performed
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Fig. 16. Left: colour-magnitude diagram of Gaia DR2 counterparts to
Gaia Alerts (stars), overlaid on a clean 100 pc sample (grey background)
to illustrate the position relative to the main and white dwarf sequences.
We colour-code CVs as blue and YSOs as red. Right: probability map
of a binary SVM classifier (see text). Blue regions indicate CV param-
eter space, red regions YSOs. The white line is the decision boundary;
training samples are shown as coloured stars, while new classifications
(with P > 0.95) are shown as magenta/pink circles.

amedian colour correction such that it agreed with the Gaia DR2
colour.

For those alerts that have a parallax measurement in Gaia
DR2 (which are therefore necessarily restricted to Galactic
sources), these observed quantities can be combined to trace
their evolution in a colour magnitude diagram (CMD). We used
the distance estimates of Bailer-Jones et al. (2018) to calculate
the absolute magnitude. Figure 16 shows the sample of CVs and
YSOs to illustrate the typical parameter space covered in the
CMD. Here, we show the average DR2 colour of each, which
already illustrates that while YSOs and CVs might be discrimi-
nated by colour to zeroth order, more information (e.g. parallax)
is required to provide an accurate separation of the two classes.
No correction was made for reddening.

To illustrate the power of colour as well as parallax infor-
mation, we created a binary classifier using a support vector
machine (SVM). We used the standard radial basis function
(RBF) kernel in the SCIKIT-LEARN package in Python. Prob-
abilistic output was obtained through 5-fold cross-validation.
We used the classified sources as a training set and predicted
classifications for 1815 unknown alerts that have a counterpart
in DR2. Because we used DR2 colours and absolute magni-
tudes, the results should be valid more broadly for transients
with a DR2 counterpart discovered by other surveys as well. The
results are visualised in Fig. 16, where the colour map traces the
(binary) classification probability. Blue regions indicate param-
eter space covered by CVs, while red regions indicate parameter
space inhabited by YSOs. The white line indicates the decision
boundary between the classes. We overplot a subset of newly
classified sources as magenta circles to illustrate the high con-
fidence (probability P > 0.95) parameter space for each class.
Using this simple algorithm, we classify 638 sources as CVs for
P > 0.95, while 202 new YSOs are classified. We include a table
of these newly classified objects at the CDS'?. The remainder of
the 1815 alerts were not classified with high enough confidence
to be included. We caution that this is a very simplistic classi-
fier which uses only the magnitude, colour and parallax of the
transients, to show where CVs and YSOs are most likely to be
found. Since the colour is available for all our transients, it is a

13 The table of classified CVs and YSOs is available at the CDS, and
contains the following information. Col. 1: name of the Gaia alert,
Col. 2: Gaia DR2 sourceld, Col. 3: Ra, Col. 4: Dec, Col. 5: parallax,
Col. 6: parallax error, Col. 7: G-band magnitude, Col. 8: BP-RP colour,
Col. 9: classification.
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Fig. 17. Colour-magnitude diagram showing the colours per epoch
derived from Gaia Alerts spectro-photometry, to show the evolution of
a selected subsample of sources through the HRD. Orange filled circles
mark the beginning of the lightcurve.

very useful parameter, but the classification will not be perfect.
This classifier also only considers two types of objects, so the list
may be contaminated with a small number of other objects such
as flare stars, variable stars or QSOs. Future Gaia data releases,
based on more observations, will remove the apparent parallaxes
of QSOs included in GDR2.

Another application of the alert colour information is demon-
strated in Fig. 17, where we show a subsample of sources and
follow their evolution through the diagram as their properties
vary in time. A similar figure is shown in Fig. 11 of Gaia
Collaboration (2019), which includes a large sample of periodic
and non-periodic variables. We have colour coded sources by
classification. Note that some sources show a large spread in
BP-RP, indicating that our simple data curation may be insuf-
ficient, and a proper spectral calibration is required for more
detailed analysis; fully calibrated epoch BP and RP spectra will
be released in DR4. Nevertheless, we note that CVs and XRBs
have bluer colours in outburst, as expected. We can also see the
reddening of emission that occurs in novae between 10 and 100
days post-peak (e.g. Hachisu & Kato 2014), when the wind ejecta
expands while the photosphere recedes.

4. Discussion
4.1. Purity

We would like to assess the fraction of the published alerts which
are astrophysically real and not due to an artefact or systematic
effect in the Gaia data. We define this fraction as the purity of
our published alerts. While purity is not a quantity frequently
reported by surveys, it is important in the context of any popula-
tion studies based on the survey as well as telescope time spent
in the follow up of alerts. As in the rest of this paper we con-
sider those published alerts which were originally detected in
or between IDT runs 1046 and 4724 (the last run of 2019, see
Sect. 1).

Firstly, we examined how many of our published alerts had
been observed by another transient survey, using the Transient
Name Server (TNS). This could be either before or after it was
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Fig. 18. Minimum purity of the published alert stream as a function
of Galactic latitude (see text for details). The behaviour as a function
of Galactic latitude may be understood by considering the coverage of
other transient surveys which generally avoid the plane, are not full sky
and are biased towards northern skies (ASAS-SN is the only other all
sky transient survey). Additionally, very few alerts towards the Galac-
tic plane are followed up. The hatched regions show ranges in Galactic
latitudes which are used in the purity analysis (Sects. 4.1.1 and 4.1.3).
The horizontal hatched region contains 1661 published alerts and has
an overall minimum purity of 0.69. The diagonal hatched region cover-
ing +8 degrees around the Galactic plane contains 1628 published alerts
and has an overall minimum purity of 0.09.

discovered by Gaia. Given that a different survey should not be
subject to the same artefacts, we can reliably class these alerts as
astrophysically real. Additionally, we consider all alerts which
have an ATEL or a spectroscopic classification to be real. The
fraction of our published alerts which are real based on this
analysis is 0.44. This gives an indication of the minimum level
of purity in our sample, as not all alerts were followed up (i.e.
had an ATEL or were classified) and most of the other transient
surveys are not full sky (with the exception of ASAS-SN).

4.1.1. Purity: dependence on Galactic latitude

Figure 18 shows a strong dependence of the minimum purity
level on Galactic latitude. This does not mean however, that
our alerts are unreliable in the plane, but rather highlights the
absence of coverage by other surveys, as shown in Fig. 13'%, and
a low rate of follow-up.

Figure 18 also shows a bias towards northern skies. The
purity for positive Galactic latitudes appears higher than for neg-
atives ones, as the majority of ground-based transient survey are
based at northern latitudes. A strong dependence on the mag-
nitude of the alert was also found, which is again unsurprising
as brighter alerts are more likely to be followed up. It is worth
noting that for » > 40° and Gpae < 17 the fraction of our alerts
confirmed by ancillary data is 0.93.

4.1.2. Purity: investigation of alert environment

As described in Sect. 2.7 the majority of the causes of spurious
alerts were found to be due to environmental effects. Therefore,
we chose to study the environment in the vicinity of all the pub-
lished alerts out to a larger angular separation distance than is
possible (due to CPU and timely operation constraints) in our

4 To see the coverage footprints of the other surveys in TNS go to
https://www.wis-tns.org/stats-maps/maps
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normal processing. The results of our analysis, aimed to detect
possible differences between alerts with and without a confirma-
tion in ancillary data, is shown in Fig. 19. Here, we accumulated
the relative locations in the AL and AC directions at the time
of the alert, of any neighbouring sources in the vicinity out to
an angular separation of 2’. In the absence of any environmen-
tal effects we should expect a uniform distribution of sources
around the location of the alerts. However, this is not what is
seen in Fig. 19 where we see an excess in the number of sources
at narrow angular separations from the alert. While also visible
for the unconfirmed alerts, this excess is more pronounced for
the confirmed alerts meaning this environmental effect must be
due to the nature of the alerts themselves rather than a spurious
detection caused by an environmental effect.

4.1.3. Purity: NewSource versus OldSource alerts

In an effort to understand this, these plots were regenerated, but
this time the alerts were divided between NewSource and Old-
Source alerts. These are shown in Fig. 20, where we see that
this excess is barely visible for OldSource alerts while being
clearly visible for NewSource alerts. In addition, in Fig. 20, we
plot histograms of the number of sources as a function of angu-
lar separation out to 20” to more easily see the location of the
excess. As the majority of the NewSource alerts are SNe, the
reason for the excess becomes clear; these are sources associ-
ated with the host galaxy. The angular extent of many galaxies is
such that the on-board detection may record multiple detections
at various regions of brighter emission in the galaxy. It is these
sources which are being found by the environmental search, and
that result in the excess at narrow angular separations. As evi-
denced by Fig. 20, OldSource alerts are not completely immune
to this effect as SNe are occasionally detected via the OldSource
route as a brightening of a previously observed source associ-
ated with a galaxy. This also explains the difference in the size
of this effect between the confirmed and unconfirmed alerts in
Fig. 19 as more SNe are followed-up and hence classified than
other classes of transients leading to the more pronounced excess
for the confirmed alerts.

Importantly, this demonstrates the effectiveness of this tech-
nique, of searching in the vicinity of all the published alerts and
accumulating their neighbouring sources as a function of their
AL and AC positions at the time of the alert. It also demonstrates
that there are no other visible environment effects. As an addi-
tional check we reproduced the plots of accumulated sources in
the AL and AC directions for the alerts in the horizontal hatched
and diagonal hatched regions in Fig. 18, corresponding to high
(b > 40°) and low (|b| < 8°) Galactic latitude regions. We find
a completely uniform distribution of sources at low Galactic
latitudes and that the excess is caused by the host galaxies at
high Galactic latitudes. Finally, we split the alerts based on their
magnitude at the time of detection, and see essentially the same
behaviour for the bright and faint alerts.

4.1.4. Purity: summary

It is now possible to conclude that we find absolutely no evi-
dence for any remaining environmentally induced spurious alerts
in our sample of published alerts. There is no evidence that the
published alerts in the Galactic plane are any less reliable than
those at higher Galactic latitudes, nor that fainter alerts are any
less reliable than brighter ones. We conclude that the overall
purity of our published alerts is comparable to the subset where
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Fig. 19. Number of neighbouring sources within 2’ of each published alert in the AL and AC directions at the time of the alert, accumulated for all
alerts which are confirmed by ancillary data (leff), and for the remaining alerts (right). Note that all sources within 0.2 of the alert positions are
excluded as they are deemed to belong to the alerts themselves. The distribution of sources around the alerts shows no excess in the AL and AC
directions, as might be expected were there some residual contamination due to the PSF spikes of bright stars causing false detections. There is an
excess in the number of sources at very close angular separations, but this is more pronounced for the confirmed alerts than those which are not

confirmed by ancillary data.
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Fig. 20. Top: number of neighbouring sources within 2" of each published alert in the AL and AC directions at the time of the alert, accumulated
for all NewSource alerts (leff), and for all OldSource alerts (right). Again all sources within 0.2” of the alert positions are excluded as they are
deemed to belong to the alerts themselves. Botfom: number of neighbouring sources as a function of angular separation out to 20" around the
published alert, accumulated for all NewSource alerts (left), and for all OldSource alerts (right). The red dashed line is the expectation for the
number of sources based on the assumption of the same number of sources per unit area. Here we can see that the excess in the number of sources
at very close angular separations, is much more pronounced for NewSource alerts than for OldSource alerts. The range of angular separations in
which there is an excess in the number of neighbouring source is more clearly seen in the bottom panels. A small excess is still visible around 2.5”

for OldSource alerts.
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b > 40° and Gy,e < 17, and the fraction of our alerts confirmed
by ancillary data is 0.93.

4.2. Completeness

Completeness of a transient survey is a simple concept, but is
hard to measure in practice. To be able to measure event rates, it
is important to understand what fraction of transients we miss.
We have demonstrated that GSA is a transient survey with high
purity, however we may expect this to come at the price of
completeness.

To quantify this, we have considered a sample of reasonably
long lived, bright and well understood transients which Gaia has
had a good chance of detecting. Of course, we have imperfect
knowledge of what the Universe really looks like, and compar-
isons with external transient surveys can only be as complete
as the reference material. We also comment that this approach
says little about Gaia’s completeness to short-lived transient
events such as outbursts from Cataclysmic Variables, or flares
from M dwarfs. These more complex selection functions are not
considered in this paper.

For our completeness study we use TNS as a starting point,
which also records spectroscopic classifications for significant
numbers of SNe. From 11 July 2016 until 31 December 2019, a
period through which GSA has been operating in a stable mode,
there were a total of 5367 classified SNe reported to TNS across
all magnitudes. We restrict ourselves to a subset of 2826 SNe
to which GSA should be sensitive, with a reported magnitude
of m = 19 or brighter, noting that these come from a large vari-
ety of independent transient surveys, with observations made in
different photometric systems.

From this set, we note that 1314 were observed and reported
by GSA (379 were reported first by GSA, 39%). A small number
of GSA detections (six) came through our salvaging process (see
Sect. 2.7.7), the rest were entirely independent detections. It may
be that GSA would have detected them following another scan,
however in this analysis we consider them to be non-detections
by Gaia, to be as conservative as possible. Our overall external
completeness Cg = 1308/2826 = 0.46.

4.2.1. Completeness: scanning law

We expect that the largest contributor to the GSA missing events
will be the requirement to have two detections from distinct
fields-of-view, and separated by less than 40 days. Figure 21
shows the distribution in the number of scans by Gaia of the
selected 2826 SNe within 40 days of the event notification date,
for both the events detected and missed by GSA. This figure sup-
ports our expectations, and shows that the internal completeness
Cy = 0.57 where we have exactly two scans. The median com-
pleteness for N(scans) >2 is 0.8, implying that the Gaia scanning
law, and the need to minimise the false alarm rate, dominates
the completeness of GSA. For all subsequent analysis, we only
include SNe for which there are at least two Gaia scans within
40 days of the trigger. A total of 1073 SNe were detected in this
subset, and 491 were not, thus our overall internal completeness
C1 = 0.69 on average.

4.2.2. Completeness: magnitude

Figure 22 shows the dependence of GSA detection on SN magni-
tude. The apparent incompleteness for bright SNe is dominated
by small number statistics. Moving towards fainter magnitudes,
there does seem to be a roll-off in the completeness which falls
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Fig. 21. Main panel: histograms of the numbers of SNe reported to
TNS between 11 July 2016 and 31 December 2019, as a function of the
number of times Gaia scanned the location of the event from the date
of detection of the event until 40 days after. The histograms are divided
into two samples: blue independently detected and published by GSA,
red not detected and published by GSA. Upper panel: fraction of the
total number detected by GSA. Note that some of the SNe were first
detected by Gaia more than 40 days after the event was reported to
TNS, thus the N(scans) = 0, 1 bins are occupied.
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Fig. 22. Completeness as a function of magnitude for SNe with 2 or
more Gaia scans. Main panel: histograms are divided into two samples:
blue independently detected and published by GSA, red not detected and
published by GSA. Upper panel: fraction of the total number detected
by GSA.

from 0.75 (+0.08, G = 16-17) at peak, to 0.60 (+0.03, G = 18-
19). This may be in part due to the distinct filters used by the
surveys, but also because the SNe, in some cases, may already
be declining at the time of announcement.

4.2.3. Completeness: nuclear events

Finally, we explored completeness versus separation from the
host galaxy, and this is shown in Fig. 23. The sample of ‘host’
galaxies was created by cross-matching the coordinates of the
SN sample (again only those with >2 scans are considered)
against the 2MASS extended source list. There is a cluster of
datapoints at separations larger than ~30” at the bottom-right
of Fig. 23. These are possibly mismatches and suggestive of
incompleteness in the galaxy sample. There is also a very clear
deficit of GSA SN discoveries within 3" of the centre of galaxies
(between 3" and 80" the average completeness is 0.79). A simi-
lar deficit has previously been ascribed (at least in part) to source
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Fig. 23. Main panel: 2MASS ‘host’ galaxy magnitude (K-band) ver-
sus distance to SN (arcseconds) for those events published by GSA (in
blue), and those missed (in red). Upper panel: completeness as a func-
tion of separation. We also note the likely incorrect host identification
for separations greater than 30”.

confusion in the cross-match phase of IDT for transients in the
centres of galaxies. Kostrzewa-Rutkowska et al. (2018) found
that around 45% of nuclear transients were missed by GSA for
this reason. Our completeness for SNe appears to be even lower
than this in the nuclear region (though note the significant error
bars). Our result also contrasts with simulations (Blagorodnova
et al. 2016), which predicted that 90% of SNe would be resolved
from their host galaxies by Gaia, and detected as NewSources
for separations larger than 0.3”, provided that the magnitude of
the SN is comparable to the galaxy’s bulge.

It is also worth comparing these results to the discussion on
purity in Sect. 4.1. Particularly in the bottom left-hand panel of
Fig. 20 we can see a significant excess of NewSources associated
with neighbours. This is presumably dominated by SNe associ-
ated with galaxies, although there is likely a contribution from
Cataclysmic Variables in crowded environments (the Galactic
plane). This excess falls sharply at close separations, around 17,
indicative of a reduction in the sensitivity of the NewSource
detector to complex environments.

5. Summary

In this paper, we have described the Gaia Photometric Science
Alerts system covering the first 5 yr of operations. Our ingestion
and processing system handles upwards of 60 million transits
per day, searching for new sources, and sources which change
significantly in brightness (both upwards and downwards). The
flux-change detectors work with the lightcurves, and thus are
sensitive not only to sudden changes in brightness, but also to
slowly varying sources.

A series of (mostly environmental) filters is applied to reduce
the detection rate from a few thousand provisional candidates
to a shortlist of several tens of events per day. These checks
also identify likely long-period variables (such as Miras) and
known Solar System objects. Surviving candidates are subjected
to human scrutiny before being published via our Alerts Website,
TNS discovery reports and VOEvents.

When an alert is published, all available internally calibrated
Gaia G band photometry, and uncalibrated BP/RP spectra, of
that object becomes public. This includes subsequent measure-
ments of the same object, with the data added to the alert
webpages when processed.

We currently publish alerts at a rate of approximately
12 events day~!, and almost 25% of them are ultimately clas-
sified. The published classifications are dominated by SNe, but
we show that this is biased by the extensive supernova follow-
up campaigns. The bulk of our unclassified alerts reside in the
Galactic plane, and are therefore likely to be Galactic in origin.
As an experiment, we built a simple probabilistic alert classifier
using uncalibrated BP-RP colour and Gaia DR2 parallax (where
available), leading to the identification of 638 new candidate
CVs and 202 new candidates YSOs. We also show that per-
transit data (G-band and uncalibrated BP and RP colours) for
alerting sources with available DR2 parallaxes can be used to
trace the evolution of the transient’s position in the colour-
magnitude diagram, revealing its nature without the need for
spectroscopic confirmation.

We investigated the astrometry of GSA and showed that the
accuracy of individual alert detections is 55 milliarcsec when
compared to Gaia DR2, and is independent of source magnitude.
The photometry of our alerts has a precision of 1% for sources
around G = 13, falling to around 10% at G = 20.7. Most alerting
sources must reach G = 19, where the median standard deviation
is 0.031 mag.

GSA suffers very low levels of contamination from false
positives. We showed that the minimum purity of the sur-
vey in uncrowded regions for sources with G < 17 is 93%.
Ancillary data is harder to find in the Galactic plane, and for
fainter sources, but we find no evidence of additional sources of
contamination at faint magnitudes, or in crowded regions.

We also investigated the completeness of the survey, by com-
paring Gaia discoveries to classified supernovae published via
TNS (across all sub-types). We measure an overall completeness
of 46%, and find that the Gaia scanning law, combined with our
requirement for two Gaia detections, dominates our ability to
detect a supernova. Our completeness for supernovae with two
or more scans is 79%, unless within 3 arcsec of the nucleus of
the host galaxy, where it drops significantly.

Finally, we note that a total of 2612 alerts spanning obser-
vations taken between 25 July 2014 and 28 May 2017 will be
included in Gaia DR3 in a supplementary table.
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Appendix A: Cyclic processing and catalogue
changes

Cyclic processing is a reprocessing of all the Gaia data that
occurs between IDT processing and the main data releases. It
includes some of the same kinds of processing as IDT (but there
are also many additional activities), but at greater leisure and
with more computationally-expensive algorithms. In particular,
cyclic processing repeats and revises the mapping of transits to
sources, using an improved spatial cross-match with improved
astrometry (see Torra et al. 2021). Cyclic processing happens
long after GSA transients have been raised and published from a
given set of observations. The published alerts are not revised to
reflect changes to flux measurement.

Of necessity, alerts processing uses IDT’s working source-
catalogue to build the lightcurves. Periodically (on exactly two
occasions up to the end of 2020) IDT changes its working cat-
alogue to the most-recent cyclic catalogue. To accommodate
this, the alerts database has to be updated to the new catalogue,
such that old and new observations may still be combined into
lightcurves.

There is never a one-to-one mapping between the old and
new working catalogues: cyclic processing uses an improved
astrometric solution, which can result in splits and mergers of
IDT’s sources to best fit a new clustering analysis of the sky
(see Torra et al. 2021). And importantly for GSA, a magnitude
criterion was employed in the clustering algorithm to help dis-
entangle valid and spurious detections into different clusters.
This means that transits forming a lightcurve of a published alert
could end up assigned to different sources in the new catalogue,
especially for a highly variable (e.g. transient) source, where the
bright and faint parts of a lightcurve may appear in the catalogue
as distinct sources. An additional algorithm was later added to
the cyclic processing in an attempt to improve matching for these
variable sources.

When IDT’s working catalogue is updated, then we map the
transits of published alerts to their new sourcelds (if they have
changed). Where the update results in multiple sourcelds associ-
ated with a single alert, the alert lightcurve is visually inspected
including all positionally coincident transits, and if necessary
additional sourcelds are assigned to the published alert (these are
called mixed-in sources). In this event the published lightcurve
will be updated with future transits belonging to any of the
sources assigned to the published alert.

Appendix B: Photometric one day calibration

In GSA we store raw IDT fluxes in the database, and calibrate
all transit photometry on-the-fly via a database function. The
parameters used by the function are derived from the Photo-
metric One Day Calibration (PODC). PODC is generated on an
approximately monthly timescale by DPCI, but with a one-day
cadence. Thus the GSA photometric calibration is always out-
of-date, and relies on the generally stable and slowly varying
throughput of the Gaia instruments. The PODC calibration is
a simplified and non-iterative version of the calibration applied
by DPCI for the production of the main Gaia data releases. We
also note that PODC does not include a link calibration (Evans
et al. 2018) to bring the distinct Gaia instrument configurations
(gates and window classes) into agreement. Finally, although the
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PODC calibration includes colour terms, we decided to neglect
these in implementation. This is because there are significant
numbers of transits of alerting sources where we are missing
BP and/or RP photometry (sometimes these data are delivered
later). In Fig. B.1 we show the time evolution of the PODC
derived calibration factors for the 110 calibration units corre-
sponding to the ungated windows for the faintest sources (fainter
than Gy ~ 16).

We compared the PODC calibration to the iterative Gaia
DR2 G-band calibration (Evans et al. 2018; Riello et al. 2018)
for a set of 184 000 sources, which have been randomly selected
to lie in the SDSS DR?7 footprint (this avoids the most crowded
regions of the Galactic plane). We required the sources to have
a minimum of 10 Gaia field-of-view transits, and we use the
median of the per-CCD PODC calibrated fluxes as representative
of the per-transit CCD flux. Because PODC was initialised twice,
with two distinct magnitude zeropoints, we apply these internal
zeropoints to transform from fluxes to magnitudes. For the DR2
fluxes we use the revised photometric zeropoints'> published in
March 2018.

Some striking features can be seen in the difference between
the PODC and the DR2 photometry (see Fig. B.2). The first
is that there are two discontinuities (at the few percent level)
at G(DR2)~ 13 and G(DR2) ~ 16. These both correspond to
changes in the on-board window class allocated to a source, thus
the size and binning of the readout window (de Bruijne et al.
2015). At G = 13 the window changes from 2D (for brighter
sources) to 1D (window Class = 1), while at G = 16 the 1D win-
dow changes size from 18 to 12 pixels Along Scan (window
Class =2). These steps are best explained by the lack of a link
calibration in PODC (see earlier).

The second feature visible in Fig. B.2 is a clear non-linear
trend between offset and magnitude for sources fainter than
G = 16. The model overlaid on the figure is a fit to the median
offset between PODC and DR2 in discrete magnitude bins, rang-
ing from +0.05 at G = 16.2 to —0.025 at G = 20.4. We use a
quadratic model fitted to the magnitude term:
Gpopc — Gprz = —0.69 + 0.094GpRr, — 0.0036123R2 (B.1)
shown as a dashed red line in the same figure. It is not clear
where this apparent non-linearity arises, but we note that Gaia
DR2 takes Intermediate Data Update fluxes as input, which have
improved image parameter determination upon that implemented
in IDT, as well as a better PSF/LSF model, better background
treatment and other improvements (see Lindegren et al. 2018).

The third feature of note in Fig. B.2 is the large scatter in
Gropc — Gpro at any G(DR2), and the sequence actually looks
bimodal beyond G(DR2) ~ 17. In order to test the hypothesis that
this is a colour effect (because we excluded the colour-term in
our implementation of PODC), we show the residuals from the
model for sources fainter than G = 16 in Fig. B.3. Indeed, there
is a significant linear trend with BP-RP which explains most of
the observed scatter. For completeness, the model fit to the data
shown in the figure leads to an updated version of Eq. (B.1), such
that:

Gronc — Gpra = —0.67 +0.094Gpry —0.003G2, —0.015(BP - RP)
(B.2)

5 https://www.cosmos.esa.int/web/gaia/iow_20180316
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September 2017. Insert lower right: close-up of the more typical stable behaviour of the calibration factor derived by PODC. We note the jump
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transits for inclusion, and were selected to have overlaps with the SDSS
footprint, hence avoiding regions of low Galactic latitude and high
extinction. A simple quadratic model (shown as a dashed red line) shows
the residual magnitude dependence for sources fainter than G = 16.
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Appendix C: Computing arrangements

The alerts cluster is co-located with, but distinct from, DPCI.
Our cluster is built around a large, PostgreSQL Relational
Database Management System (RDBMS). A dedicated, 32-core
server holds the primary copies of the databases and an identi-
cal machine holds a secondary, read-only copy of each database,
kept current by synchronous replication. These replica databases
were originally installed as protection against data loss, a role
that has never been exercised. They now serve to increase per-
formance by spreading the query load across two servers. Each
database server has 176 TB of bulk-data space, arranged as a
RAID 6. The alerts computers are interconnected, and connected
to DPCI, by an Infiniband network.

The alerts pipeline is divided into: a batch application for
ingestion of data, and primary data-reduction; a batch applica-
tion for filtering of candidate alerts; a web application for human
assessment of candidates surviving automatic filtering; and fur-
ther web-applications for publishing selected alerts. The data
reduction application, which handles the greatest volume of data
in each run, is assigned its own 64-core server. An identical
server is held in readiness to take over should the first one fail. In
practice, this reserve server is used for testing, for exploration of
new algorithms, and occasionally for large-scale rearrangements
of the main database. Each data-reduction server has 22 TB of
data space to receive new data from DPCI. This holds roughly
6 months of data and allows reprocessing to correct errors or
improve results over this span of the mission.

The other applications run in virtual machines hosted on a
pair of smaller servers. There is also a disc-server for back-ups
of the main databases, with a capacity of 284 TB.

The main data-reduction application was written in Java, for
performance and to conform to DPAC standards. The web appli-
cations were written in Python, using the Django framework,
for ease of development. The batch-filtering application was also
written in Python.

The most notable feature of the computing design is that the
bulk of the data is stored in the PostgreSQL database. Compare
this with the more common arrangement where only metadata
are stored in the RDBMS, while the bulk is stored in flat files.
Ingesting both the full input data-set, and the results of process-
ing, reduces significantly the amount of code needed to simply
move data, and allows extreme flexibility in writing the applica-
tions that consume, analyse and display the results. However, it
is challenging to obtain sufficient throughput from the relational
architecture. Many design choices in the database and applica-
tions are forced by the need to reduce a day’s data in six hours or
less.

At the time of writing, the PostgreSQL system occupies
110 TB of its storage (with some unknown and variable frac-
tion of this reclaimable for new data), almost all of which space
is taken up in ingesting and recording the transit data. This is
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exceptionally large for a database that is extended daily and in
which roughly 5% of the contents must be scanned for daily
processing.

The data-set is far too large to fit comfortably into a single
table for each record type, and is therefore partitioned by posi-
tion of the sources into level-5 (ngq. = 32) HEALpixels; there
are 12288 tables for each record type that deals with individ-
ual transits or sources. This partitioning is much coarser than the
level-12 mesh used elsewhere by DPAC to group Gaia sources
into catalogues. The level-5 mesh was chosen because it is the
closest match to the width of the Gaia field of view. Empiri-
cally, it is most efficient to query historic transit-data for a whole
HEALpixel, selecting transits only for those sources that have
received new data in current run, than to make one query per
source with new data. The level-5 mesh minimises simultane-
ously the number of these expensive queries and the number of
rows touched by a query that relate to sources outside the current
scan.

The queries to ingest and to raise data cannot be straightfor-
ward in such a highly-stressed system; they have to be highly
tuned for performance. This precludes the use of generic, object-
relational-mapping libraries to generate queries. Instead, the
application code forms its queries directly. In order to achieve
performance, much parallelism is needed, and the number of
threads accessing the data has to be chosen carefully. We knew
from pre-mission tests that the application was not the bottleneck
and could be given sufficient threads of execution to saturate
the database engine. Later experiments showed that the database
performance, for this application, is limited by CPU power on
the database server, not by I/O capacity; the complexity of the
queries dominates. Therefore, the ideal arrangement is to have
one application thread accessing the database per CPU core on
the database server: 32 such threads in our system. The data-
reduction servers have 64 CPU cores and to use these we run
two second-level threads per HEALpixel to consume the raised
data from the memory of the data-reduction server. We feel that
we have reached a practical limit in the size of database that
can be hosted on a single RDBMS-server. Any major expansion
(beyond routine addition of daily data for the remaining mission)
or rearrangement of the database would drive us to a multi-
server solution with partitioning across computers. This would
be massively more expensive and we are happy that we have
managed to do the work with single servers. We note that while
it is possible to tune the daily data-flow for acceptable perfor-
mance, whole-database operations are uncomfortably slow. This
includes data-model changes that add columns; weekly back-ups
of the database; and especially changes to the IDT working-
catalogue that force us to update the transit-source mapping for
the whole data-set. The latter operation requires down-time of
at least one week. When using PostgreSQL at this scale, any
routine operation becomes a significant campaign that requires
careful planning.
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AC -
ADS -
AF -
AGIS -
AL -
ASAS -
ASAS-SN -
ATEL -
BP/RP -
CBAT -

CCD -
CME -
CPU -
csv -
Ccv -
Dec —
DPAC -
DPCI -
DR2 -
DR3 -
ESA -
ESO -
ESOC -

ETL -
FOV -
G -
GDR2 -
GoF -
GSA -
HEALpix -

HRD -
1AU -
IDT —
IGSL —
IoA -
IPAC —

iPTF -
LSF -
MAD -
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Abbreviations used in this paper

across-scan direction

Astrophysics Data System
Astrometric Field

Astrometric Global Iterative Solution
along-scan direction

All-Sky Automated Survey

The ASAS Supernova survey
Astronomer’s Telegram

Blue Photometer/Red Photometer
Central Bureau for Astronomical
Telegrams

charge-coupled device (detector)
Coronal Mass Ejection

Central Processing Unit

comma separated values (file type)
Cataclysmic Variable

Declination

Data Processing and Analysis Consortium
Data Processing Centre in Cambridge
Gaia’s Data Release 2, 25 April 2018
Gaia’s Data Release 3, expected 2022
European Space Agency

European Southern Observatory
European Space Operations Centre
(Darmstadt, Germany)

Extract Transform Load

Field of View

Gaia’s ‘white light’ photometric band
Gaia Data Release 2
Goodness-of-Fit

Gaia Science Alerts

Hierarchical Equal Area

isoLatitude Pixelisation
Hertzsprung-Russell diagram
International Astronomical Union
Initial Data Treatment

Input Gaia Source List

Institute of Astronomy, Cambridge
Infrared Processing and Analysis
Center (NASA)

intermediate Palomar Transient Factory
Line Spread Function

Median Absolute Deviation

MASTER
MOC
NASA

NED
NUTS

OBMT
OGA

OGLE
PanSTARRS

PESSTO

PODC
PPE
PSF
QSO
RA
RAID
RBF
RDBMS
RMS
RSS
RVS
SDSS
SEDM

SLSN
SM
SN
SOC
SSO
SVM
TCB
TNS
URL
UTC
VOEvent
XP
XRB
VSX
YSO
ZTF

Mobile Astronomical System of
Telescope-Robots

Mission Operations Centre (Darmstadt,
Germany)

National Aeronautics and Space
Administration

NASA/TIPAC Extragalactic Database
Nordic Optical Telescope Unbiased
Transient Survey

On Board Mission Time

On-ground Attitude

Optical Gravitational Lensing Experiment
Panoramic Survey Telescope and Rapid
Response System

Public ESO Spectroscopic Survey of
Transient Objects

Photometric One-day Calibration
Prompt Particle Event

Point Spread Function

Quasi Stellar Object

Right Ascension

Redundant Array of Independent Discs
Radial Basis Function

Relational Database Management System
root mean square

Really Simple Syndication

Radial Velocity Spectrograph (Gaia)
Sloan Digital Sky Survey

Spectral Energy Distribution Machine
(spectrograph)

Superluminous Supernova

Sky mapper (Gaia)

Supernova

Science Operations Centre (Madrid, Spain)
Solar System object

Support Vector Machine

Barycentric Coordinate Time

Transient Name Server

Uniform Resource Locator (web address)
Coordinated Universal Time

the Virtual Observatory Event language
shorthand for BP/RP

X-ray binary star

International Variable Star Index database
Young Stellar Object

Zwicky Transient Facility
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