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A B S T R A C T 

High-energy processes are ubiquitous even in the earliest stages of protostellar e volution. Moti v ated by the results of our 
systematic search for intense centimetre radio flares in Young Stellar Objects (YSOs) and by rare findings of strong millimetre- 
wavelength variability, we have conducted a systematic search for such variability in the Orion Nebula Cluster (ONC) using 

Atacama Large Millimetre/submillimetre Array (ALMA). Rapid variability on time-scales of minutes to hours in the (centimetre) 
millimetre-wavelength range indicates (gyro)synchrotron radiation. Additionally, mass accretion will also affect the millimetre- 
wa velength luminosity b ut typically on longer time-scales. Beyond studies of individual YSOs, our characterization of strong 

millimetre-wavelength variability with ALMA in the ONC sets first systematic constraints on the occurrence of such variability 

in a large number of YSOs ( ∼130). We report the disco v ery of an order of magnitude millimetre-flare within just a few minutes 
from a kno wn YSO pre viously reported as a radio flaring source at cm-wavelengths (the ‘ORBS’ source). We also present 
an assessment of the systematic variability effects caused by the use of time-sliced imaging of a complex region. These are 
mostly due to the impact of a changing synthesized beam throughout the observations. We use simulated ALMA observations 
to reproduce and quantify these effects, and set a lower limit for the variability that can be studied using our method in a 
comple x re gion such as the ONC. Our results demonstrate that the utility of time domain analysis of YSOs e xtends into the 
millimetre-wavelength range, potentially interfering with the conversion of observed fluxes into dust masses. 

Key words: instrumentation: high angular resolution – stars: coronae – stars: variables: T Tauri, HerbigAe/Be – stars: proto- 
stars – radio continuum: stars. 
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 I N T RO D U C T I O N  

igh-energy processes are already present at the earliest stages
f protostellar evolution as revealed by X-ray and radio observa-
ions (e.g. Feigelson & Montmerle 1999 ). At radio wavelengths,
hese processes can be traced by non-thermal emission of (gyro)-
ynchrotron radiation as a result of the electron population gyrating
long magnetic field lines in protostellar coronae and vicinities
innermost regions of circumstellar discs). In this context, mildly rel-
tivistic electrons can produce gyrosynchrotron radiation detectable
t cm-wavelenghts, while electrons at higher energies (MeV) are
esponsible for synchrotron radiation into the millimetre range (Dulk
985 ; G ̈udel 2002 ). Tracers of non-thermal radio emission include
trong v ariability, negati ve spectral indices, and polarization. Despite
heir related nature, the physical connection between the emission
t mm- and cm-wavelengths is just partially understood due to a
ack of suitable data and, while a single source may show both
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imultaneously, there is evidence of millimetre-wavelength solar
ares without centimetre counterparts (e.g. Kundu et al. 2000 ). 
Centimetre radio emission from Young Stellar Objects (YSOs) has

een explored in more detail in the last few years due to the impro v ed
ensitivity of radio facilities, such as the Karl G. Jansky Very Large
rray (VLA) and the Very Long Baseline Array (VLBA; Rivilla et al.
015 ; Forbrich et al. 2016 ; Sheehan et al. 2016 ; Tobin et al. 2016 ;
orbrich et al. 2021 ; Vargas-Gonz ́alez et al. 2021 ). Recent analysis
f deep VLA observations at cm-wavelengths towards hundreds of
SOs in the Orion Nebula Cluster (ONC) revealed intense radio
ares with changes in flux density by a factor of 10 in less than 30 min
nd denominated as extreme radio v ariability e v ents (F orbrich et al.
017 , see also Vargas-Gonz ́alez et al. 2021 ). These studies comprise a
ystematic search for YSOs variability at cm-wavelengths totaling up
o ∼7440 h of cumulative YSO observing time, and leading to a mean
ime between extreme radio v ariability e vents of 2482 ± 1433 h.
n the other hand, millimetre continuum observations of YSOs

re typically used to study the thermal component of circumstellar
iscs that arises from dust emission assumed to be constant on
hort time-scales. Ho we ver, a fe w serendipitous disco v eries hav e
ho wn e vidence of strong millimetre flares in YSOs. The first such
© The Author(s) 2023. 
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Table 1. ALMA Cycle 5 observation logs. 

Epoch # Starting time Number of antennas Time on source Synthesized beam size a Sensitivity (1 σ rms) 
(2017/UTC) (h) (arcsec 2 ; ◦) ( μJy beam 

−1 ) 
(1) (2) (3) (4) (5) (6) 

1 Dec 22/00:37:31 49 1.16 0.41 × 0.24; 75 145 
2 Dec 22/01:58:28 49 1.16 0.35 × 0.25; 84 118 
3 Dec 22/03:19:41 49 1.16 0.32 × 0.25; 88 167 
4 Dec 22/04:40:49 49 1.16 0.34 × 0.25; −86 274 
5 Dec 27/04:55:28 46 1.16 0.36 × 0.24; −81 184 
6 Dec 29/02:52:24 46 1.16 0.32 × 0.24; −86 249 
7 Dec 29/04:13:51 46 1.16 0.34 × 0.24; −82 307 
8 Dec 29/05:35:50 46 1.17 0.44 × 0.23; −78 291 

— Concatenated image – 9.3 0.35 × 0.24; −88 42 

Note. The array configuration used for all the observations was C43-5. a Synthesized beam properties: ( θmax × θmin ; PA) 
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isco v ery was a mm-wavelength flare towards a T Tauri star in the
NC (GMR A) as reported in Bower et al. ( 2003 ). During these
bservations using the BIMA array at 86 GHz ( ∼3 mm), this source
ecame the brightest one in the cluster. This flare was coincidentally 
omplemented with simultaneous X-ray Chandra observations that 
ound strong X-ray activity, starting two days prior to the 3-mm 

are. 
An additional example of a mm-flare, found towards the T Tauri 

inary system V773 Tau A, was interpreted to arise from interbinary 
ollisions of coronal structures (‘helmet streamers’ of one component 
ith the corona of the other), which results in regular flaring activity

Massi, Menten & Neidh ̈ofer 2002 ; Massi et al. 2006 , 2008 ). A
imilar interpretation has been proposed for recurring millimetre- 
avelength flares in the T Tauri spectroscopic binary system DQ Tau, 

fter the disco v ery of a strong flare at 3 mm that peaked at almost
0.5 Jy. Follo w-up observ ations suggest that these flares come from

ynchrotron emission due to interacting protostellar magnetospheres 
ear periastron passage (Salter, Hogerheijde & Blake 2008 ; Salter 
t al. 2010 ). 

At shorter wavelengths (450 and 850 μm), a submillimetre flare 
as reported in Mairs et al. ( 2019 ) towards the binary T Tauri

ystem JW 566, also in Orion. It was even more luminous than
he flares detected in GMR A and DQ Tau, and represents the first
oronal YSO flare detected at submillimetre wavelengths. Together 
ith the few examples of short-time-scale mm flares, there are also 
illimetre variability studies of YSOs on longer time-scales, and 

n a different context where thermal dust emission is more rele v ant
nd its variability is caused by active mass accretion periods with an
mpact on time-scales of months to years (Liu et al. 2018 ; Francis
t al. 2019 and references therein). 

Early estimates for the expected number of radio flares with 
hanges in flux density greater than a factor of 5 in a few hours
hat can be detected in the Orion nebula at millimetre wavelengths 
sing ALMA were as high as ∼10–100 flares in short integration 
imes (minutes) for a sensitivity of ∼0.1 mJy and even ∼100–
000 flares for observations with sensitivity of ∼10 μJy (Bower 
t al. 2003 ). Similarly, in a more specific frequency range, it has
een proposed that with the high sensitivity that ALMA band 3 
bservations could achieve within just a few hours (on the order 
f ∼10 μJy) in a small area in the core of the ONC ( < 30 arcsec),
t would be possible to find ∼6 radio flares per day with change
n flux density by a factor > 2 on time-scales of hours to days
Rivilla et al. 2015 ). However, such sensitivity was not achieved 
n the ALMA band 3 observations that we are presenting here, 
hich ranges between ∼100 and ∼300 μJy (see Section 2 ). Two

mportant elements in the search for flares in such observations are the
ensitivity provided by ALMA and the large number of sources in the
NC. 
Given the lack of a statistical sample of strong and short-lived
illimetre flares, we started a first systematic search for such events

n YSOs using ALMA, targeting the BN/KL region close to the
ore of the ONC for a large sample of sources, and observing
n short time-scales of minutes to days. The use of ALMA is a
ajor benefit for such studies due to the high sensiti vity e ven on

ery short time-scales. Our observations are described in Section 2 .
e then present an assessment of systematic effects for variability 
easurements using ALMA simulated observations in Section 3 . 
ur results on source detection is presented in Section 4.1 , followed
y our variability analysis in Section 4.2 including the finding of
 strong flare and the o v erall variability in the sample. We finally
resent a summary and our conclusions in Section 5 . 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

he Kleinmann-Low Nebula, a dense molecular cloud core close to 
he Becklin-Neugbauer object (herafter BN/KL; Becklin & Neuge- 
auer 1967 ; Bally et al. 2011 ) was observed with ALMA during
ycle 5 (program 2017.1.01313.S, PI: J. Forbrich) at 3 mm (90–
05 GHz) on 2017 December 22, 27, and 29. A total of eight epochs of
1.2 h each towards a single pointing centred at αJ2000 = 05 h 35 m 14 . s 5

nd δJ2000 = −05 ◦22 ′ 30 . ′′ 6 were obtained using the array configura-
ion C43-5 with an average of 48 antennas per epoch (12-m array)
n baselines of 15–2517 m (see Table 1 ), where the longest baselines
re particularly rele v ant to mitigate the extended emission in the
rion Nebula. This phase centre position is 1 arcmin NW of θ1 

ri C, the O7 type star providing most of the photons ionizing the
rion Nebula. In order to prioritize time on source, the observations
ere carried out in dual-polarization mode recording the XX and 
Y correlations that allow us to reco v er the Stokes I intensity maps

Stokes Q is also accessible but insufficient to obtain o v erall linear
olarization without additional calibration). Four continuum spectral 
indows with bandwidths of 1.875 GHz were used and centred at
0.5, 92.5, 102.5, and 104.5 GHz, each one consisting of 32 channels
f 62.5 MHz-width. These spectral windows were chosen to a v oid
he strong lines of CO and its isotopologues. 

We used the pipeline-calibrated ALMA visibilities processed 
sing the CASA . 1 software (release 5.4.1). The initial amplitude and
andpass calibrator was the quasar J0423-0120 and then the phase 
alibrator was J0529-0519, observed every three science scans (every 
MNRAS 522, 56–69 (2023) 
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Figure 1. (left) HST r -band image (ACS/WFC) of the Orion Nebula with a field-of-view of 12 × 12 arcmin 2 centred at the Orion-KL region (white star symbol) 
indicating in red, the ALMA observed field. The yellow symbol indicates the position of θ1 Ori C in the Trapezium cluster (Background image credits: NASA, 
ESA, M. Robberto, and the Hubble Space Telescope Orion Treasury Project Team). (right) ALMA 3 mm continuum map of the Orion-KL region using the 
concatenated data (eight epochs combined). The white-dashed circle indicates the HPBW at the central frequency ( ∼0.93 arcmin), and the red circles indicate 
the 133 detected sources ( ≥5 σ ). The white star symbol indicates the position of source BN as reference. 
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0 min). The calibrated data set was imaged with the TCLEAN task in
ASA . We used the Stokes plane I and spectral definition mode ‘mfs’

Multi-Frequency Synthesis). The Hogbom deconvolution algorithm
nd a Briggs weighting method with a robustness parameter of 0.5
ere used. The image size for all the observations is 2048 × 2048
ixels with a pixel size of 0.05 arcsec and the mean synthesized
eam size between all the individual maps is 0.36 × 0.24 arcsec 2 ,
qui v alent to physical lengths of 96–144 au at the distance of the
NC (assumed to be ∼400 pc; Großschedl et al. 2018 ; Kuhn et al.
019 ). Photometry was extracted from images that were corrected
or the primary beam (PB) response following a PB gain level
ut-off of 20 per cent (pblim = 0.2), and thus masking the image
utside a radius of ∼0.75 arcmin from the phase centre, where the PB
ain level reaches 20 per cent due to PB attenuation. The resulting
mages co v er a circular field of view of ∼1.5 arcmin in diametre
ith a half power beam width (HPBW) at the central frequency of
0.93 arcmin. (see Fig. 1 ). In order to further reduce the impact of

xtended emission on the point-like source extraction process, we
pplied spatial filtering of the visibility data using baselines of the
 u , ν) range longer than 138 k λ ( ∼414 km), and therefore filtering out
tructures larger than ∼1.5 arcsec on a field, where the largest sources
ave sizes of � 1 arcsec (excluding the extended component of the
MC1 hot core) 2 . Furthermore, with the angular resolution achieved
y our observations and their corresponding physical lengths at the
istance of the ONC, we are expecting unresolved emission from
rotostellar flares, magnetospheres, and even from larger magnetized
tructures confined within smaller scales than the synthesized beam
orresponding to ∼100 au (Massi et al. 2008 ; Salter et al. 2010 ),
hile at the same time, we are not expecting variability from extended

tructure (associated with thermal dust emission) on the short time-
cales studied here of minutes to days. 
NRAS 522, 56–69 (2023) 

 Interferometric observations are sensitive to a range of angular scales ( θ res ) 
iven the range of antenna baselines as λ/ B max < θ res < λ/ B min , where B min 

nd B max are the shortest and longest baselines, respectively. 
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The o v erall sensitivity ranges between 0.18 and 0.31 mJy beam 

−1 

mong the different epochs, where the highest rms noise levels
re found in observations on the same day (29 December). These
ncreased rms noise levels were due to poor weather conditions
 v er the course of the last day of observations and also for epoch
. The resulting image parameters for all the 1.16-h observations
hereafter ‘epochs’) are summarized in Table 1 . An additional map
ith the concatenated data was generated following the same imaging
rocedure and spatial filtering used for the individual epochs. The
mpro v ed sensitivity of the concatenated image reaches an rms
oise of 0.04 mJy beam 

−1 , corresponding to 36 per cent of the noise
evels of the individual epochs, where weather conditions were
etter and 14 per cent of the noise level in the epoch with the
orst conditions (epoch 7). This combined image was used as a

eference for source detection and to obtain the averaged peak
ux densities reported in Table 2 and described in the following
ection. The premise here is that this deep image would yield
he best source catalogue as long as many sources have quies-
ent emission – which is not al w ays the case, as we will see
elow. 
An additional set of images was generated at 20 and 4 min time

esolution following the same procedure described abo v e and aimed
o look at the shorter time-scales of the specific flare-like features
ound in the 1 h light curves described in Section 4.2 . Given the
omplex emission in this region, such time-sliced imaging and
ubsequent source fitting was used to obtain source photometry. The
0 min time resolution maps were chosen to include exactly six con-
inuous science scans from the observations leaving outside only two
emaining scans at the end of each individual epoch and equi v alent
o 3 min of observation. These two scans were then reco v ered when
maging the 4 min time resolution maps. The 20 min time resolution
aps include ∼1.3 min of time dedicated to calibrations. All these

mages were used to generate light curves (LCs) at 1-h and 20-min
ime resolution, leading to 8 and 24 indi vidual images, respecti vely.
he rms noise levels for the 20-min images have values of 290

o 360 μJy beam 

−1 . Only 17 images at 4 min time resolution were
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enerated for the time intervals around the flare-like features of the
ost v ariable sources. Finally, gi v en the disco v ery of a strong flare

iscussed in Section 4.2.1 , a set of 8-s time resolution images were
enerated only for a time interval of 40 min around the strong event
ollowing the same imaging procedure already described, resulting
n 265 high-time resolution images with typical rms noise leves of

1.0 mJy beam 

−1 . 

 SIMULA  TED  OBSERVA  T I O N S  TO  ASSESS  

YSTEMATIC  ARTIFICIAL  VARIABILITY  IN  A  

OMPLEX  R E G I O N  

ur observations show evidence of widespread YSO millimetre
ariability on a wide range of time-scales from minutes to days,
ncluding a strong flare. Our main focus is to characterize the
trongest events that we can find in the resulting sample of sources,
o we ver this widespread variability extends down to the lowest
easurable levels. An assessment of lower variability levels in this

bservations involves dealing with technical difficulties due to the
biquitous complex multi-angular scale emission in the ONC on top
f its source density, which necessarily requires time-sliced imaging
f the whole field containing both resolved and unresolved sources,
nd a constantly changing shape and size of the synthesized beam
hroughout the observations resulting in a variable background. This
ime-sliced imaging method needs to be applied to re-image the field
t any time resolution followed by standard photometry to obtain
ux measurements. Due to these complications, it is expected that
ystematic effects will have an impact on flux measurements of un-
esolved sources and ultimately af fecting v ariability measurements.
he opposite scenario would be an isolated and unresolved source
n top of a flat background, where instead of time-sliced imaging a
irect fit of a point source model to the visibilities would be a suitable
ethod for flux measurements. 
In order to quantify the systematic effects described abo v e and

o determine what is the minimum level of variability in ONC
ources that can be studied using our method, we performed an
nalysis of simulated ALMA observations for a set of artificial,
onstant sources. Both the simulated observations and the artificial
ource properties reproduced as closely as possible our actual ALMA
bservations. These simulations consisted of 300 input images with
 single artificial source in each, but using different source properties
brightness and shape) and different background properties as well.

e made use of the SIMOBSERVE task in CASA to first simulate
he visibilities consisting of se ven observ ations of 1 h integration
ime each, all of them at different hour angles ranging from −5
o + 1 h pointing towards the same phase centre used in our actual
bservations as well as the same antenna configuration and reference
ate of the observations. We then made use of the SIMANALYZE
ask to image the simulated visibilities. Finally, flux measurements
nd variability analysis were performed following the same method
sed for the analysis of the actual observations. 
The artificial sources were 2D Gaussian models with a range of

izes for both major and minor axis equi v alent to FWHM between
.1 and 0.9 arcsec to include completely unresolved, marginally
esolv ed, and resolv ed sources in the experiment. The amplitude
f these model sources were set to co v er a range of peak flux density
etween 5 and 100 mJy beam 

−1 . This set of basic parameters resulted
n 100 initial artificial sources that were combined with three different
ackground images taken directly from the actual observations using
he concatenated data and within the HPBW primary beam. These
hree background sections of the concatenated image were chosen to
epresent three arbitrary levels of complexity from standard (largely
NRAS 522, 56–69 (2023) 
lear) to highly complex (contaminating extended emission) with
ms noise levels ranging between 0.1 and 2.5 mJy beam 

−1 . Each
ource was located at the centre of the three different background
mages. This resulted in 300 input sky models whose visibilities
ere simulated for seven different hour angles (HAs) on the sky

nd subsequently imaged with SIMANALYZE with a pixel size of
.05 arcsec and an image size of 100 pixels per side. This results in
 total of 2100 simulated images (seven observations per each of the
00 input sky models). 
In order to extract the flux information from each of the 2100

imulated images, we applied the same method used for source
etection in the actual data. Following the source extraction method
escribed in Vargas-Gonz ́alez et al. ( 2021 ), we obtained flux in-
ormation using a Gaussian fitting algorithm based on the IMFIT
ask in CASA that iterates o v er each input source using different
alues for fitting area around the source and different offsets from the
nput position to a v oid nearby contamination. The flux measurements
ere then used to analyse the LCs of each source in order to assess

he maximum change in peak flux density throughout the seven
bserv ations, hereafter v ariability factor (VF), and defined as the
atio between the maximum and minimum peak flux density in the
Cs. Fig. 2 shows an example for the resulting analysis and includes

he LC of the source in the top left-hand panel and its corresponding
aximum change in peak flux density (VF = 1.81 ± 0.01). The

ky model (shown in the top right-hand panel) corresponds to the
nput image for the simulation and contains the artificial source
ombined with one of the three real background images. In this
xample, this background section of the concatenated data that
as an rms noise of 0.5 mJy beam 

−1 , the source model already
ombined with the background image has a peak flux density of
.02 ± 0.02 mJy beam 

−1 and an original area of ∼0.26 arcsec 2 . The
esulting simulated observations shown in the middle and bottom
anels include the resulting beam in the lower left corner of each
ap, already highlighting its changes in shape, size, and orientation.
he areas of these resulting beams are indicated in the bottom-right-
and panel for each observed HA to illustrate how different elevations
argely affect the synthesized beam subsequently affecting our final
ux density measurements. 
As in the example shown in Fig. 2 , the large range of source

roperties and the different backgrounds used are differently affected
y this change in the synthesized beam o v er the course of the
bservations, and thus also resulting in a range of artificial variability
evels. These artificial variability spans a range of 1.1 ≤ VF ≤ 2.1
nd a median value of VF = 1.51. 

These results represent a conserv ati ve and likely o v erestimated
ssessment of the maximum systematic VF we could find in our
ctual observations. This is because we have used a wider range of
ource properties and also a wider range of ele v ations than the actual
LMA observations of the ONC comprise, which had a maximum
A co v erage between −3 h 20 m and + 3 h 13 m, with resulting

ource ele v ations between 40 ◦ and 72 ◦, these simulations included a
A range of −5 h ≤ HA ≤ + 1 h, which results in source ele v ations
etween 15 ◦ and 72 ◦. If we limit these simulations to −3 h 20 m
 HA < + 1 h, we then obtain a maximum systematic variability

f VF ∼ 1.6. As a compromise between these considerations and
he results from the full sample in the simulations, a reasonable
ut-off for systematic variability that can affect at least a sample of
ources given certain conditions (e.g. source size in combination with
 complex background) is VF = 2. In these simulations, ∼76 per cent
f the sources show VF ≤ 2, ∼17 per cent show 2.0 ≤ VF ≤ 2.1,
nd there is a 7 per cent for which it was not possible to obtain
 final VF since these were not detected when combined with the
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Figure 2. Simulated constant source and its resulting artificial variability. Left-hand panel in the top row show the resulting LC and VF. Right-hand panel in 
the top shows the input image containing the artificial source already combined with the background image. The middle and bottom rows show the resulting 
simulated observations labelled with the corresponding HA and with the resulting synthesized beam indicated in the lower-left corner of each map. The table in 
the bottom-right-hand panel indicates the synthesized beam area for each observation. 
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ost complex background. While sources in our actual ALMA data 
ith VF ≤ 2 may still show real variability, the main focus in our

tudy is to find the strongest events and how often those occur
ather than a detailed study of minor variability. Here, we discuss
hese highly variable sources as well as important considerations 
or the study of lower levels of variability for similar data sets.
lso, while we have used a wide range of parameters for sources

nd backgrounds to determine a conserv ati ve lo wer limit in our
ariability analysis, these do not necessarily comprise the full range 
f scenarios for every single source in the actual observations and 
herefore such variability for specific sources would still need visual 
nspection. 

Since the systematic ef fects rele v ant here are linked to changes
n synthesized beam and in turn this is linked to source ele v ation,
hen these systematic effects will generally not occur on arbitrary 
ime-scales. An example of this can be seen in the light curve shown
n Fig. 2 for which the artificial change in peak flux density smoothly
e velops with ele v ation. The only exception would be an adjacent
ontaminant that would pass through the beam as it rotates throughout 
he observations. Even in such a scenario, the resulting effect would 
ot compromise the detection of a short flare which will have different
haracteristics. 

Beyond these systematic effects, which dominate our analysis, 
rancis et al. ( 2020 ) analysed the accuracy of ALMA flux calibration
nd the impact on variability searches, which is particularly rele v ant
or isolated sources with a clean background. They find that with 
mpro v ed calibration strate gies the uncertainty can be lowered to a
ew per cent, but this is beyond what can be achieved in our complex
arget region. 

 RESULTS  F RO M  ALMA  O B S E RVAT I O N S  

.1 Source detection 

ompact source detection methods applied to radio maps towards 
rowded and complex star-forming regions face a challenge due to 
ontamination from spatially filtered complex extended emission. 
ven after applying additional spatial filtering, this often remains 
s uneven noise with occasional spurious point-like emission, and 
herefore automated source extraction methods typically require sig- 
ificant manual intervention to deal with artifacts. We thus searched 
or compact sources by visual inspection of the concatenated image 
ollowed by an automatic search only on the position of known X-
ay sources in the Chandra Orion Ultra-deep Project (COUP; Getman 
t al. 2005b ), known sources detected at cm-wavelengths with the
LA reported by Forbrich et al. ( 2016 ) and Vargas-Gonz ́alez et al.

 2021 ), and millimetre sources reported in Friedel & Widicus Weaver
 2011 ), Eisner et al. ( 2016 ), and Otter et al. ( 2021 ). These catalogues
rovide an updated and well characterized sample of X-ray and 
adio sources likely tracing the young stellar population in the Orion
N/KL region. Along with the multiwavelength tracers of young 

tars, variability itself, particularly at the heart of the OMC1 cloud,
 ould most lik ely originate from a YSO, and it is thus a suitable
MNRAS 522, 56–69 (2023) 
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ool for source identification even for deeply embedded sources
naccessible at other wavelengths, particularly IR and optical, where
 strong radio flare would be the only observable tracer in such a
ase. 

From our search in the aforementioned X-ray and radio surv e ys
ithin the HPBW primary beam ( r < 0.47 arcmin from the phase

entre), there are 52 COUP sources. Among these X-ray sources,
8 per cent have a counterpart in our catalogue using a search radius
f 0.5 arcsec, where only two additional nearby X-ray sources could
e included with separations ≤0.7 arcsec if applying a search radius
f 1 arcsec, one of them COUP 599, an unclear counterpart of
ource BN (Grosso et al. 2005 ). Similarly, we detect 40 per cent
f the 58 VLA sources within the HPBW primary beam (6 cm
bservations with angular resolutions of ∼0.4 arcsec). Only four
dditional nearby VLA sources (angular separations ≤0.8 arcsec)
an be included if extending the search radius from 0.5 arcsec to
 arcsec (Forbrich et al. 2016 ; Vargas-Gonz ́alez et al. 2021 ). On
he other hand, we detect 89 per cent of the 28 millimetre sources
ithin the HPBW primary beam reported in Friedel & Widicus
eaver ( 2011 ) based on 3 mm CARMA observations at different

patial resolutions down to a synthesized beam size of ∼0.5 arcsec.
wo of the remaining three ‘non-detected’ millimetre sources appear
s extended structures ( > 1.5 arcsec) in our ALMA observations
sources C2 and C30, see Table 1 in Friedel & Widicus Weaver
011 ) and are not included in our analysis. We also detect the
 millimetre sources in the field reported in Eisner et al. ( 2016 ) using
.3 mm ALMA observations with angular resolution of ∼1 arcsec,
isted as proplyds and detected in optical and/or near-IR bands
Hillenbrand & Carpenter 2000 ; Ricci et al. 2008 ). Finally, in the
LMA millimetre surv e y presented in Otter et al. ( 2021 ), there

re 61 within the HPBW primary beam of which 77 per cent have
ounterparts in our catalogue within 0.1 arcsec following a search
adius of 0.5 arcsec. There are 14 millimetre sources from Otter et al.
 2021 ) not detected in our work that lie within the HPBW primary
eam of our observations. Their reported 3-mm flux measurements
re ≤0.4 mJy except for two sources with flux measurements of
.673 ± 0.010 and 0.850 ± 0.007 mJy, identified as sources 40 and
8 in their catalogue, the former located ∼0.6 arcsec north-west from
ource BN, where the local rms noise level is ∼0.3 mJy beam 

−1 ,
hile the latter, located in an empty field with local rms noise of
0.04 mJy beam 

−1 , would be expected to be clearly detected with
/N > 5 if it was a constant source. 
We obtained flux information following the source extraction
ethod described in Section 3 based on a Gaussian fitting algorithm

sing the IMFIT task in CASA . Due to the presence of noise
eaks with S/N levels in the range of ∼3–4, we have enforced
 detection threshold of 5 σ , leading to a total of 133 sources.
e noted a significant impro v ement for source detection by using

he additional spatial filtering of the visibility data allowing a
9 per cent increase in detected sources, amongst these the flaring
ource discussed in Section 4.2.1 , which is surrounded by com-
lex emission that does not allow to fit a Gaussian component
nless applying the additional spatial filtering. The main resulting
arameters (position, peak flux densities, and source structure) for
he 133 detected sources are listed in Table 2 , and were obtained
rom the concatenated data (full catalogue available in the online
ersion). 

All the detected sources are indicated by red symbols in the
ight-hand panel of Fig. 1 o v erlaid on the ALMA 3 mm continuum
ap from the concatenated data. The continuum map shown in the

ackground in Fig. 1 was generated without the additional spatial
ltering described in Section 2 for illustrative reasons in order to
NRAS 522, 56–69 (2023) 
ighlight the complex extended emission particularly in the inner
egion. The source distribution shows a higher number density
owards the eastern side of the cluster with no detections abo v e
 σ in the westernmost area. A similar spatial distribution is found
t cm-wavelengths as well as in the X-ray and NIR bands (Forbrich
t al. 2016 ). The lower source density at X-ray and NIR wavelengths
an be associated with higher e xtinction lev els, consistent with the
igher dust emission towards the western region in the ONC as seen
t submillimetre-wavelengths (Di Francesco et al. 2008 ), while the
adio population distribution, essentially unaffected by extinction, is
ikely tracing the actual YSO distribution with the exception of the
ntrinsically faint millimetre sources. 

The goal of this work is to search for short-term millimetre
ariability from minutes to days associated with non-thermal radio
mission in protostars, and therefore we do not intend to study disc
roperties here, which have been discussed in detail elsewhere (e.g.
isner et al. 2016 , 2018 ; Otter et al. 2021 ). In this context, if the
easured flux is dominated by disc emission, we will not expect any

hort-time-scale v ariability, ho we ver the resulting flux measurements
rom insufficiently resolved or totally unresolved sources are likely
o be a combination of both the disc component and flares, and
hus it becomes a rele v ant concern for disc mass studies. In this
egard, while COUP sources in our sample already represent our best
racer of the young stellar population including objects associated
ith discs, we still searched for counterparts in multiwavelength

urv e ys in Orion as an additional approach to identify the fraction
f known protoplanetary discs in our sample and quantify to what
xtent millimetre flares could potentially dominate such emission
owards these sources. 

The typical size for circumstellar discs from optical studies within
ur observed area of the ONC is ∼130 au with just a few larger than
50 au (Vicente & Alves 2005 ). The spatial resolution in our obser-
ations is equivalent to spatial scales of ∼140 au at the distance of the
NC, and we are therefore looking at unresolved or just marginally

esolved protoplanetary discs in the region. We searched for proto-
lanetary disc counterparts in the literature within 1 arcsec to account
or the combined uncertainties between different observations and
or the emission scales at optical and/or infrared wavelengths of these
ystems that could still be associated with a millimetre counterpart
ithin this search radius. Within this field, there are 21 out of the
62 protoplanetary discs reported at optical wavelengths in Vicente &
lves ( 2005 ), whereas we find 14 mm-counterparts in our catalogue
ith separations between 0.3–0.8 arcsec. Based on similar observa-

ions with the HST , Ricci et al. ( 2008 ) reported 29 protoplanetary
iscs within this field, while we find 16 mm-counterparts in our
atalogue with maximum separations of ∼0.5 arcsec. In addition to
he four 1.3-mm sources from Eisner et al. ( 2016 ) mentioned at the
eginning of this section, 24 out of 29 sources detected at 0.85 mm
hat fall within our observed field are detected in our observations
Eisner et al. 2018 ). At least ∼25 per cent of well characterized discs
re associated with sources in our sample, of which ∼73 per cent
f them are already COUP counterparts, and we will also be able to
ssess any variability associated with these systems. If we include the
ample of small protoplanetary discs studied in Otter et al. ( 2021 ),
here is then a fraction ∼66 per cent of characterized discs in our
ample of which ∼64 per cent are COUP sources. 

After identifying the fraction of sources associated with well-
haracterized protostellar systems and a large sample of mm-sources
ith multiwavelength properties characteristic of YSOs, we then
erformed a systematic search for variability based on the 1 h epochs
panning more than a week of observations which we describe in the
ollowing section. 
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Figure 3. Radio LCs of source 74 (ORBS) at 1-h (left-hand panel), 20-min (middle panel), and 4-min (right-hand panel) time resolutions. The middle panel 
indicates the horizontal axis in arbitrary units representing consecutive epochs with their corresponding time intervals highlighted in red, blue, green, and yellow 

areas as shown in the left-hand panel. The yellow area indicates the time interval around the flare event then highlighted in the following two panels at higher 
time resolution. Detections are shown in black with 3 σ error bars. Upper limits are indicated in red (three times the local rms noise). The dashed horizontal line 
represents the averaged peak flux density from the concatenated data with 1 σ and 3 σ error bands in grey. The dashed background in the 4-min LC spans the 
time interval shown in Fig. 5 . 

Figure 4. Continuum maps from the eight individual epochs at 1 h time reso- 
lution (listed in Table 1 ) around the position of the flaring source ORBS. The 
green circles indicate the position of the X-ray source COUP 647, while the 
white plus symbol indicates the position of the millimetre detection in epoch 4. 
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.2 Radio variability 

s stated abo v e, we here aim to search for the occurrence rate
f the strongest short-term variability. Employing the same source 
xtraction method used on the concatenated data, we search for 
mission toward all the sources in our catalogue (Table 2 ) in all
he observed 1-h epochs. 56 per cent of the sources were detected
n all the individual epochs, 90 per cent were detected in at least
alf of them, and every source was detected at least once. While
on-detections can be explained by the increased rms noise levels 
n the individual images of up to 0.3 mJy beam 

−1 compared to
he 0.04 mJy beam 

−1 in the concatenated image (see column 6 in
able 1 ), this could still suggest some degree of variability for sources

hat would only be detected during a flare. 
The peak flux measurements from the individual epochs were used 

o generate the LCs at 1 h time resolution for all the sources as shown
or source 74 (the ORBS) in the left-hand panel in Fig. 3 . This LC
o v ers a strong flare discussed in detail in the following section. If no
eak abo v e a 5 σ detection threshold was found, then three times the
ocal rms noise was used as an upper limit (red symbols in Fig. 3 ). The

aximum change in peak flux density is defined as VF (see Section
 ). When an upper limit is used as a minimum, then the VF is reported
s a lower limit for variability, since we are not able to account for the
rue peak flux density during that minimum. The same criteria were
sed to generate the LCs at different time resolution as shown in the
iddle and right-hand panel of Fig. 3 with LCs at 20- and 4-min time

esolution. 

.2.1 Strong flaring source ORBS 

isual inspection of the individual eight epochs (see Table 1 ) for
 subset of sources in our catalogue led to the disco v ery of a
are object identified as source 74 in our catalogue (Table 2 ). It
nly appears as a very faint source with an average peak flux
ensity of 0.241 ± 0.022 mJy beam 

−1 in the concatenated image, 
here it is only possible to fit a Gaussian component following the

dditional spatial filtering of the visibility data described in Section 2 .
therwise, this source would not be detected, mostly due to complex

mission in the surrounding area, the presence of a nearby source
ithin ∼0.4 arcsec (source 75 in our catalogue), and its relatively

aint average peak flux density. Based on the eight individual 1-h
pochs, this source was only detected once, remaining undetected 
or more than 3 h since the start of the observations to then peak
t 1.039 ± 0.046 mJy beam 

−1 (S/N ∼23) in epoch 4. It remained
ndetected in the following epochs five days later with an average
 σ upper limit of ∼0.4 mJy beam 

−1 (see left-hand panel in Fig. 3
nd the corresponding continuum maps in Fig. 4 for the individual
pochs). This led to a lower limit variability with VF ∼ 4.1 within
2.7 h against epoch 2. Its LC at 20 min time resolution (see middle

anel in Fig. 3 ) allows us to further constrain this event to develop in
ess than an hour with a significantly increased VF ∼ 21 ± 4 and a
eak flux density of 2.562 ± 0.056 mJy beam 

−1 . This source clearly
as only detected during this flare which was bright enough to still

llow its (faint) detection in the averaged 8-h image. 
Its high S/N even at shorter time-scales allows us to constrain the

evelopment of this event, for which we generated its 4-min and then
-s time resolution LCs shown in the right-hand panel in Fig. 3 and
eparately in Fig. 5 , respectively. The 8-s images span a time interval
f 40 min around the flare e vent, ho we ver, the LC in Fig. 5 is only
isplaying an interval of ∼17 min (96 images in total). Outside this
ime interval there are no detected peaks abo v e a 5 σ threshold. 
MNRAS 522, 56–69 (2023) 
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Figure 5. Radio LC of source ORBS at 8-s time resolution following same symbol notation from Fig. 3 . 

Figure 6. Continuum maps of the 8-s time resolution images at the position 
of the flaring source ORBS. The left-hand panel corresponds to a time frame 
just prior to its first detection at 05:26 UTC (third upper limit after 5:25 UTC 

in Fig. 5 ), and the right-hand panel shows the maximum peak at 05:32:43 
UTC. Contour levels are 1 σ , 3 σ , 5 σ s, 10 σ , 15 σ , and 20 σ rms levels. The 
plus symbol indicates the position of the peak from the right-hand panel. 
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While at these two time resolutions, we are already constrain-
ng the brightness of the event with similar peak flux density of
.159 ± 0.066 mJy beam 

−1 at 4-min time resolution and a maximum
f 5.835 ± 0.132 mJy beam 

−1 at 8-s time resolution, it is only at the
ighest 8-s time resolution that a more detailed substructure in the
C is seen allowing us to constrain the flare duration to ∼10 min with
 rise time of ∼4 min from the first detection (05:26 UTC) until the
rst peak corresponding to an order of magnitude change in peak flux
ensity in such a short time-scale. Ho we ver, the presence of several
eatures in the LC may not necessarily correspond to the same event
nd the flare duration refers to the entire event in the LC, which
hows a brief decline at 05:30 UTC generating two main peaks, the
econd one ∼7 min after the first detection and just ∼3 min from the
rst peak. The second peak is the maximum, already mentioned, and

he first one just slightly fainter at 4.856 ± 0.085 mJy beam 

−1 . Fig.
 shows the 8-s time resolution continuum maps in a time frame just
rior to the first detection of the source (left-hand panel) and at the
aximum peak (right-hand panel) seen in the LC shown in Fig. 5

see caption for details). 
After the second peak discussed abo v e, the flux decreases by a

actor of ∼5 in 2 min when the observations were interrupted to
bserve the calibrator at around 05:35 UTC. As mentioned abo v e,
here are no detections neither before nor after the flare except for
NRAS 522, 56–69 (2023) 
he three datapoints at around 05:37:30 UTC that appear to show
arginal detections with a signal-to-noise ratio between 6 < S/N <

. This is the most extreme event in the sample sho wing v ariability
y a factor ≥10 followed by the sources 86 and 87 discussed
ater in Section 4.2.2 , ho we ver these two additional sources show
uch variability on the opposite extreme on time-scales of hours to
ays. 
Based on the flare rise time up to the first peak and its cor-

esponding light travel time, we can estimate an upper limit for
he size scale of the emitting region to have a radius r < 0.5 au.
ollowing this constraint, the intensity at the first peak would be
qui v alent to a brightness temperature of 0.5 MK (G ̈udel 2002 ),
hich in turn represents a lower limit and thus an additional

ndication for the presence of high-energy particles, non-thermal
mission thus being a possibility for the detected radio emission.
ince the observation were carried out in dual-polarization mode,

t is not possible to reco v er Stokes V information. We imaged
tokes Q intensity maps, instead, but no signal is detected abo v e

he rms noise levels at the position of ORBS. The limited in-
ormation on Stokes parameters does not allow for a conclusive
ssessment of neither linear nor circular polarization for the flare 
mission. 

The position of this flare object coincides with a previously
eported radio flaring source (within ∼0.09 arcsec) referred to as
RBS (Orion radio burst source) detected at cm-wavelengths ( λ =
.3 cm; ν = 22.3 GHz) with the VLA in K -band (Forbrich, Menten &
eid 2008 ). During these observations (July 1991), this source

howed an order of magnitude increase in its peak flux density in
 few hours with a maximum at 47 mJy beam 

−1 with this spectacular
vent marking the source’s first radio detection. This study reports a
ouble radio source at 8.4 GHz (VLA X -band) toward this position,
f which the closest one to the ORBS source (within ∼0.11 arcsec)
eems to be the south-west component of this double radio source
source SW in Table 2 of Forbrich et al. 2008 ), while the other
omponent is coincident with the position of another millimetre
ource in our catalogue within 0.12 arcsec, source 75, which does
ot show clear signs of variability at any time resolution (VF ≤
). This double radio source, of which the ORBS is the south-west
omponent, had first been detected at 8.4 GHz with the VLA from
bservations conducted in April 1994 and described in Menten &
eid ( 1995 ), see their Fig. 4 . 
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While ORBS was detected during a strong X-ray flare later 
n (COUP 647, Getman et al. 2005a ), there are no additional
ounterparts at neither optical nor infrared wavelengths suggesting 
hat this is a still deeply embedded source. The position of the COUP
ounterpart is coincident with the position of the flare peak within 
0.17 arcsec and is indicated with a green circle in Fig. 4 . It has

een also detected more recently at cm-wavelength with the VLA 

nd VLBA within ∼0.02 and ∼0.04 arcsec, respectively (Forbrich 
t al. 2016 ; Dzib et al. 2021 ; Vargas-Gonz ́alez et al. 2021 ), identified
s source 180 in Vargas-Gonz ́alez et al. ( 2021 ) and source 198 in
orbrich et al. ( 2016 ), without significant variability (VF � 2). The
LBA observations consisted of four epochs, yet this source was only 
etected in two of them underlining its highly variable nature along 
ith its non-thermal component. Its apparent large VLBA proper 
otion suggests this source alone (only the south-west component 

f the 8.4 GHz double radio source mentioned abo v e) may be a binary
ystem with angular separation of ∼4 au at the distance of the ONC.
nterestingly, among the few millimetre YSO flares in literature, such 
s V773 Tau A and DQ Tau, are also multiple systems whose flaring
echanism is thought to be caused by interbinary magnetospheric 

nteraction (Massi et al. 2006 ; Salter et al. 2008 ). Moreo v er, two
ighly variable sources discussed here (ORBS and source 86) and 
lso reported as non-thermal radio sources in the VLBA observations 
iscussed in Forbrich et al. ( 2021 ) are already 50 per cent of the
otential binaries in that VLBA sample (Dzib et al. 2021 ). The upper
imit angular size scale for the emitting region derived earlier is

1.3 mas, and thus comparable to the beam size for the unresolved
LBA detection for this source. 
Among the 3-mm sources detected by Friedel & Widicus Weaver 

 2011 ) using CARMA, source C5 is coincident with the position
f source ORBS within 0.2 arcsec. It is reported with a peak flux
ensity of 4.73 ± 0.76 mJy beam 

−1 similar to its values around the
eak of the flare found here. Remarkably, the peak flux reported 
n Friedel & Widicus Weaver ( 2011 ) comprises several hours of
ntegration between different tracks during 2010, which implies a 
rolonged bright peak emission (or persisting flares) during those 
bservations. For this flux measurement, they used the CARMA 

-configuration, which resulted in a synthesized beam size of 
.4 × 0.35 arcsec 2 similar to the typical beam size in our obser-
 ations. Ho we ver, while we did not resolve ORBS, they report it as
arginally resolved with a deconvolved source size of 0.4 × 0.29 

rcsec 2 . 
Source ORBS provides a remarkable example of how radio 

mission (and X-ray emission as well) during flare events in pro-
ostars and YSOs can be significantly more luminous than that of
ain sequence stellar flares. We can compare the millimetre ORBS 

are to the flares of Proxima Cen at 1.3 mm also observed with
LMA (MacGregor et al. 2018 , 2021 ). These were remarkable short-
uration ≤1 min flares of orders of magnitudes change in peak flux
ensity, representing an analogous flare to those studied here but 
rom a more evolved source (M dwarf with spectral type M5.5V). 

hile the bright Proxima Cen flares peaked at around ∼100 mJy (the
wo observed flare peaks in 2017 and 2019), these peaks would have
ot been detected in our ALMA observations of the ONC, and at
400 pc, these peaks would be roughly equi v alent to a ∼1 μJy (with
 central frequency at 1.3 mm). On the contrary, the ORBS millimetre
are of ∼5.5 mJy beam 

−1 would be as bright as ∼500 Jy beam 

−1 at
he distance of Proxima Cen (1.3 pc). This translates into absolute 
adio luminosities of ∼2 × 10 14 and ∼1 × 10 18 ergs s −1 Hz −1 

or Proxima Cen and ORBS flares, respectively. These differences 
ighlight the importance of a continued systematic search for such 
vents in YSOs to better constrain the nature of the radio emission
uring flares, this way provide a significant sample for modelling 
tudies, such as those of T-Tauri magnetospheres to model both radio
nd X-ray emission during flares (Waterfall et al. 2019 ). Additionally, 
his finding is also providing a caveat for the study of disc masses,
here a case such as ORBS with an averaged peak flux density

n the concatenated data completely dominated by a flare would 
ead to a completely incorrect disc mass estimate. For instance, the
RBS flare would translate into significant change in dust mass 

ince the latter is proportional to the measured flux, M dust ∝ S ν ,
ssuming a fixed dust temperature in discs (see equation (1) in
isner et al. 2018 ), and therefore the variability factor of this
are would also mean an order of magnitude difference in the
stimated dust mass. While a continued monitoring of millimetre 
ariability will impro v e the statistical sample size necessary to
ssess the impact of such variability on disc mass estimates, our
bservations alone can already demonstrate that within a cumulative 
bserving time of ∼1276 h (eight epochs of ∼1.2 h each with 133
ources), we find evidence of at least three out of 133 sources whose
illimetre variability could lead to incorrect disc mass estimates 
ith up to an order of magnitude difference in the estimated dust
ass. 

.2.2 Variability distribution in Orion-KL 

s previously seen, already between the individual 1-h epochs alone, 
e find variability occurring at all the analysed time-scales, and even

tronger events are accessible at shorter time-scales. The resulting 
F distributions from the LCs at 1-h and 20-min time resolution

re shown in Fig. 7 in the top and bottom panels, respectively, as
 function of the averaged peak flux density from the concatenated 
ata. While there is a wide range of variability at the two different
ime resolutions, the VF distribution from the LCs at shorter time-
cales reveals significantly greater variability levels of up to a factor
f VF ∼20. This widespread variability occurs at all range of time-
cales (see insets in Fig. 7 ) with the strongest flare displayed by
ource 74 (ORBS) arising in less than an hour (bottom panel in Fig.
 ). The other two sources with VF ∼ 10 (from the LCs at 20-min
ime resolution) show such variability on longer time-scales of hours 
o days, where a more prolonged flaring state may last longer than
he observations (as seen in Fig. 8 ). 

These differences in the VF distribution when determining vari- 
bility at different time resolutions are testimony to the interplay 
etween the characteristic time-scales of the variability in the sample 
nd the averaged time intervals used to investigate this. For instance,
 short-lived flare would be more evident if imaged or analysed at a
ime resolution comparable or shorter than the duration of the event,
ut then its signal would be progressively diluted within the average
s longer time intervals are used to determine its brightness. We can
ee, for example, ho w short-li ved substructures are seen in the LC
f source 86 at higher time resolution (red area in the right-hand
anel in Fig. 8 ), where the lower time resolution LC in the left-
and panel does not show clear evidence of the peak in subepoch
, neither of the sudden increase in subepoch 12. A more obvious
xample was discussed for the ORBS and seen in Figs 3 and 5 with
Cs at different time resolutions showing the strong flare, whose true
aximum peak flux density significantly increases when measured 

t the shortest time resolutions and its detection in the concatenated 
ata is only due to its strong short-lived flare. 
Given the definition of the VF that is describing relative variability,

reater v ariability le vels are displayed predominantly to wards lo wer
veraged peak flux densities as seen in Fig. 7 . Sources with averaged
MNRAS 522, 56–69 (2023) 



66 J. Vargas-Gonz ́alez et al. 

M

Figure 7. VF distribution at 1-h (top) and 20-min (bottom) time resolution for the full sample as a function of peak flux density from the concatenated data 
with 1 σ error bars in both axis and colour-coded by signal-to-noise ratio of the peak from the concatenated data. Lower limits are indicated by triangles and 
black arrows. The horizontal dashed line in the top panel indicates the systematic variability cut-off at VF = 2 described in Section 3 . Sources with VF abo v e 
this cut-off within 3 σ uncertainty and also abo v e the noise distribution shape (see text) are highlighted, others are shown with small square symbols and higher 
transparenc y lev els. The full distribution histograms for both observations and simulations (described in Section 3 ) are shown on the right. The insets indicate 
the VF as a function of time-scale for such variability level (time interval between the maximum and minimum in the LCs). 
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eak flux density abo v e ∼2.0 mJy beam 

−1 are essentially constant
nd are most likely dominated by dust millimetre emission. Source
N, for example, is a well known thermal radio source (Forbrich et al.
008 ; Forbrich et al. 2016 ), and it is thus expected to show no signs
f variability on short time-scales. This is the brightest millimetre
ource in our sample (source 25 in Table 2 ) with an averaged peak
ux density of 70.991 ± 0.183 mJy beam 

−1 , and shows indeed no
illimetre variability with VF ∼ 1.1 and ∼1.2 from the 1-h and 20-
in LCs, below our cut-off for potential systematic effects. While

8 per cent of the sources in our catalogue ha ve a veraged peak flux
ensity < 8 mJy beam 

−1 , only other source with considerably bright
eak flux density is the well known Source I (source 61 in our
atalogue), which together with source BN are the most massive
NRAS 522, 56–69 (2023) 
bjects in the Kleinmann–Low (KL) nebula in Orion within a range
f ∼8–15 M 	 (Ginsburg et al. 2018 ; Bally et al. 2020 ; Wright
t al. 2022 ). Here, we report an averaged peak flux density of
6.475 ± 0.190 mJy beam 

−1 for Source I, and it is also amongst
he most constant sources with VF ∼ 1.1 in both 1-h and 20-min
ime resolutions LCs. 

If we only consider the VF = 2 threshold discussed in Section 3 ,
hen, in the 1-h time resolution data of the 133 LCs, only ∼6 per cent
f the sources hav e VF values abo v e our systematic limit of VF
 2 within 3 σ uncertainty, including those with only upper limits

vailable. As seen in the histograms on the top right-hand panel in
ig. 7 , most of the sources show VF values below the defined cut-off
t 1-h time resolution. The o v erall VF from the simulations is also

art/stad926_f7.eps
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Figure 8. Radio LCs of the variable sources 86 and 87 at 1-h (left) and 20-min (right) time resolutions. Symbols and colors follows same notation as in Fig. 3 . 
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hown in grey-filled histogram as reference. On the other hand, at 
0-min time resolution, about ∼20 per cent of the sample, present VF
ev els abo v e this defined threshold within 3 σ uncertainty, including
hose with only upper limits available. 

Furthermore, the envelope of the VF distribution at the two 
ifferent time resolutions shown in Fig. 7 also appears to display 
 systematic effect where a large dispersion is still seen abo v e VF =
, which is described by a noise distribution that increases towards 
ower peak flux densities and peaks at around S ν ∼ 0.3–0.4 mJy
eam 

−1 , reaching VF ∼ 3–4 at 1-h time resolution and VF ∼ 5–7
t 20-min time resolution. This envelope then decreases towards the 
aintest sources likely due to completeness issues and a selection bias, 
here the faintest sources were mostly selected by visual inspection 
f the concatenated image, and these are located in regions less
ffected by background noise and therefore less likely to display 
arge flux variations caused by noise. The envelope is indicated with 
ransparent symbols in Fig. 7 ). This effect appears to be driven by the
F definition, since the noise in a given LC has a larger impact on the
easured VF for fainter sources. For example, for a constant source, 
 small flux fluctuation due to the dispersion in the LC for fainter S ν
alues leads to higher VF compared to the impact of such dispersion
n the LC of a constant bright source, leading to a systematically
idening VF envelope towards lower flux densities in Fig. 7 . 
Ho we ver, in our quest to quantify strong relative variability, 

he main goal is to identify sources that are undoubtedly variable 
e yond an y systematic effect. This approach is partly moti v ated by
he epoch-to-epoch ALMA flux calibration accuracy, which is also 
efined in relative terms (see for example Francis et al. 2020 and
eferences therein). We thus follow the same approach as for the 
F = 2 threshold discussed in Section 3 , where sources below this

evel, or within the dispersion envelope in this context, can still be
 ariable, e ven though they are within the noise in the distribution. The
ariability would need to be checked individually, since it will already 
epend on whether there is complex image structure in the immediate 
icinity. Even with these constraints, we still find several sources that 
o
re clearly variable abo v e an y systematic effect: sources 74 (ORBS),
6, and 87. These three sources are abo v e all systematic effects at
oth time resolutions, and the latter two are discussed individually 
n the following section, while source ORBS was already discussed 
n Section 4.2.1 . 

An additional note associated with the sample of discs that 
ave been characterized at radio wavelengths with 3-mm flux 
easurements available in Otter et al. ( 2021 ), we can compare their
ux measurements for those within the HPBW primary beam (47 
ources). 57 per cent of them have flux measurements compatible 
ithin 3 σ uncertainty, and 19 per cent (9 sources) are not just

ncompatible within 3 σ uncertainty but also show at least 50 per cent
ifference in flux density, where the largest difference is shown by
ource 86 by a factor of ∼3.6 brighter in our observations (using
he flux measurement from the concatenated data). This source is 
mong the most variable ones in our sample, and is discussed in the
ollowing section together with source 87. 

.2.3 Additional highly variable sources 

ere, we will briefly comment on two additional sources showing 
he highest variability in the sample after the strong flare earlier
iscussed. These are the sources 86 and 87 whose largest variability
ccur on the longer time-scales of days with changes in peak flux
ensity by an order of magnitude or greater. 
Source 86 : With a VF = 4.1 ± 0.3 within 7 d (170.2 h) from

ts 1-h time resolution LC shown in the bottom left-hand panel
n Fig. 8 , this source shows a decreasing brightness in the first
ours of observation (first four epochs, red are in Fig. 8 ) with
 maximum peak flux density of 2.401 ± 0.055 mJy beam 

−1 in
poch 1 and a minimum in epoch 6 (first measurement within
reen area) at 0.586 ± 0.037 mJy beam 

−1 . Interestingly, at shorter
ime-scales, its 20-min time resolution LC illustrates the interplay 
etween the averaged interval and the characteristic time-scale 
f the corresponding variability, where an evident substructure 
MNRAS 522, 56–69 (2023) 
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egins to be temporally resolved revealing three successive peaks
t 2.531 ± 0.085, 2.418 ± 0.047, and 2.052 ± 0.042 mJy beam 

−1 ,
espectively, with the second and third peak rising after 2.1 and 2.7 h
rom the preceding peak where the maximum change in peak flux
ensity for that interval (red area) occurs between the first and ninth
easurement with a VF ∼ 1.9 ± 0.1. 
This source shows an order of magnitude change in peak flux

ensity (VF ∼ 10.0 ± 0.7) on longer time-scales of 7.1 d (171 h) with
 maximum at the beginning of the observations (subepoch 1) and a
inimum within epoch 6 (subepoch 18, green band in Fig. 8 ). From

ubepoch 13 onward, the LC fluctuates around 0.463 mJy beam 

−1 

ith a standard deviation of 0.166 mJy beam 

−1 . Similarly, this source
as also detected at 3 mm continuum observations from September
017 (Ginsburg et al. 2018 ; Otter et al. 2021 ) with a reported flux
ensity of 0.409 ± 0.004 mJy from aperture photometry (see table 5
n Otter et al. 2021 , source 37), which in line with our measurements
rom subepoch 13 onward, may represent a quiescent state of source
6, with the caveat that even such ‘quiescent state’ may still be
ominated by flares. An example of this can be illustrated by the
eemingly ‘quiescent state’ of source 87 in its 20-min resolution
C starting from subepoch 16 onward (top right-hand panel in Fig.
 , green area), where its peak flux density displays a ‘quiescent’
onstant lev el (e xcept for subepoch 22) yet brighter than the first
welve subepochs (red area), which are otherwise upper limits 

ostly. 
Source 86 was reviously reported at cm-wavelengths as GMR D

n Garay, Moran & Reid 1987 , and more recently in Forbrich et al.
016 , and Vargas-Gonz ́alez et al. 2021 with no significant variability
sources [FRM2016] 211 and [VFD2021] 186, respectively). It was
eported as a non-thermal radio source in Forbrich et al. 2021 , where
ts VLBA unusual proper motion suggests these are detections of
ifferent components among the observations (Dzib et al. 2021 ), and
n such a case, source 86 would actually be a close binary system. It
lso has an X-ray counterpart (COUP 662) with a hydrogen column
ensity log( N H ) = 23.22 ± 0.03 leading to a high visual extinction A V 

80 (using the conversion N H / A V = 2 × 10 21 cm 

−2 from Vuong et al.
003 ), which supports the fact that neither optical nor IR counterparts
ave been reported for this source. 
Source 87 : This source shows the largest variability in the sample

t 1 h time resolution with a VF ∼ 5.3 on a time-scale of 5 d (120.2 h),
nd it is indeed just a lower limit variability since its true radio
uminosity remained below detectable levels during the first four
pochs, where the minimum is reported (as three times the rms noise;
op left-hand panel in Fig. 8 ). The local rms noise at the minimum
epoch 4) is 0.074 mJy beam 

−1 . The averaged peak flux density of
ource 87 o v er the eight epochs is 0.484 ± 0.015 mJy beam 

−1 , but
eaks at 1.169 ± 0.039 mJy beam 

−1 in epoch 5 (blue band in Fig. 8 ),
lmost 2.5 times brighter than the averaged peak flux density. If we
hen look into the 20-min time resolution LC, its peak within epoch
 increases to 1.417 ± 0.019 mJy beam 

−1 leading to a variability of
n order of magnitude (VF = 10.0 ± 1.9) in 5 d. 

This source has been previously detected at cm-wavelengths
n Forbrich et al. ( 2016 ) and Vargas-Gonz ́alez et al. ( 2021 )
source [FRM2016] 212 and [VFD2021] 187, respectively). Source
VFD2021] 187 shows a decrease in peak flux density by a factor
f ∼3 in nearly 2 h as measured from its 5-min time resolution
C of the central pointing presented in Vargas-Gonz ́alez et al.
021 . It has an X-ray counterpart in the COUP surv e y (COUP
70) with a reported spectral type between K4-M0 and a visual
xtinction A V ∼ 2.31 (based on optical and infrared properties from
illenbrand 1997 ; Luhman et al. 2000 ; Lucas et al. 2001 ) and a
ear-IR counterpart in the VISION surv e y (VISION 05351492–
NRAS 522, 56–69 (2023) 
522392; Meingast et al. 2016 ). Also reported as a non-thermal
adio source at cm-wavelengths with the VLBA, where it was only 
etected in one out of four observed epochs with a 35.1 σ significance
evel (Dzib et al. 2021 ; Forbrich et al. 2021 ) pointing out to its
xtreme variability in the cm-range. Further evidence of its millimetre
ariability can be inferred from similar ALMA 3 mm observations
onducted three months prior to our observations, where no peak
bo v e a 5 σ detection threshold is found on images with reported
ms noise levels between 0.04–1.0 mJy beam 

−1 (Otter et al. 2021 ).
ccording to its IR counterpart in Muench et al. 2002 (source
68, with an angular separation of ∼0.14 arsec), Otter et al. 2021
etermined a 3 mm upper limit a this position of 0.027 mJy (three
imes the local rms noise). 

 SUMMARY  A N D  C O N C L U S I O N S  

e present ALMA 3 mm continuum observ ations to wards the
rion BN/KL region at subarcsecond resolution and report the first

ystematic search for mm-wavelengths flares in YSOs on time-scales
rom minutes to days. 

We detect 133 sources within a area of ∼1.6 × 1.6 arcsec 2 

 ∼0.2 × 0.2 pc 2 ) and have studied their LCs at different time
esolutions. Within this sample, we report the disco v ery of a strong
are from a known YSOs previously reported as a radio flaring
ource detected at cm-wavelengths and referred to as ORBS, where
t showed an order of magnitude change in peak flux density in
ust a few hours (Forbrich et al. 2008 ). In our ALMA observations,
t was only detected in one of the eight epoch (individual epochs
f 1 h each). This single detection and only at this time resolution
orresponds to a change in peak flux density by a factor of at least
 4 in less than three hours. Further analysis of this flare at high-time

esolution of 8-s cadence allowed us to constrain the development of
his strong event that had a duration of ∼10 min with more than
n order of magnitude change in peak flux density in ∼4 min.
t this high-time resolution, we are also able to resolve a light

urve substructure at the peak of the event where a double peak is
een at ∼4.9 and ∼5.8 mJy beam 

−1 separated by 3 min. This strong
illimetre flare from a known YSO is a remarkable evidence of how

adio time domain analysis of such data set is providing us with a new
erspective on high-energy irradation of YSO vicinities, its impact
n protoplanetary discs and ultimately on planet formation. 
Radio variability analysis for a data set of this kind towards a

omple x re gion such as the ONC necessarily requires time-slicing
maging for flux measurements at different time resolutions. This

ethod entails some uncertainties for lower levels of variability,
here systematic effects are expected mostly due to the impact that
 dynamic shape and size of the synthesized beam throughout the
bservations has on flux measurements of both resolved sources
nd/or unresolved sources in a complex region with a variable
ackground. Using simulated observations, we conclude that these
ystematic effects could produce artificial variability of up to a factor
f VF ∼ 2. 
Finally, this study is providing a first look at the capabilities that

LMA offers to the field of radio time-domain studies at high-time
esolution in the millimetre range, which also has an impact on the
nterpretation of averaged millimetre fluxes, such as in the study of
isc masses for individual YSOs. Additionally, our findings provide
trong evidence of the value of both continued radio monitoring of
SOs and the development of even more efficient methods for the

nalysis of variability in such radio data sets of complex regions at
igh-time resolution which undoubtedly provides a unique window
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o the study of high-energy processes at the earliest phases of stellar
volution. 
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