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ABSTRACT. We present a simple web-based tool, STDWeb, for a quick-look photometry and transient
detection in astronomical images. It tries to implement a self-consistent and mostly automatic data
analysis workflow that would work on any image uploaded to it, allowing to perform basic interactive
masking, object detection, astrometric calibration of the image, and building the photometric solution
based on a selection of catalogues and supported filters, optionally including the colour term and
positionally varying zero point. It also allows you to do image subtraction using either user-provided or
automatically downloaded template images, and do a forced photometry for a specified target in either
original or difference images, as well as transient detection with basic rejection of artefacts. The tool
may be easily deployed allowing its integration into the infrastructure of robotic telescopes or data
archives for an effortless analysis of their images.
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1. INTRODUCTION For the specific image processing requirements of
the GRANDMA telescope network [5H7, 14} [I5] we
initially created a high-level Python library — STD-
PIPE [I6] — that aimed towards combining a lot of
these building blocks into a set of high-level routines
suitable for a rapid construction of telescope-specific
pipelines, but it turned out insufficient for handling
really heterogeneous data in a controllable and repro-
ducible way. So, highly motivated by the success of
popular web-based ASTROMETRY.NET service [I7], we

The study of energetic astronomical phenomena, such
as supernovae, gamma-ray bursts, or electromagnetic
counterparts of gravitational wave events, relies heav-
ily on the ability to detect and analyze transient ob-
jects in the vast amount of data produced by mod-
ern large-scale sky surveys, as well as smaller-scale
follow-up observations. While sky survey experiments
usually have dedicated photometric and transient de-
tection pipelines [IH4] tailored specifically for their

data and regime of operations, the observations made decided to try a similar approach of a “heterogeneous
with “normal” telescopes, especially smaller ones, in data processing portal” for photometry and transient
follow-up regime often lack such telescope-specific detection tasks.
data analysis. This is especially important for the As a first step towards this goal, we created
projects involving data from multiple telescopes at STDWEB — simple web-based tool for a quick-look
the same time, such as collaborative telescope net- photometry and transient detection in astronomical
workgT] or observational efforts involving amateur as- images, that can be either locally deployed, or in-
tronomers tegrated into the infrastructure of data archive or
Unified processing of data from heterogeneous robotic telescope. Here, we describe the details of
sources (e.g. telescope networks) requires the creation its implementation and workflow (Section [2)), along
of analysis tools that allow a high level of automa- with specific details about astrometric and photomet-
tisation, configurability, and overall quality control ric calibration (Section [3]), and transient detection
(visual and user-friendly) in all steps of the pipeline.  (Section [d). We also outline some directions for its

While the building blocks, both low- and higher-level further development in Section
— like routines in Image Reduction and Analysis Facil-
ity [9] (IRAF), DAOPHOT [10] SEXTRACTOR [1]]
or modern Python packages like ASTROPY [12] and
PHOTUTILS [I3] — are readily available for most of STDWEH is implemented as a DJANGO [19] server-

2. IMPLEMENTATION AND WORKFLOW

the required tasks, their integration into a reliable side application that handles data uploading and pre-
pipeline is still a non-trivial effort requiring both the sentation, user authorisation and interactions, and pre-
understanding of photometry and the programming sentation of processing results. The actual data pro-
affinity. cessing is handled in the background by CELERY [20]

TAn example of such a project actively using STDWE is distributed task queue ,thg.tt runs custom Python code
GRANDMA network 1577J. based on STDPIPE [16] hbrary.

2An example of such a professional-amateur observational
partnership using STDWESB is the Kilonova-Catcher project [§]. 3The code of STDWESB is available at [I8].
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STDPIPEﬂ is a set of Python routines for astrome-
try, photometry, and transient detection related tasks,
intended for quick and easy implementation of cus-
tom pipelines, and for interactive data analysis, imple-
mented as a library that tries to both wrap in pythonic
way the access to common command-line tools, such
as SEXTRACTOR [1I], SCAMP [23], SWARP [24],
HOTPANTS [25] or ASTROMETRY.NET [17], and to
provide extensive set of higher-level routines e.g. for
aperture photometry, photometric calibration or tran-
sient candidate filtering. STDWEB uses these rou-
tines for performing its operation, while adding a set of
heuristics on top of that for guessing best parameters
for various steps, as well as implements some routines
that are specific for its operation and not yet included
in the STDPIPE. An overview of external tools and
libraries used by STDWESB is listed in Table

STDWEB allows the user to either upload the im-
age in FITS format via a web browser, or to select one
from local storage (e.g. telescope or project-specific
data archive available in the file system) via built-in
file browser. Upon importing, a dedicated task is
created for the image that will hold the configuration,
intermediate processing results and operation logs re-
lated to it. The task may be re-visited at any time
later in order to either review the results or initiate
image re-processing. The task page contains several
sub-sections corresponding to different steps of the
image processing, with each section having a set of
controls for adjusting the parameters relevant for that
step, textual log of its execution containing various
diagnostic outputs, such as details of running exter-
nal commands or links to output files, and a set of
diagnostic images and plots, each available for better
viewing in a pop-up window or for download. Pop-
ups for FITS images specifically support adjusting
the pixel value scaling and stretching, zooming in,
and overplotting of coordinate grids, positions of user-
specified targets, detected objects, and catalogue stars.
An overall view of the user interface with its various
pages is shown in Figure[I] Figure[2shows an overview
of the image processing steps which are discussed in
more details below.

3. IMAGE CALIBRATION

Prior to transient detection, the image — we assume
it to be science-ready, i.e. already passed through
the instrument-specific pre-processing, such as bias
and dark current removal and flat-fielding — has to be
properly masked and astrometrically and photomet-
rically calibrated. These steps are described in more
detail below.

3.1. INITIAL IMAGE INSPECTION AND MASKING
The software will automatically analyse the image
trying to extract relevant information from its FITS
header using a set of common keywords that define the

4STDPIPE is available at [2I] and is documented at [22].

Name Purpose Ref.

External tools

SExtractor Object detection [11]
Astrometry.Net Astrometric solution [17)
SCAMP Astrometric refinement 23]
SWarp Image re-projection [24)
HOTPANTS Image subtraction [25)
Python libraries

Astropy Opverall infrastructure [12]
Matplotlib Visualization [26]
Astro-SCRAPPY  Cosmic ray masking [27]
Photutils Aperture photometry [13]
Astroquery Catalogue access [28]
Reproject Image re-projection [29]
Scikit-Learn Machine Learning [30]
Django Web interface

Celery Backend processing

TABLE 1. External software and libraries that STD-
WEB uses at various steps of its operation. Upper
half of the list contains external binaries that should
be installed separately while deploying the applica-
tion, while lower part lists Python libraries that are
installed automatically during the deployment.

image timestamp, its saturation level, gain settings,
etc. All these settings may also be directly provided
by the user, if the information is absent in the header,
or is wrong — the software performs some basic checks
of whether the values are compatible with actual data
range of the pixel values, in order to detect stacked
or re-scaled images, and informs the user if it detects
some potential problem with it. The software also tries
to sanitise the astrometric information in the header,
removing or modifying some keywords produced by
popular software that break ASTROPY WCS module.

Taking into account the saturation level and gain,
the software then creates a mask of pixels to be ex-
cluded from the consequent analysis, corresponding
to saturated pixels and cosmic ray hits. For detecting
the latters, ASTROSCRAPPY [27] code implementing
the original LACosmic [3I] algorithm is used. As we
make no prior assumptions about the pre-processing
already applied to the image (e.g. was it background-
subtracted or not), the software automatically con-
structs the noise model to be used for these routines
based on the empirically estimated background noise
of the image plus Poissonian noise contribution for
the sources above the background. In case the algo-
rithm misbehaves and starts masking normal stars as
well (e.g. for undersampled images), this step may
be disabled by the user. Moreover, the user may
interactively create an additional “custom mask” to
be applied on top of the automatically created one,
in order to mask, for example, unusable regions of
the image that cannot be easily detected by the soft-
ware (heavily vignetted regions, overscans, imaging
artefacts or significant reflections).
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In this step, the user may also provide a list of tar-
gets, either as coordinate strings in common formats
or as Simbad [32] or TNS [33] resolvable names, to be
used for forced photometry later.

3.2. OBJECT DETECTION

While PHOTUTILS [I3] does contain an extensive set of
routines for object detection written in pure Python,
we decided, primarily for performance reasons, to keep
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using SEXTRACTOR, which is highly optimised and
memory efficient even for largest images, for this step
in STDWEB. To run it, we construct a minimal
set of configuration parameters based on the values
optionally specified by the user, such as smoothing
(“filtering”, in SEXTRACTOR terminology) kernel size,
and background mesh size. As SEXTRACTOR does not
internally support masking, we set the image values
corresponding to user-specified “custom mask” to NaN
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FIGURE 2. Flowchart of the image processing steps implemented in STDWEB.

to exclude them from the background estimation. The
objects with footprints containing the pixels masked
by automatic routines (so, either saturated or marked
as cosmic rays) are still properly detected, but flagged
in the output so that consecutive processing can ignore
them. For the visual quality control, we keep and
present to the user the segmentation map, estimated
background and background RMS maps, as well as
the filtered image produced by SEXTRACTOR.

We also output several shape-related parameters
for detected objects that are then used for simple pre-
filtering of non-point-source detections in the image.
After some experiments, we selected three parameters
produced by SEXTRACTOR that are most sensitive
to shape variations and flux distribution inside the
object footprint:

e FWHM_IMAGE — Full Width at Half Maximum, in
pixels,

e FLUX_RADIUS — Half Flux Radius, in pixels,

e (MAG_APER - MAG_AUTO) - the difference between

magnitudes measured in fixed circular and Kron-like
elliptical apertures.

The space formed by these parameters is shown in Fig-
ure [3] for the images with different FWHM values and
for various object flags. It is clear that these param-
eters represent slightly different shape aspects, and
thus may be used to filter out various problematic de-
tections corresponding to artefacts or blended sources.
To do so, we implemented simple outlier rejection
procedure based on isolation forest anomaly detec-
tion algorithm [34] as implemented in SCIKIT-LEARN
package [30]. Figure 3| shows that the outlier score
produced by the algorithm nicely complement the
flags set by cosmic ray detection, saturation, and
SEXTRACTOR for various artefacts. Therefore, we
additionally flag the outliers of the algorithm so that
later they may be excluded from various steps of the
analysis as problematic detections. The summary of
all object flags as implemented in STDWEB is given
in Table

As SEXTRACTOR aperture photometry is somewhat
limited [35 [36], and as it does not allow to perform
forced photometry at user-specified positions, we im-
plemented an additional photometric measurement
step based on PHOTUTILS routines [I3]. Tt also allowed
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FIGURE 3. Distribution of SEXTRACTOR-measured shape parameters for the objects detected in oversampled and
nearly critically sampled images. Points of different colours represent various flagged objects — the ones containing
saturated pixels or cosmic ray hits inside isophotal aperture, the ones marked as deblended, and having other
extraction flags set by SEXTRACTOR. The red outline marks the region selected as “good” by the isolation forest

outline rejection algorithm, as described in Section @

Bitmask Meaning

Flags from SExtractor

0x001 Aperture flux is significantly affected
by nearby stars or bad pixels

0x002 Object is deblended

0x004 Object is saturated

0x008 Object footprint is truncated

0x010 Object aperture data are incomplete

0x020 Object isophotal data are incomplete

0x100 Object footprint contains masked

pixels

Flags from aperture photometry

0x200 Photometric  aperture contains
masked pixels
0x400 Local background annulus does not

have enough good pixels

Flags from higher-level analysis
0x800 Object is classified as outlier by pre-
filtering routine

TABLE 2. Object flags as set at various stages of the
analysis.

us to implement proper local background estimation
inside an annulus of user-specified size. In order to
facilitate mostly automatic use, we automatically se-
lect the aperture radius to be equal to image FWHM,
which is a good compromise between the signal to noise
(S/N) ratio and source confusion in denser stellar fields,
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and place the sky annulus between 5 and 7 FWHM
values so that it is large enough for an accurate local
background estimation. These values can also be ad-
justed by the user, if needed. As an estimate of image
FWHM, we use the median value of 2-FLUX_RADIUS
for all unflagged objects having S/N > 20, thus reject-
ing artefacts and non-point-source objects in a way
similar to implemented e.g. in PSFEX [37]. Using an
additional aperture photometry step allows us to also
perform forced photometry at the positions specified
by the user, for example, corresponding to transients
with already known coordinates, with exactly the same
parameters like aperture and background subtraction
methods, thus ensuring common effective zero point
for all measurements.

After the object measurement, we exclude the detec-
tions with sufficiently large photometric errors from
the object list, thus keeping only the ones that have
at least user-specified signal to noise ratio (by default
5, corresponding to magnitude errors smaller than
0.2). Together with the rejection of detections hav-
ing too small footprints (DETECT_MINAREA parameter
of SEXTRACTOR) and pre-filtering routine described
above, it allows to reject obvious pixel-level and ex-
tended artefacts, as well as to keep only objects with
properly measured flux.

3.3. ASTROMETRIC CALIBRATION

If the FITS header does not contain a usable astromet-
ric solution, or if the user suspects it to be unreliable,
the software initiates blind solving for it using a local
instance of ASTROMETRY.NET [I7] code with 2MASS
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indices that are sufficient for most of deeper images.
In order to ensure that the astrometric solution uses
the same positions as other steps of our analysis, as
well as for optimising the performance, we run the
code directly on the list of object positions detected in
the previous step, additionally filtering out all flagged
objects to avoid spurious matches due to non-stellar
objects and artefacts. Optionally, the user can inter-
actively provide the limits on the sky position and
the range of pixel scales used for finding the solution,
otherwise the full search for it is performed. We also
run the code twice, in order to properly refine the
solution to produce WCS with second-order SIP order
distortions included.

As soon as the preliminary astrometric solution is
known, either from blind matching or from the origi-
nal FITS header, we request the catalogue from Vizier
that will be used for the photometric calibration (see
Section for more details) and perform additional
astrometric refinement using the SCAMP [23] code
by passing both the catalogue and list of unflagged de-
tected object positions to it. This way, we ensure that
the astrometric solution is always correct, down to
the accuracy required for the photometric calibration
and image subtraction steps.

3.4. REFERENCE CATALOGUES AND
PHOTOMETRIC CALIBRATION

In order to perform the photometric calibration, we
use one of the larger catalogues covering large por-
tions of the sky and available in CDS Vizier [38] —
Pan-STARRS DR1 [39], SkyMapper Southern Sur-
vey DR4 [40], Gaia eDR3 [41], compilative all-sky
ATLAS-REFCAT?2 [42] catalogue, and the catalogue
of synthetic photometry computed from Gaia low-
resolution spectra (Gaia DR3 Syntphot [43]). The
catalogues are requested from Vizier on the fly, us-
ing the ASTROQUERY [28] package, optionally limiting
the range of magnitudes relevant for the image to
restrict download size. In order to ensure a common
photometric system for calibrations done using dif-
ferent catalogues, we derived a set of transformation
equationsﬂ between their individual passbands, Pan-
STARRS and Johnson-Cousins systems using a large
set of Landolt standards assembled in [45]. When
appropriate, these transformations were derived using
two base colours (e.g. g—r and r —i for Pan-STARRS
and SkyMapper magnitudes conversion to Johnson-
Cousins system) to ensure the transformations are
valid for both hot and cold stars. However, for convert-
ing between closer systems (e.g. Sloan or SkyMapper
to Pan-STARRS), single colour regression is usually
enough. This way, we have a set of catalogues cover-
ing all sky and sufficiently complete for both brighter
(Gaia DR3 Syntphot) and fainter (Pan-STARRS and
SkyMapper) stars, providing measurements in both
the Pan-STARRS and Johnson-Cousins systems, all

5Conversion coefficients are available directly in the code at
GitHub at [44].

calibrated to common zero points. While technically
it is also possible to derive a set of approximate trans-
formations to and from Gaia eDR3 set of filters, we
decided not to do it, leaving it as a separate option for
calibrating unfiltered or very wide passband images
using G magnitude and BP — RP colour as a basis.

We perform a photometric calibration of the image
by building the global zero point model applicable
to all detected objects. To do so, we have to take
into account various effects, such as the difference
between instrumental and catalogue passbands, posi-
tional dependence of aperture correction, atmospheric
extinction, and uncorrected detector sensitivity. To
do so, we use the following photometric model:

Mealib = Minstr + ZP(x,y) + C - Color, (1)

where

Mealib 1S the magnitude of the object in the catalogue
system,

Minstr = —2.5 - logyo (ADU) is the instrumental mag-
nitude computed from the measured object flux in
the image,

ZP(z,y) is the positionally dependent zero-point,
C is the colour term and
Color is the colour of the object in the catalogueﬂ

Positionally-dependent zero point is modelled as
a spatial polynomial of an user-specified order in pixel
coordinates, while the choice of catalogue colour de-
pends on the desired passband used for the primary
catalogue magnitude. So, for the primary magnitudes
in Pan-STARRS grizy system, the g —r colour is used
(except for z filter, where we selected r — 4 colour as
more appropriate), while for Johnson-Cousins primary
magnitudes, the colour is B—V, and BP — RP is the
one for the Gaia G primary filter. The choice of the
primary filter depends on the filter used to capture
the image, and can be set either automatically based
on the FITS header keywords, or directly specified by
the user alongside with the choice of the appropriate
reference catalogue. Optionally, the software also per-
forms colour term diagnostics by consecutively using
all supported filters for a given catalogue as a pri-
mary, and computing the corresponding colour term.
Then, the filter that minimizes the colour term — thus,
corresponding to the passband closest to the instru-
mental system of the image — may be selected for the
calibration.

The model is fit using a robust fitter with iteratively
rescaled errors to account for potentially underesti-
mated uncertainties of the catalogue and measure-
ments, with additional intrinsic scatter of measure-
ments up to 0.01 mag also being fit as a free model

6While STDPIPE photometric solver also supports the fitting
a position-dependent additive flux term, e.g. to account for
a biased background estimation, we decided against using it in
STDWEB for reducing the number of free parameters, which
is critical for typical narrow-field images with not that many
stars present.
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parameter to account for uncorrected fixed pattern
errors, for example. The fitting involves all pairs
between detected objects and catalogue stars position-
ally matched within 0.5- FWHM from each other. No
additional criteria is applied to ensure the uniqueness
of the matching, as non-unique matches just introduce
the outliers in the fit that will be iteratively rejected.
Instead, we pre-process the catalogue in order to ex-
clude close pairs of stars (closer than 2-FWHM to each
other) that would potentially correspond to blended
objects in the image, to avoid using them in the fit. In
addition, we exclude all flagged objects corresponding
to problematic, saturated, or pre-filtered detections
from the fit in order to further reduce the amount
of outliers. The fitting produces an extensive set of
diagnostic plots, shown in Figure [f] that may be used
for evaluating the fit quality.
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Once constructed, this photometric model is used to
calibrate the measurements of all detected sources, as
well as forced photometry at specified target positions
(see Figure [5)).

3.5. DETECTION LIMIT

There are several possible approaches for defining the
detection limit — the brightness of the faintest de-
tectable source — of the image, from synthetic source
injection to the analysis of noise within the photomet-
ric aperture. In STDWEB, we adopted the one based
on the studying the dependence of signal to noise ra-
tio on the magnitude in a list of objects detected and
measured in the image, as shown in the right panel
of Figure [f] To derive it, the software fits the set
of corresponding S/N values for all objects with the
parametric model consisting of constant background
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J161600.25+221605 1 at 2018-06-21 22:00:58.000 - gmag + 0.01 {(gmag - rmag) - limit 19.64 - mag = 1485 = 0.01
MPLATE MASK

IMAGE

(). Original image.

(B). Atlas image.

(c). Mask image.

FI1GURE 5. Diagnostic plot for the forced photometry at a user-specified position, containing three cutouts centred on it
— original image, atlas image for a visual comparison (either Pan-STARRS or SkyMapper images from HiPS2FITS [46]
service are used, depending on the hemisphere), and mask image that marks the positions of masked pixels. Reticle
(red circle) marks the position of the target in all panels. The title summarises the relevant information, such as
calibrated magnitude of the source, effective passband, local detection limit, and timestamp.

S/N=5 limit is 16.06
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rmag

(A). The histograms of calibrated magnitudes for detected
objects (both total and unflagged ones only), and cata-
logue magnitudes for stars inside the image.

rmag

(B). Signal to noise ratio vs calibrated magnitude plot of
the detected objects, fitted with the noise model. Detec-
tion limit is defined as an intersection of the model curve
with the selected level (S/N = 5 in this example). Also
plotted (orange dots) are the detection limits estimated for
individual objects solely from the positionally-dependent
background flux errors inside the aperture.

FIGURE 6. Example of diagnostic plots generated by STDWEB to determine the detection limit.

noise and Poissonian noise of the object flux that is
proportional to the flux square root. While the model
is essentially the same as used by photometric routines
for estimating the measurement error, the plot still has
some scatter due to the positional dependence of the
zero point. Thus, the estimated global detection limit
corresponds to a mean value over the whole image,
while local values may slightly deviate from that. The
code also tries to estimate the limits for individual
objects solely from the (positionally dependent) noise
inside the aperture multiplied by a given S/N ratio
(thus, corresponding to the flux that would be de-
tectable with that significance above the background
noise), but this approach slightly overestimates the
limit due to not taking into account noise contribution
from the object flux itself, as seen in the right panel
of Figure [6] (orange dots).

The histogram of the magnitudes of the detected
objects in comparison with the ones for catalogue stars
inside the image may also be used for both estimating
the detection limit, as well as completeness and purity
of the detections, as shown in the left panel of Figure 6}
In this specific example, which corresponds to the
same image as the right panel of Figure [3] most of
the flagged objects represent the blended ones that
are marked as outliers by the pre-filtering routine.

4. TRANSIENT DETECTION

Much of the effort in creating the STDWEB has gone
into implementing transient detection routines, as
they are the primary motivation behind the original
STDPiPE. The code implements two different ap-
proaches for detecting the transients in the image —
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the one based solely on comparing the lists of the
detected objects with different catalogues, and the
one involving subtracting the reference image in order
to find pixel-level differences between them. Details
of their implementations are given below.

4.1. SIMPLE CATALOGUE-BASED TRANSIENT
DETECTION

For detecting brighter transients that are not situated
on a complex background or in a dense stellar fields,
the approach based on the direct comparison of ob-
jects detected in the image with the lists of known
catalogue stars may be sufficient. It is implemented
in STDWEB as a “Simple transient detection” section
of task analysis, and involves the following steps.

The analysis is based on the list of objects detected
in the original object detection step, that includes only
the ones that have aperture flux measured with signal-
to-noise ratio better than the user-specified threshold.
They all have astrometrically calibrated positions and
magnitudes calibrated to a standard (Pan-STARRS
or Johnson-Cousins) system, with a instrumental pho-
tometric system characterised by a linear colour term.
First, the code rejects all the objects that have any
flag set (see Table[2), except for 0x002 (deblended),
or 0x100 (the isophotal footprint contains masked pix-
els), thus rejecting all saturated ones, the ones marked
as cosmic rays, and the ones rejected by the shape-
based classifier (see Section . The latter criterion
can be optionally relaxed, in order to be able to de-
tect the transients that are in close proximity of other
objects, or just in the images where the shape-based
classifier rejects too many good objects, for example.

Then, the user is able to restrict the search to just
a portion of the sky by specifying the centre and
radius corresponding to, for example, a known error
box where the transient is expected. If so, filtering
is performed using these parameters, and the objects
falling outside the specified cone are excluded from
the following analysis. Next, a simple “multi-image
mode” can also be enabled — if several images covering
the same sky position at approximately the same time
are uploaded to STDWEB, then the user can specify
the request to reject any object that is not apparent
in all these images simultaneously. This is done by
specifying task IDs of corresponding additional images
that should be already photometrically calibrated,
performing the positional cross-match on them, and
rejecting the objects that have no counterparts in each
of them.

Next, the remaining list of objects is cross-matched
with a list of catalogues (Gaia eDR3, then Pan-
STARRS DRI, then SkyMapper DR4) using the CDS
XMatch [47] service within 2 - FWHM radius. As the
list of catalogue fields returned is a bit limited com-
pared to regular CDS Vizier [38], we do not perform
a proper augmentation of cross-match results with
Pan-STARRS or Johnson-Cousins magnitudes, but
instead just select the closest catalogue passband, ap-
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ply AB to the Vega zero point difference if necessary,
and compare the brightness of the detected source
with it. We reject all the matches where the object
is not brighter than the catalogue star by a specified
limit (2 magnitudes by default). This way, we reject
all positional matches except for the ones where the
catalogue star is too faint compared to the detected
transient candidate in order to both avoid the spurious
matches with faint background catalogue sources and
keep the transients related to the significant increase
of the flux from known objects (e.g. nuclear transients
or stellar flares). As a final step, if the timestamp of
the image is known, the remaining transient candi-
dates are checked against the positions of known Solar
System objects at that moment using the IMCCE
SkyBoT [48] service, and the candidates positionally
matched within 10” are rejected. No brightness com-
parison is performed between the candidate and the
Solar System object in this step. Instead, this check
can be completely disabled by the user.

The results of the search are presented to the user as
a set of candidates, each accompanied by the cutouts
from the original image centred on it, the reference im-
age from the relevant sky survey (either Pan-STARRS
or SkyMapper) in the closest passband, the detected
object footprint, and the mask image, as shown in
Figure[7] The whole list is also directly downloadable
in a tabular format.

4.2. IMAGE SUBTRACTION

Image differencing, or reference image subtraction, is
a now de facto standard way of detecting transients
in astronomical images. There are two primary ap-
proaches for that being used in modern large scale
sky surveys and their pipelines — the one based on
the determination of an optimal convolution kernel
that matches the PSF of one image with the other
directly in pixel space [49] (often called Alard-Lupton
method), and the one that, instead, derives the op-
timal point source detection statistics [50] (Zackay-
Ofek-Gal-Yam, or ZOGY, method). In STDWEB,
we support both of these methods, with the primary
one being the former, as implemented in the publicly
available HOTPANTS [25] code, due to its ability
to work without prior knowledge of exact PSFs and
relative flux scale of the images.

Image subtraction requires a reference, or template,
image with comparable or preferably better detec-
tion limit. Modern large-scale sky survey experiments
produce such templates as part of their routine obser-
vations, by stacking series of historical images covering
the same sky position, but for smaller telescopes that
perform just occasional follow-up observations, this
approach is not available. Therefore, the transient
detection on such images requires either acquiring the
reference image by observing the same location after
the transient faded down, which is impractical in most
cases, or falling back to publicly available archival im-
ages from some of the large scale sky surveys that
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(A). Original image. (B). Atlas image.

J161600.33+221605.6 : mag = 14.93 = 0.01

(¢). Detection footprint.

(D). Mask image.

FI1GURE 7. Diagnostic plot for the candidate selected by the simple transient detection routine, containing four
cutouts centred on its position — the original image, atlas image for visual comparison (either Pan-STARRS or
SkyMapper images from the HiPS2FITS [46] service are used, depending on the hemisphere), the detection footprint
from the SEXTRACTOR segmentation map, and mask image that marks the positions of masked pixels. Reticle (red
circle) marks the position of the target in all panels. The title summarises the relevant information, such as calibrated
magnitude of the source, effective passband, local detection limit, and timestamp. In this example, the code properly
detects the transient, but due to it being superimposed on top of the extended galaxy, the candidate centroid position
is biased, and the isophotal footprint includes the flux from the galaxy itself, thus affecting the object’s shape
parameters that may lead to it being rejected by the shape-based classifier, as described in Section @

produced sky atlases, such as the Pan-STARRS 3Pi
survey [39], or DESI Legacy Surveys [51], with obvi-
ous limitations being different epochs of observations,
different passbands, and sometimes non-trivial imag-
ing artefacts in these data. STDWEB implements
acquiring template images from both of these data
sources, automatically performing their re-projection
and mosaicking, as well as handling some quirks of
their data formats (such as non-linear scaling of Pan-
STARRS images) and producing the corresponding
masks. However, as neither of these two surveys cover
the whole Southern sky, as an optimistic fallback data
source, STDWEB also supports getting the data from
several surveys like Dark Energy Survey, SkyMapper
or ZTF, available through the HiPS2FITS [46] ser-
vice, the same that powers e.g. Aladin Sky Atlas [52].
The service conveniently allows getting FITS images
already projected onto the requested WCS pixel grid,
but lacks any means of acquiring corresponding mask
information, thus limiting the usability of this ap-
proach. Also, STDWEB allows the user to directly
upload a custom template image as a separate FITS
file that is automatically aligned with original image
for the subtraction.

Upon acquisition and re-projection of the template
image, the code tries to automatically select the best
set of parameters for HOTPANTS based on the im-
age FWHM (it is estimated as part of the object
detection step, see Section , saturation level, simi-
lar to how it is done in [I]. Moreover, it constructs the
noise model for both the image and the template by
combining their estimated background RMS with the
corresponding gain values, thus allowing the code to
work properly on background-subtracted images (and,
to some extent, even on the images with unknown or
incorrect gain value). It uses masks from the image
and the template to exclude bad image regions from
the fitting, and directly passes to the code the posi-

tions of good objects to be used for selecting the best
positions for placing the sub-stamps used to derive
the convolution kernel. We also set up HOTPANTS
to always convolve the template to match the image,
even if it is not optimal, in order to keep the same zero
point for the aperture photometry on the difference
image. However, the user can directly modify all input
parameters used to call the code, and so revert this
behaviour, as well as adjust any other aspect of the
HOTPANTS operation.

In order to reduce the impact of a positionally-
dependent PSF shape or improper flat-fielding, the
software automatically splits the image into a set of
chunks of approximately specified size with some over-
laps to avoid any position inside it being too close to
the edge, processes these chunks separately, and then
combines the results together. Specifically, chunk pro-
cessing includes getting the difference image and noise
model for it from the HOTPANTS output, perform-
ing a noise-weighted object detection in the difference
image using SEXTRACTOR, applying the same pre-
filtering of detections as described in Section [3.2| using
the classifier derived from the original image, and
performing the aperture photometry at candidate po-
sitions using the same aperture settings as used in the
original image in order to keep the same zero point.
This way, we derive the list of transient candidates
that can be further filtered, like in Section us-
ing positional criteria, or cross-matching with Vizier
catalogues or Solar System object positions (both dis-
abled by default, as most of the stationary objects
are subtracted and not being detected as candidates).
The final list of candidates is directly available for
downloading in a tabular format, and is presented to
the user such as is shown in Figure [§]

Image subtraction is not perfect, and prone to var-
ious kinds of artefacts related to both numerical in-
stabilities of the kernel fitting routine (typically pro-
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. Original image.

(D). Difference image.

. Template image.

(E). Detection footprint.

J161600.22+221604.9 at 2018-06-21 22:00:58.000 : gmag + 0.01 (gmag - rmag) : limit 19.29 : mag = 14.93 = 0.01

. Template image convolved
w1th the kernel to match the
resolution and flux scale.

O

(F). Mask image.

Fi1Gure 8. Diagnostic plot for the candidate selected by the image subtraction based transient detection routine,
containing six cutouts centred on its position — the original image, template image, template image convolved with
the kernel to match the resolution and flux scale of the original image, difference image, the detection footprint
from the SEXTRACTOR segmentation map, and the mask image that marks the positions of masked pixels. Reticle
(red circle) marks the position of the target in all panels. The title summarises the relevant information, such as
calibrated magnitude of the source, effective passband, local detection limit, and timestamp. The candidate shown

here is the same as in Figure[7]—

it is clearly visible that this time, its position is unbiased and the footprint does not

include extra regions, as the underlying galaxy was properly subtracted.

ducing ring-shaped artefacts) and slight differences
of object positions between the images, e.g. due to
astrometric misalignments or proper motions of the
stars (typically producing characteristic “dipole” arte-
facts, consisting of overlapped positive and negative
components of a similar amplitude). While both of
them may be, in most cases, successfully filtered out
by a shape-based classification (see Section 7 we
have an additional routine implemented to specifically
target the “dipole” artefacts. The routine is based
on a sub-pixel adjustment of the relative shift, along
with a minor adjustment of the flux scale, between
the convolved template and original image in order
to minimise the difference between them in the re-
gion around the candidate. If the routine (limited to
a maximum of 1 pixel shift, and no more than 30 %
flux scale adjustment) is able to reduce the y? of the
difference by more than three times, or if the final
p-value is exceeding 0.01, as shown in Figure [0} then
the candidate is considered spurious and is also re-
jected. Allowing minor optimisation of the flux scale
hinders the ability to detect low-amplitude variability
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of the objects, but we consider it a good trade-off with
overcoming the artefacts due to the passband differ-
ences between the image and the template. While
this algorithm is, by no means, a proper replacement
for machine-learning artefact rejection methods, such
as convolutional neural networks [53] [54], it is generic
enough to be used on arbitrary images without any
preliminary training.

If the position of the transient is known in advance,
STDWEB also allows skipping the transient detection
part of the image subtraction, and directly performing
the forced photometry at its position in the difference
image.

5. CONCLUSIONS AND FUTURE
DEVELOPMENT

We present STDWEB, a simple web-based photomet-
ric calibration and transient detection tool that allows
a semi-automated and interactive analysis of arbitrary
sky images in order to perform their astrometric and
photometric calibration, forced photometry, and tran-
sient detection, presenting the user with a rich set of
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chi2: 1253.5 -> 39.7 p-value: 0.82 shift: 0.8-0.2 scale: 1.0
DIFF ADJUSTED

IMAGE CONVOLVED

chi2: 130.9 -> 46.5 p-value: 0.57 shift: 0.2 -0.0 scale: 1.1

CONVOLVED

chi2: 2827.0 -> 319.1 p-value: 2.8e-41 shift: 0.3-0.2 scale: 1.0
IMAGE CONVOLVED DIFF

FIGURE 9. Examples of a successful cutout-level sub-pixel adjustment routine that is able to fully eliminate the
“dipole” artefact related to the position misalignment between the images (upper row) and the candidate related to
slight changes in object brightness (middle row), and mostly eliminate the candidate in a close pair where the relative
position of the stars changed due to proper motion (so, after the adjustment, second component “dipole” became even
move prominent). Every row shows the cutouts from the original image, template convolved with matching kernel,
original difference, and adjusted difference images. The adjustment is performed within 2 - FWHM x 2 - FWHM
central part of the cutout only. The row title shows the values of chi? in this region before and after the adjustment,

determined positional shift, and flux scaling.

controls and diagnostic outputs. It is intended to be
used both as a simple user-level tool, and as a part
of data infrastructure of projects involving diverse
sets of images from various sources such as telescope
networks. It is already deployed as a standard image
processing tool within GRANDMA network [5H7].
The niche occupied by STDWEB lies between the
diverse group of lower-level utilities and libraries, such
as SEXTRACTOR [I1I], DAOPHOT [I0] or PHOTU-
TILS [13], and powerful but complicated integrated
environments such as IRAF [9], and is closer to more
specialised batch processing pipelines, such as AU-
TOPHOT [55], PHOTOMETRYPIPELINE [56], or
VAST [57], that aim to solve some specific task in
an automated manner. However, due to its flexi-
bility and interactivity, STDWEB is also similar to

much more user-friendly GUI-based packages, such
as ASTROIMAGEJ [58], APERTURE PHOTOMETRY
TooL [59], PixINSIGHT [60], or SIPS [6I]. In con-
trast to them, STDWEB does not have advanced
image stacking or processing capabilities and does
not support image sequence analysis that is criti-
cal for variable stars photometry (typical applica-
tion field of these packages), but, it is a web ap-
plication focused more on transient detection and
accurate ensemble photometry of a single image that
does not require local installation and is accessible
from any device. Moreover, STDWEB is open source
and can be easily deployed and adapted for specific
tasks and project environments, as opposed to, for
example, the proprietary AAVSO VPHOT [62] web
tool.
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While already feature complete, the code of STD-
WEB continues being actively developed. Directions
for future improvements include overcoming some of
its shortcomings listed above, such as better cross-
image analysis that is important both for checking
whether the detected transient candidates are real,
and a quick examination of their temporal behaviour,
better rejection of image artefacts, and some of the ad-
vanced image pre-processing algorithms for removing
low-frequency contaminations, such as fringes or nebu-
lous background components. Another direction is the
inclusion of PSF photometry when it is appropriate,
as well as overall optimisation of the code so that it
is usable even on very large images with many under-
sampled stars, such as the ones produced by wide-field
sky survey telescopes. The user interface is also the
subject of future improvements, especially in the part
related to quick visual checking of the transient can-
didates, by, for example, allowing a quick access to
sky atlas images and known catalogue objects around
them, lists of nearby transients from Transients Name
Server [33] and alert brokers such as Fink [63].

The code of STDWEB is publicly available, along
with detailed installation and deployment instructions,
on GitHub at [I8].
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