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A B S T R A C T 

We have performed targeted searches of known extragalactic transient events at millimetre wavelengths using nine seasons 
(2013–2021) of 98, 150, and 229 GHz Atacama Cosmology Telescope (ACT) observations that mapped ∼40 per cent of the sky 

for most of the data volume. Our data co v er 88 gamma-ray bursts (GRBs), 12 tidal disruption events (TDEs), and 203 other 
transients, including supernovae (SNe). We stack our ACT observations to increase the signal-to-noise ratio of the maps. In all 
cases but one, we do not detect these transients in the ACT data. The single candidate detection (event AT2019ppm), seen at 
∼5 σ significance in our data, appears to be due to active galactic nuclei activity in the host galaxy coincident with a transient 
alert. For each source in our search we provide flux upper limits. For example, the medians for the 95 per cent confidence upper 
limits at 98 GHz are 15, 18, and 16 mJy for GRBs, SNe, and TDEs, respectively, in the first month after disco v ery. The projected 

sensitivity of future wide-area cosmic microwave background surv e ys should be sufficient to detect many of these events using 

the methods described in this paper. 

Key words: methods: data analysis – cosmic background radiation – transients: gamma-ray bursts – transients: supernovae –
transients: tidal disruption events. 
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 I N T RO D U C T I O N  

or more than a decade, ground-based cosmic microwave back-
round (CMB) telescopes have been scanning large fractions of
he sky – about 40 per cent in the case of the Atacama Cosmology
elescope (ACT) – at millimetre (mm) wavelengths with arcminute
esolution. The next generation of CMB experiments, such as the
imons Observatory (SO; Ade et al. 2019 ) and CMB-S4 (Abazajian
t al. 2019 ) will continue to observe large fractions of the sky
ith regular cadences of a few days and exceptional sensitivity.
his is opening up the possibility for mm time domain science,
 largely unexplored field. Recently, ACT serendipitously detected
hree events consistent with nearby stellar flares (Naess et al. 2021a ),
hile a systematic search of the South Pole Telescope (SPT) data
etected 12 events that seemed to be stellar flares and two others
hat may be extragalactic in origin (Guns et al. 2021 ). Previously,
PT performed a blind search for transients, finding an extragalactic
 E-mail: aconcagua.chc@gmail.com , carlos.hervias@uc.cl 
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andidate at 2.6 σ significance with a duration of a week (Whitehorn
t al. 2016 ). 

Of particular interest are extragalactic transient sources dominated
y synchrotron emission. In general, this emission originates when
he fast-moving ejecta interacts with the circumstellar medium
CSM), accelerating free electrons to relativistic speeds, and emitting
ynchrotron radiation as a consequence. Among these transient
ources are gamma-ray bursts (GRBs), tidal disruption events
TDEs), and supernovae (SNe). This work will focus on these three
inds of objects. While mm detections of individual objects exist
see table 1 of Eftekhari et al. 2022 , for a comprehensive catalogue),
e do not have reliable predictions of their mm luminosities in
an y cases. Nev ertheless, this re gion of the spectrum is important:
any mm transients peak at early times after trigger, and certain

mission components are best observed at mm wavelengths, such as
he reverse shocks in GRB afterglows (Laskar et al. 2018 ). Whereas
ollo w-up observ ations of transients disco v ered by other facilities
ely on assumptions about which transients will produce bright mm
mission, a CMB mm surv e y instrument like ACT could provide
 systematic measurement of mm emission from different classes
f transients due to its large sk y co v erage and cadence, and may
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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1 AT is one of the official classification by the International Astronomical 
Union (IAU) for reported transients disco v ered by the astronomical commu- 
nity. Once spectroscopically confirmed, a supernov a will recei ve its SN name. 
Most of the ATs are SN candidates that were not followed up or classified. 
The others are assorted astrophysical phenomena. 
2 Note that this event is not in our search space: its declination was slightly 
abo v e ACT’s surv e y footprint, and it also occurred during a period when the 
telescope was not observing. 
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ometimes observ e ev ents at or shortly after the trigger, in contrast to
ome follow-up targeted observations that can take ∼hours to begin. 

In the case of SNe, we focus on the core-collapse classes. They can
roduce bright radio emission arising in the interaction of the rapid 
jecta with the CSM, generating synchrotron due to acceleration of 
lectrons (Weiler et al. 2002 ). Despite this, only O(100) SNe have
een detected in radio emission (e.g. Turtle et al. 1987 ; Bartel et al.
002 ; Bietenholz et al. 2021 ). Only a handful of mm observations of
earby SNe exist, such as SN2011dh (Horesh et al. 2013 ), iPTF13bvn 
Cao et al. 2013 ), and SN2020oi (Maeda et al. 2021 ). An interesting
ase is interacting SNe, a class of objects defined by their interaction
ith the CSM, characterized by the production of signature narrow 

pectral lines due to shocks (Smith 2017 ). Interacting SNe include 
he IIn and Ibn classes, which have been detected in radio (e.g.
handra 2018 ), but not in the mm so far. The progenitors for this
lass are not clearly identified. These classes of SNe might produce 
m emission due to (sub)relativistic ejecta interacting with very 

ense ( n e � 10 6 cm 

−3 ) CSM (Yurk, Ravi & Ho 2022 ). Since type IIn
Ne take much longer than other core-collapse classes to become 
etectable in the radio (their luminosity-rise time is � 1 order of
agnitude higher; Bietenholz et al. 2021 ), a detection in the mm
ould probe the more extreme physical conditions closer to the 

xplosion time and therefore help identify potential progenitors, due 
o the mm peak happening at much earlier times than the radio. The
est example of an SN-like event that could have been easily observed 
y a CMB experiment was the Fast Blue Optical Transient (FBOT)
T2018cow (Ho et al. 2019 ), a bright and rapidly evolving transient

hat lasted ∼100 d, with a ∼100 GHz flux of ∼90 mJy 22 d after
isco v ery. Ho we ver, e vents like these are rare (Ho et al. 2023 ). As a
eference, this event would have to be at a distance of 80 (130) Mpc
o be detected at 3 σ by the 98 (95) GHz channel of ACT (SPT) in
 single visit. A relatively nearby supernova, like SN 2011dh, at a
istance of only 7.5 Mpc, has a measured flux of ∼4 mJy at 107 GHz
our days after disco v ery that decays thereafter (Horesh et al. 2013 ).

hile we expect core-collapse SNe to produce potentially detectable 
m emission, we will also report on observations of type Ia SNe or

nconfirmed events. 
TDEs correspond to the destruction of stars by the tidal forces

f supermassive black holes at galaxy centres. The synchrotron 
adiation originates from the interaction between the TDE outflows 
nd the surrounding circumnuclear medium (CNM). This interaction 
ri ves a bo w shock into the gas, which accelerates electrons to
elativistic speeds and produces synchrotron emission. Ho we ver, we 
an expect a wide variety of emission from event to event due to
ependence on multiple factors, such as viewing angle, how much 
mbient gas there is, fraction of shock energy deposited in electrons, 
nd magnetic field, etc. (Roth et al. 2020 ). Due to this, there is
 large diversity of radio properties in the TDEs for which we
ave radio and mm detections (Alexander et al. 2020 ). In broad
erms, they can be classified into radio-loud and radio-quiet (with 
he frontier between the two being a radio characteristic luminosity 

10 40 erg s −1 = 2 . 6 × 10 6 L �). Radio loud TDEs are very bright
ue to their relativistic jets typically being viewed on-axis and 
heir flux Doppler boosted, while radio quiet TDEs produce non- 
elati vistic outflo ws that have much weaker mm emission than radio-
oud TDEs, or none at all, although this latter case might also be
onsistent with a relativistically jetted TDE being viewed off-axis. 
oth types of TDE have been observed in the radio, but only a handful
f radio-quiet detections exist, which may be an observational bias 
Alexander et al. 2020 ). Due to the small number of TDEs discovered
o date, it is not clear what fraction of them will produce high-
nergy jets or which fraction will produce radio emission. Ho we ver,
he detection of TDE jets in the mm probes the CNM density and
agnetic field around supermassive black holes on sub-parsec scales 

Yuan et al. 2016 ). The best and most e xtensiv ely studied examples
f TDEs in radio/mm emission are the radio-loud and very bright Sw
1644 + 57 (Zauderer et al. 2011 ; Berger et al. 2012 ) and the radio
uiet ASASSN-14li (Alexander et al. 2016 ; van Velzen et al. 2016 ).
endes et al. ( 2021 ) reported Very Large Array (VLA) and Atacama
arge Millimeter Array (ALMA) observations of the non-relativistic 
DE AT2019dsg. They measure a 100 GHz flux of 0.07 mJy 74 d
fter disco v ery with ALMA. Also, Yuan et al. ( 2016 ) found the
DE IGR J12580 + 0134 in archi v al Planck data, likely due to non-

elativistic emission from an off-axis jet. 
Long GRBs (with a duration longer than ∼2 s) have their origin in

ighly energetic explosions produced by the core collapse of massive 
tars in high-redshift galaxies. This explosion creates the ejection 
f material at ultrarelativistic speeds through highly collimated jets 
Hjorth et al. 2003 ). As the jet penetrates into the surrounding gas, a
orward shock expands outwards into the gas, producing a cascade of
mission at wavelengths longer than gamma rays, known as the GRB
fterglo w. A re verse shock into the jet ejecta produces additional
mission (Piran 1999 ). The accelerated electrons in this interaction 
ill generate a synchrotron spectrum with several break frequencies 

nd a defined power -law beha viour. This simplified model is known
s the fireball model (Sari, Piran & Narayan 1998 ), which predicts
hat the afterglow light curve will peak at earlier times in the mm
han in the radio. The forward shock can peak on scales of several
ours to a few days in the ∼80–400 GHz region of the spectrum
de Ugarte Postigo et al. 2012 ), while the reverse shock can peak
n much shorter time-scales of only half to a few hours (Laskar
t al. 2018 , 2019 ). The advantage of detecting mm emission from
RBs afterglows is that it allows synchrotron emission to be studied
uring the first few days of the e vent, allo wing many or even all the
arameters that model the fireball can be constrained. The mm is also
n the sweet spot of not being affected by self-absorption at lower
requencies or by the dust extinction at higher frequencies. A typical
ong GRB at z ∼ 1 ( ∼6.7 Gpc) is expected to peak at ∼1–2 mJy a
ew days after the burst at 100 GHz (Eftekhari et al. 2022 ). All of
he mm detections for GRBs until 2012 can be found in de Ugarte
ostigo et al. ( 2012 ), while an updated list can be found in Eftekhari
t al. ( 2022 ). An e xample of a nearby GRB e xtensiv ely studied in the
m is GRB 130427A (e.g. Laskar et al. 2013 ; Perley et al. 2014 ). 
In this paper, we search for SNe, TDEs, GRBs, and assorted

stronomical transients (ATs) 1 disco v ered at other wav elengths in
CT mm-wave observations between 2013 and 2021. To give a 

ense of the detection prospects, the ACT 98 GHz frequency band
s capable of detecting a 50 mJy point source at 3 σ with a single
bservation of two detector arrays (see Section 2.1 for the definition
f an array). 
While ACT lacks the sensitivity to detect the typical mm flux

xpected from the types of sources we are targeting, there is al w ays
he possibility of disco v ering une xpectedly high emission from an
nusual event, such as AT2018cow, 2 and we can also probe to lower
uxes by stacking over longer time spans. Furthermore, it is now
MNRAS 529, 3020–3034 (2024) 
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Table 1. Frequency channels and dates of the data included in the search. Note that there are gaps up to O(months) within the 
time ranges indicated, due to climate conditions, yearly planned maintenance, upgrades, etc. 

Channel Array Band Bandwidth Synchrotron band Data start date Data end date 
centre (GHz) a (GHz) b centre (GHz) c 

f090 PA3 93.3 31.1 93.2 2015 April 21 2016 December 22 
PA5 96.5 19.0 96.5 2017 May 11 2021 June 18 
PA6 95.3 23.1 95.3 2017 May 11 2019 December 19 

f150 PA1 145.4 39.6 145.3 2013 September 10 2016 June 12 
PA2 145.9 36.7 145.7 2014 August 23 2016 December 22 
PA3 144.9 27.8 144.7 2015 April 21 2016 December 22 
PA4 148.5 36.7 148.3 2017 May 11 2021 June 18 
PA5 149.3 28.1 149.2 2017 May 11 2021 June 18 
PA6 147.9 31.1 147.8 2017 May 11 2019 December 16 

f220 PA4 226.7 66.6 225.0 2017 May 11 2021 June 18 

Notes. a The ef fecti v e frequenc y is defined as ν0 = 

∫ 
ντ ( ν) d ν∫ 
τ ( ν)d ν

, where ν is the frequency and τ ( ν) is the passband of the channel as 

a function of frequency. 
b The bandwidth is defined as 

∫ 
τ ( ν)d ν. 

c For a ν−0.7 spectrum and assuming a point source. 
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pportune to use the many years of ACT data to develop techniques
or performing systematic searches for transient events that will
urther increase the science output of future experiments, like SO
nd CMB-S4, which will have better sensitivity. 

This paper is organized as follows: Section 2 describes the ACT
bservations and the matched filter method used to measure the flux
rom the maps. Section 3 describes how we choose the sources to
ross reference with the ACT observations. In Section 4 , we show
ur results. Finally, we present our conclusions in Section 5 . 
For calculating cosmological distances, we assume a flat cosmol-

gy with �m 

= 0.31 and H 0 = 67.7 km s −1 Mpc −1 , as measured by
lanck Data Release 3 (Planck Collaboration VII 2020 ). 

 OBSERVATION S  A N D  M E T H O D S  

.1 ACT 

n this paper, we use observations from the second and third
enerations of receivers, ACTPol (Niemack et al. 2010 ; Thornton
t al. 2016 ) and AdvACT (Henderson et al. 2016 ; Choi et al. 2018 ),
espectively. These used the same cryostat, which houses three optics
ubes, each containing an array of transition-edge sensor (TES)
olometers. Arrays were occasionally changed between observing
easons, such that the data analysed in this paper come from six
rrays, denominated PA1 through PA6. Together, these co v er three
andpasses: f090 (77–112 GHz), f150 (124–172 GHz), and f220
182–277 GHz). 3 ACTPol began with PA1 (2013–2015) and PA2
2014–2016), which observed in the f150 band. The dichroic PA3
2015–2016) array observed at both f090 and f150. AdvACT replaced
 A1 with P A4 (2016 onwards) which observed both the f150 and
220 bands, and then replaced PA2/3 with PA5 (2017 onwards) and
A6 (2017–2019), each of which observed in both the f090 and f150
ands. 4 Table 1 summarizes the frequency channel definitions used in
his paper, the ef fecti ve band centre, and band width of each channel
nd array assuming a synchrotron spectrum S ( ν) ∝ ν−0.7 , consistent
NRAS 529, 3020–3034 (2024) 

 These frequency ranges contain 99 per cent of the power in the bandpass. 
 In 2020, PA6 was replaced by PA7 containing the low frequency channels 
030 and f040, but these channels are not included in our study since our 
nalysis of their data is not yet mature enough. 

T  

(  

5

a
H

ith synchrotron-dominated extragalactic sources, and the dates of
he data we searched within. 

We only use data taken during the night, defined as falling between
3:00 and 11:00 Coordinated Universal Time, since the telescope has
onsistent and stable beam profiles during these times. 5 We make
aps in specific time intervals (detailed in Section 3 ) using the

tandard ACT maximum-likelihood (ML) mapmaker (Aiola et al.
020 ) inside a 2 × 2 deg 2 stamp centred on the coordinates of the
espective transient, using 10 conjugate gradient steps – enough for
he map to converge on the small angular scales rele v ant for compact
ources – and with a downsampling factor of two in the data stream
o speed up the map-making process. A given map will include
ne or more individual observations by the telescope that are in the
orresponding time range. An individual observation is a ∼10-min
onstant-ele v ation scan. 

Our matched filter (see Section 2.2 ) takes the instrumental beam as
nput, for which we use an empirically measured beam determined
or each combination of detector array and frequency channel, as
escribed in Aiola et al. ( 2020 ). To briefly summarize the process,
ighttime maps of Uranus are azimuthally averaged to obtain the
adial beam profile and the harmonic beam window function. We
se the ‘jitter’ beams (Lungu et al. 2022 ), which include corrections
o account for small pointing variations from night-to-night and are
alculated on maps after additional corrections take place due to
ointing jitter. They also made the small correction for the different
esponse across each frequency passband to the CMB blackbody
pectrum and a Rayleigh–Jeans spectrum expected for Uranus.
inally, we apply a first-order correction to the harmonic transform
f the beam B ( � ) ′ = B ( �νCMB / νsyn ) (Hasselfield et al. 2013 ), where
CMB is the ef fecti ve band centre of the channel and array for a
MB blackbody spectrum and νsyn is the ef fecti ve band centres for
 S ( ν) ∝ ν−0.7 synchrotron spectrum listed in Table 1 . 

.2 Matched filter 

o measure the flux of sources in our maps, we use the matched filter
MF) approach, which maximizes the signal-to-noise ratio (S/N) of
 Better characterizing the day time data so that it can be used for science is 
n active area of research within the collaboration (e.g. Naess et al. 2020 ; 
ilton et al. 2021 ). 
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oint sources by inverse covariance-filtering the beam-deconvolved 
ap. We follow the approach derived in detail in section 4.3.2 of
aess et al. ( 2021b ); below we summarize the process. 
In terms of the standard (non-deconvolved) brightness- 

emperature map m T , the flux is given by 

= B N 

−1 m T , (1) 

here B is the instrument beam (diagonal in harmonic space) and N is
he noise covariance matrix of the map (which for the purpose of point
ource finding includes not only instrument and atmospheric noise, 
ut also the CMB and other foregrounds/backgrounds). Equation 
 1 ) applies in both the real and the harmonic basis. This definition
aximizes S/N, while the following normalization factor κ is useful 

o compute the physical units required for the analysis: 

= diag ( B N 

−1 B ) . (2) 

ith this we can calculate the flux map, f , its standard deviation,
 f , and the S/N map, S / N , as: 6 

f = ρ/ κ, 	 f = κ− 1 
2 , S/N = ρκ− 1 

2 . (3) 

ote that m T , ρ, and κ are all vectors in real space (with each
lement representing a pixel in the map), so the divisions here are
one element-wise. ACT maps normally represent the variations, in 
K, around the mean CMB blackbody temperature, but we transform 

hem to units of Jy sr −1 , by multiplying by the deri v ati ve of the
lackbody spectrum I BB with respect to the temperature, ∂ I BB / ∂ T ×
0 −6 , e v aluated at the frequency of the corresponding channel and
 CMB = 2.725 K (Fixsen 2009 ). The factor of 10 −6 accounts for the
K to K conversion. 
As a ground-based microwave telescope, ACT has to look through 

he spatially and temporally varying water vapour distribution of 
he atmosphere, whose turbulence acts as a large source of corre- 
ated noise. This leads to the map noise covariance matrix being 
omplicated to model. We use the estimate N 

−1 = H C 

−1 H , where 
 = W 

1 
2 , and W is the inverse variance of m T , a matrix representing

n estimate of the white noise inverse variance per pixel, which is
vailable as an output from the mapmaker. We employ the Fourier-
iagonal approximation C 

−1 = 1 / (1 + ( k /k knee ) −3 ) for the noise
orrelation properties, 7 with k knee = 2000 for f090, 3000 for f150, and
000 for f220. 8 As such, the noise covariance matrix, N , contains 
orrelated 1/ f noise modulated spatially by the inverse covariance 
 . Note that B , H , C , and N are matrices; B and C are harmonic

epresentations and are diagonal in harmonic space (since we treat the 
eam as azimuthally symmetric), while H is a pixel representation 
nd diagonal in pixel space (we do not compute the correlations 
mong pixels), as is W . 
 f can be interpreted as the maximum-likelihood estimate for the flux in 
ach pixel under the assumption that all flux comes from a point source at the 
entre of that pixel. It is optimal and unbiased as long as point sources do not 
et closer than one beam to each other. 
 We tested using the empirical power spectrum directly calculated from the 
ap, masking the central area, instead of using this approximation for the 

oise spectrum. The approximation reco v ers a consistent flux, while the 
rror bar is ∼3–5 per cent higher. For simplicity of calculations, we use the 
pproximation for the 1/ f noise spectrum. 
 This could be impro v ed by also modelling the directionality of the noise 
orrelations, which could impro v e the S/N by ∼10–20 per cent (possibly 
ore in very stripy regions). 
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.3 Excising noisy maps 

he telescope’s scanning pattern results in stripy noise in the maps,
 x emplified in Fig. 1 , which is not captured by our isotropic noise
odel (see Section 2.2 ). For most of our maps this produces a

egligible effect, but a small fraction of the maps are stripy enough
hat it becomes a problem, in two different ways: 

(i) Mismodelled noise is not properly weighted when averaging, 
eading to an o v erall loss in S/N. 

(ii) An incorrect noise model leads to incorrect error bars in the
nal measurements. The net result is that noise fluctuations are 
isinterpreted as signal. 

The optimal way to handle this would be to generalize the noise
odel to support anisotropic noise, 9 but for now we simply identify

nd cut maps that satisfy any of the following criteria. 

(i) The number of sample hits per pixel at the centre of the map is
25 hits. 
(ii) The hits map in a 5 × 5 arcmin 2 stamp around the centre has
ore than 30 per cent of its pixels with ≤25 hits. 
(iii) The hits map in a 20 × 20 arcmin 2 stamp around the centre

as more than 50 per cent of its pixels with ≤25 hits. 

This results in about 6 per cent of the maps being cut. While some
isible striping is left after this cut, it is no longer at the level where
t significantly affects our results. Appendix B gives an example 
f how our excision of stripy maps improves the accuracy of our
easurements. 

.4 Astr ophysical backgr ound 

 or ev ery matched filter map we produce, we account for the
strophysical background, which often might include the host galaxy 
f the particular transient plus any other contamination. We do this
sing depth-1 maps. 10 To account for any static, background flux 
or a transient, we stack all the depth-1 maps from a 350-d period
efore and after the time window we consider for the transient event
see Section 3 for details). We then match filter this coadded map
o estimate the background flux at the coordinate of the transient,
nd subtract it from the fluxes of the individual maps during the
ime window of the transient e vent. Ho we ver, there is a possibility
f variable background due to galactic and/or AGN activity from the
ost, or even nearby sources that leak into the beam. 
To estimate this contamination, we split the two 350-d periods 

nto two coadded maps, one before and one after the transient event.
e measure the difference in flux between the two maps, and divide

his difference by the error bar (which is the square root of the sum
f the error bars of each of the two maps). We perform this for
ll maps and sources for which we have such measurements both
efore and after the transient event. If these measurements are taken
rom sources whose flux does not vary in time, then any difference
etween the two 350-d periods should be only due to statistical
MNRAS 529, 3020–3034 (2024) 

 This could be done by measuring the 2D noise power spectrum near the 
ources, and then using this as C in the matched filter. 
0 Depth-1 maps are high-resolution ACT maps made from a single contiguous 
onstant-ele v ation scan lasting less than 24 h, meaning the telescope only 
rifted past each point in the map once. This makes the time at which each 
ix el was observ ed unambiguous, allowing for ∼minute precision timestamps 
or events. Each pixel in a map contains about 4 min of integration time, which 
s roughly how long it takes for a given coordinate in the sky to cross a detector 
rray. 
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Figure 1. Map of the flux S/N of an individual map centred on one of our 
GRB sources, e x emplifying the stripy noise that often occurs when there is 
poor co v erage near the edge of an observation. The range is S/N = ±4. 
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uctuations consistent with the error bars, and therefore the sample
hould be consistent with a normal distribution with zero mean and
nit standard deviation. According to the Anderson–Darling test (e.g.
tephens 1974 ), this sample is consistent with normality. The test
tatistic is 0.46, which cannot reject the null hypothesis of normality
t 85 per cent significance level. As a sanity check to verify that this
rocedure is sensitive to variability, we repeated the same e x ercise
f calculating the difference of flux in the stack of two distinct years
2018 and 2019) for 206 of the highest S/N AGNs in the ACT
eld, the majority of which are highly variable. (A separate paper
n AGN light curves is in preparation.) Using the same normality
est, the null hypothesis of zero variability is rejected at more than
9 per cent significance, as e xpected. Nev ertheless, there are outliers
n our sample of flux differences between the two 350-d stacks.
he largest outlier has a difference at the −4.8 σ level and exhibits
are activity in the host galaxy after the transient disco v ery, while

t is quiet before. This host galaxy shows evidence of relatively
hort flares in previous years, while in the full surv e y maps it is not
etected. In conclusion, while we do expect some of our sources to
nclude variable backgrounds, these outliers are not enough to break
he normality of the flux difference sample at our current level of
ensitivity. 

We have only produced depth-1 maps from the 2017 season
nwards; where the depth-1 maps are lacking, we use the Data
elease 5 (DR5) coadded ACT maps at the rele v ant frequency from
aess et al. ( 2020 ) (which are coadds of 11 ACT seasons in the period
008-18) to estimate the astrophysical background. In all cases, we
ask bright point sources from the ACT catalogue with flux abo v e

00 mJy to a radius of 3 arcmin. 11 

Since we are subtracting two flux matched filter maps – the short
ime-scale map, f , with inv erse co variance, κ (equations 3 and 2 ,
espectively), and the background map, f bkg , with inverse covariance
bkg – we need to calculate the inverse covariance of the new map. 12 

f f ′ = f − f bkg , then by equation ( 3 ), κ ′ = κκbkg / ( κ + κbkg ). 
In some cases, our maps of transient candidates contain only one or

 few individual observations, typically because co v erage of that part
f the sky is poor due to being near the edge of the field of observation.
e do not report a flux when its error bar is > 500 mJy. Furthermore,

o account for uncertainty due to variations in the flux calibration
rom observation to observation, we increase the measured flux error
ars using the estimated standard deviation of fractional residual
ight curves from Uranus observations. For f090, this uncertainty is

1–3 per cent, for f150 it is ∼2–8 per cent, and for f220 it is ∼4–
2 per cent. Appendix A describes this measurement and procedure
n detail. 

 SE LECTION  O F  E X T R A  G A L A  CTIC  S O U R C E S  

or our targeted extragalactic transient search, we choose GRBs
etected with the Neil Gehrels Swift Observatory (Gehrels et al.
004 ), SNe and ATs from the comprehensive Open Supernova
atalogue (Guillochon et al. 2017 ), and the TDEs listed in the recent

e vie w by Gezari ( 2021 ) as well as TDEs recently disco v ered in X-
ays by the SRG All-Sky Survey (Sazonov et al. 2021 ) at the eROSITA
NRAS 529, 3020–3034 (2024) 

1 For the SN candidates, we use 5 arcmin instead since these sources are 
sually in the local Universe and nearby, very bright, extended galaxies need 
o be remo v ed. 
2 Subtracting filtered maps like this is not exact, because filters differ slightly. 
deally the subtraction would happen before filtering. Ho we ver, we find this 
pproximation to be good enough in practice. 
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1

nstrument aboard the Spektr-RG space observatory (Predehl et al.
021 ; Sunyaev et al. 2021 ). We consider multiple time ranges for
he maps we produce, all measured relative to the disco v ery date.
hese are in ranges of three consecutive days, seven consecutive
ays (1 week), 28 consecutive days (1 month), 56 consecutive days
2 months), and 84 consecutive days (3 months). We make maps for
he sources for which we have ACT observations in at least one of the
pochs abo v e. The e xact time ranges are detailed below. In total, we
ake at least one map for 203 distinct SNe/ATs, 12 distinct TDEs,

nd 88 distinct GRBs. 
Our observations are distributed approximately uniformly in time

ecause ACT operates as a surv e y instrument, performing wide scans
n azimuth at fixed ele v ations while the sky rotates through its field
f view. Thus, if a given coordinate is contained in one of ACT’s
urv e y areas, it will be visited with a fairly uniform cadence o v er
eriods of 1–3 months. Fig. 2 shows a histogram of the number
f indi vidual ACT observ ations that included one or more sources
rom our selection, measured relative to the time of discovery. The
istribution is relatively flat due to the survey observing strategy
though in the case of TDEs the distribution is noisier because there
re only 12 sources of this type). Fig. 2 also shows with horizontal
ars the time ranges that we bin in (i.e. the 3, 7, 28 etc. days described
bo v e) along with the total number of maps included in each range. 

.1 SNe and ATs 

e select transients from the Open Supernova Catalogue that com-
iles SNe disco v ered from multiple sources and multiple surv e ys.
ince it also includes reported ATs, we include them in this category.
lso, a few cases were Solar system objects mistaken for SNe. We

hecked all of the sources we include in our SN/AT catalogue in
he Transient Name Server 13 to make sure they are real extragalactic
ources and remo v ed the rest. Although there are several thousand
ources in the time range of our observations, in reality an SNe
3 https://www.wis-tns.org 

https://www.wis-tns.org
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Figure 2. Number of maps per time range relative to transient disco v ery time. The horizontal bars correspond to the number of maps we have for each epoch 
we consider for each transient type (SNe and ATs to the left, TDEs in the centre, and GRBs to the right). Their widths show the time range of the epoch. Since 
we make maps per frequency channel and array, one source might be observed multiple times in a given epoch. The thin line in each panel is the histogram of 
individual ACT observations that scan the sources we target. 

Figure 3. Histograms of the measured redshifts for the 203 SNe + ATs and 
12 TDEs observed by ACT and that we include in our analysis. For the 88 
GRBs we observe, only ∼27 per cent have a measured redshift, with values 
0.14 � z ≤ 3.5. 
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ust be relatively nearby to be detectable by contemporary mm- 
ave telescopes. Since FBOT AT2018cow is an example of an 
ncommon SN-like event that could be detected with a high S/N 

y mm experiments (Ho et al. 2019 ; Huang et al. 2019 ), we use its
edshift z = 0.014 (Perley et al. 2019 ) as our upper limit for SNe
andidates. For the few examples of observed SNe in mm bands, 
he emission is months long, moti v ating us to produce maps on

onth-long intervals, starting a month before the disco v ery date and
ontinuing to the third month after disco v ery (black bars in Fig. 2 ,
eft). Additionally, we mak e tw o- (dark green bars) and three-month
aps (dark red bars) after the disco v ery. In Fig. 3 , we show the

istribution of measured redshifts for the population, which is in the 
ange z = 0.00001–0.07. 

.2 TDEs 

here are fewer than 100 disco v ered TDEs in the literature. We
earch for those listed in the re vie w by Gezari ( 2021 ), which includes
ll TDEs identified until 2019. We also use the sample of TDEs
isco v ered during 2020 in X-rays by the SRG All Sky Survey made
ith the eROSITA instrument (Sazonov et al. 2021 ), although of

he 13 in their catalogue, only two are at low enough declination
o appear in the ACT surv e y re gion. Since we hav e e xamples of
DEs lasting for several months, we use the same time intervals for
aps that we use for SNe (see Fig. 2 , centre, which uses the same

olour scheme as in the previous subsection). In Fig. 3 , we show the
istribution of measured redshifts for the population, which is in the
ange z = 0.0151–0.132. In our sample of observed TDEs, there are
o known jetted events. Two of them are events with detected radio
mission and non-relativistic outflows, while three of them have no 
etected radio emission. The rest are either possible TDEs, SRG All
k y Surv e y or Zwick y Transient F acility-disco v ered sources (van
elzen et al. 2021 ) that have not been studied in detail in radio/mm. 

.3 GRBs 

RBs are selected from the data base of the Swift observatory.
he mission disco v ers ∼100 GRBs per year, using the Burst Alert
elescope (BAT), which has a wide field of view and operates in the
amma ray range of 15–150 keV. Within 90 s of a trigger from BAT,
he satellite is pointed to the approximate position of the source
nd observes it with the X-Ray Telescope (XRT) and UV/Optical 
elescope (UV O T), obtaining precise coordinates for each event. We
se the coordinates of the GRB as measured by the XRT, which
ave a precision of a few arcseconds. The GRB afterglow emission
s visible for hours and e ven se veral days in the mm range. For this
eason, we produce maps of the observations in blocks of three days
black bars in Fig. 2 , right), starting three days before and up to 15 d
fter the disco v ery of the GRB. We also produce maps with seven
ays of observations, starting seven days before and finishing 28 days
fter the disco v ery of the GRB (dark green bars). Finally, we produce
 one month map using the 28 d after the disco v ery day of the GRB
dark red bars). The redshift range for the GRBs in our observations
s z = 0.1475–3.503. 

 RESULTS  

 or ev ery time interval before and after the disco v ery date of a
ransient specified in Section 3 , we produce a map for each detector
rray and frequency channel that was observing at the time. This
esults in a total of 6259 maps used in our analysis, after excising
10 noisy maps according to the prescription of Section 2.3 . For each
ndividual map, we estimate the excess flux over the background at
he location of the transient candidate with the procedures described 
n Section 2.2 . 
MNRAS 529, 3020–3034 (2024) 
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Figure 4. Histogram of the S/N of the flux measurements for all time intervals 
for all transients types in all frequency channels and all detector arrays. A 

standard normal probability density function is o v erplotted in grey. 
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For sources with measurements in the same frequency channel
nd time interval, but from two or more arrays, we calculate the
ean flux ˆ f by weighting each map with its inverse variance at the

osition of the transient source. That is, ˆ f = 

∑ 

i f i 	f −2 
i / 

∑ 

i 	f −2 
i 

nd 	 

ˆ f = ( 
∑ 

i 	f −2 
i ) −1 / 2 , where f i ± 	 f i is the flux measurement

t the transient position for array i . 
As we do not detect mm counterparts with high confidence for

ny of the transients in our search, except in the case of AT2019ppm,
escribed below, all of our results are upper limits, quoted at the
5 per cent confidence level. We calculate this by integrating the
aussian probability density function, p ( f ), which has the mean of

he measured flux, f , and a standard deviation equivalent to the error
ar from the map (equation 3 ), to obtain f 95 , implicitly defined by the
quation: 
∫ f 95 

0 
p ( f )d f = 0 . 95 

∫ ∞ 

0 
p ( f )d f . (4) 

ote that we discard the ne gativ e portion of the Gaussian distribution.
The histogram of the S/N of our measured flux excess for the

andidate transient sources is shown in Fig. 4 , with a standard normal
robability density function o v erplotted. According to the Anderson–
NRAS 529, 3020–3034 (2024) 

Table 2. Examples of the upper limits on flux density for SNe and ATs. T
being the disco v ery time. The numbers are 95 per cent upper limits and in
is in degrees. 

Transient name RA/Dec Disco v ery Freq. 
deg. 

SN2013ft 355.3967,3.7251 2013-09-13 f150 
SN2017gax 71.4560, −59.2452 2017-08-14 f090 

f150 
f220 

SN2018hdp 33.4377,4.1023 2018-10-08 f090 
f150 
f220 

AT2019ppm 88.0475, −7.4564 2019-09-07 f090 4
f150 4
f220 

Note. This table is published in its entirety in the machine-readable format 
content. 
arling test (e.g. Stephens 1974 ), it is consistent with a normal
istribution, indicating that the ensemble of our events is consistent
ith random fluctuations in the map with no evidence for transient
etections in the total sample of measurements. The test returns a
alue of 0.413, which fails to reject the hypothesis of normality at
5 per cent confidence. We obtain a similar result if we remo v e the
T2019ppm event (see Section 4.1 , below) from the histogram. Ap-
lying the D’Agostino and Pearsons’s skewness- and kurtosis-based
mnibus test (D’Agostino & Pearson 1973 ; D’Agostino, Belanger &
’Agostino 1990 ) also shows weak evidence of normality, with a
 -value = 0.031. By removing the AT2019ppm event, we have p -
alue = 0.165, which is quite consistent with normality. 

Investigating the higher S/N events in more detail, from our 6259
aps, we would expect 2 to 16 e vents (inclusi v e) to hav e S/N > 3
ith 98.4 per cent confidence if they are normally distributed. We
nd 21 maps with S/N > 3. Ho we ver, three of them correspond to

he AT2019ppm event (see Section 4.1 , below), and four of them
re clearly due to stripy noise features that were not detected by our
its map-based excision step (Section 2.3 ). Discounting these seven,
he number of S/N > 3 events is not unexpected; the fluxes in the
entres of the 14 remaining maps appear consistent with random
oise fluctuations. Two events have S/N > 4.5, which is unlikely
0.022 per cent) for our sample size. Ho we ver, one of these (S/N =
.7) is from AT2019ppm, while the other (S/N = 4.9) corresponds to
 stripy noise map that was not rejected by our hits map algorithm. 

Tables 2 , 3 , and 4 show 95 per cent upper limits or measured fluxes
or a few examples of SNe/ATs, TDEs, and GRBs. The columns show
he upper limit in the corresponding time interval (in days, with zero
eing the disco v ery date of the ev ent). The blank spaces correspond to
ime intervals where we do not have observations, or cases of longer
ime intervals that would be redundant (e.g. a map of the first seven
ays having the same information as a map of the first three days).
he tables for the full list of transients that are investigated in this
ork are available as supplementary material as machine readable

ables. As a reference, the median values for the 95 per cent upper
imits at f090 are 18, 16, and 15 mJy for the measurements for SNe,
DEs, and GRBs, respectively. 

.1 AT2019ppm 

hile this paper does not target AGNs, one of the sources in
ur SNe/ATs catalogue seems to be a flare from AGN activity.
he columns correspond to the time range of the map in days, with 0 
 mJy, except in the case of detections for AT2019ppm. The position 

Time interval for the map relative to alert (in days) 
[ −28,0] [0,28] [28,56] [56,84] [0,56] [0,84] 

mJy mJy mJy mJy mJy mJy 

15.8 3 .4 2 .5 3 .5 1 .9 1 .7 
15.8 17 .1 11 .0 12 .5 9 .8 7 .9 
7.5 21 .3 8 .2 17 .1 8 .0 7 .1 
67.0 55 .1 61 .6 110 .0 43 .0 41 .8 
14.8 7 .8 5 .9 24 .6 4 .4 4 .9 
18.0 6 .1 15 .4 21 .7 6 .6 6 .8 
66.7 42 .8 51 .3 80 .4 37 .5 34 .3 

3.9 ± 8.5 34 .1 11 .4 12 .2 11 .3 7 .9 
7.2 ± 9.7 36 .1 21 .2 34 .8 23 .1 23 .0 

96.4 175 .9 85 .4 97 .6 78 .2 72 .1 

online. A portion is shown here for guidance regarding its form and 

er on 29 O
ctober 2024
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Table 3. Examples of the upper limits on flux density for TDEs. The columns correspond to the time range of the map in days, with 0 being the 
disco v ery time. All measurements are 95 per cent upper limits in mJy. Positions are in degrees. 

Time interval for the map relative to alert (in days) 
TDE name RA/Dec Disco v ery Freq. [ −28,0] [0,28] [28,56] [56,84] [0,56] [0,84] 

deg. mJy mJy mJy mJy mJy mJy 

AT2018fyk 342.5670, −44.8649 2018-09-08 f090 — 10.3 7.6 22.1 5.6 7.1 
f150 — 13.2 11.1 14.0 7.9 6.7 
f220 — 37.4 139.8 28.6 45.5 24.6 

AT2019qiz 71.6578, −10.2264 2019-09-24 f090 17.5 14.1 19.6 31.1 14.1 15.4 
f150 18.4 26.9 25.5 19.0 23.9 18.4 
f220 116.2 64.8 92.3 62.0 69.1 46.2 

J013204.6 + 122236 23.0187,12.3766 2020-07-08 f090 29.8 40.8 38.3 16.5 32.0 18.4 
f150 43.2 26.2 15.9 23.1 13.2 12.2 
f220 58.8 63.6 40.4 73.5 32.4 36.9 

Note. This table is published in its entirety in the machine-readable format online. A portion is shown here for guidance regarding its form and 
content. 

Table 4. Examples of the upper limits on flux density for GRBs. The columns correspond to the time range of the map in days, with 0 being the disco v ery time. 
The numbers are 95 per cent upper limits and in mJy. The position is in degrees. 

Time interval for the map relative to alert (in days) 
GRB Name RA/Dec Disco v ery Freq. [ −3,0] [ −7,0] [0,3] [3,6] [6,9] [9,12] [12,15] [0,7] [7,14] [14,21] [21,28] [0,28] 

deg. mJy mJy mJy mJy mJy mJy mJy mJy mJy mJy mJy mJy 

131031A 29.6102, −1.5788 2013-10-31 f150 10.1 13.2 24.1 14.6 19.9 11.0 6.8 15.1 8.5 5.3 5.0 4.1 

150710A 194.4705,14.3181 2015-07-10 f090 72.0 43.7 82.4 – 36.0 25.5 72.0 51.7 20.6 34.5 17.6 18.5 
f150 30.1 22.9 53.5 – 26.4 48.3 30.1 24.1 27.4 37.3 33.1 18.3 

171027A 61.6907, −2.6221 2017-10-27 f090 – 20.4 31.4 22.3 – 23.1 – 13.1 25.1 12.9 12.9 6.0 
f150 – 75.5 27.7 34.3 – 16.4 – 20.4 35.9 16.5 22.2 11.0 
f220 – 322.6 146.8 127.2 – 144.2 – 133.3 156.8 63.6 92.8 64.9 

171027A 61.6907, −2.6221 2017-10-27 f090 – 20.4 31.4 22.3 – 23.1 – 13.1 25.1 12.9 12.9 6.0 
f150 – 75.5 27.7 34.3 – 16.4 – 20.4 35.9 16.5 22.2 11.0 
f220 – 322.6 146.8 127.2 – 144.2 – 133.3 156.8 63.6 92.8 64.9 

191004B 49.2042, −39.6348 2019-10-04 f090 16.8 29.1 51.7 17.5 42.5 18.5 11.4 15.8 15.6 13.9 46.4 9.4 
f150 28.5 56.2 35.2 27.2 61.2 23.1 21.2 20.9 19.6 40.1 23.1 15.6 
f220 109.8 103.3 124.4 – 177.6 – 76.9 60.0 177.6 86.6 91.9 42.2 

Note. This table is published in its entirety in the machine-readable format online. A portion is shown here for guidance regarding its form and content. 
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T2019ppm was reported on 2019 September 7 (Nordin et al. 2019b ). 
ts position coincides with the galaxy NGC 2110, which is also 
 known Seyfert II galaxy. The transient processing pipeline that 
eported the event, AMPEL (Nordin et al. 2019a ) at the Zwicky
ransient Facility (Graham et al. 2019 ), flags a disco v ery when it is
ssociated to a ‘Known SDSS and/or MILLIQUAS QSO/AGN’. 14 

All f090 and f150 arrays measure a consistently high signal in 
he centre of the map in the month before disco v ery. We measure an
xcess flux of 44 ± 9 mJy for f090 and 47 ± 10 mJy for f150 in this
ime interval, where we have averaged the fluxes from all arrays at a
iv en frequenc y; note that this yields a S/N ≈5 for each frequency.
he f220 flux does not seem to be significant (41 ± 33 mJy, which
ives a 95 per cent upper limit of 96 mJy). Light curves for f090 and
150 during ACT’s 2019 season at the AT2019ppm coordinates are 
hown in Fig. 5 . The dashed green vertical line shows the disco v ery
ime of the transient. Each measurement corresponds to three days 
f data, and we have only included a single array at f150 so as not
o o v ercrowd the plot. The light curves clearly show rising emission
n the month previous to the disco v ery date. Unfortunately, we hav e
 gap in our observations after the reported date of the AT2019ppm
vent, presumably during the period where the light curve would have 
4 https:// www.wis-tns.org/ object/ 2019ppm ; see also P ̂ aris et al. ( 2017 ) 
eaked. ACT ne xt observ ed these coordinates on 2019 September
5, at which point there is no longer any clear excess and when the
ransient’s flux would presumably have returned to its regular level. 
ince the AT2019ppm transient is associated with NGC 2110, we 
onclude that we have detected a flare in the host galaxy’s AGN
hat lasted for approximately one month. Since the characterization 
f the variability of AGNs in the ACT data is a topic of ongoing
nvestigation in the collaboration, we do not further consider them in
his work. 

.2 Stacking maps across sources 

o increase the S/N of a potential detection, we stack multiple events
ogether, in the same time intervals and at the same frequencies, for
 common type of transient. We stack o v er luminosities, rather than
uxes, to obtain physically meaningful results. We do an inverse 
ariance-weighted stack of luminosities, using the transformation 

L i = 4 πD 

2 
i f i , where D i is the luminosity distance to source i . The

tacked luminosity ˆ L is then given by 

ˆ L = 

∑ 

i κL , i L i ∑ 

i κL , i 
, (5) 
MNRAS 529, 3020–3034 (2024) 
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Table 5. Characteristic luminosity for stacked core–collapse SNe. The units are 10 3 L �. The stacks use all arrays with the same 
frequency in a given time interval. The rightmost column shows the stacking across time intervals. The bottom row shows the 
stacking across frequency channels. The bottom right corner shows the stacking across both. 

Band days [ −28,0] days [0,28] days [28,56] days [56,84] across time 
νL ν err νL ν err νL ν err νL ν err νL ν err 

f090 3 .6 15 .2 6 .3 12 .8 − 8 .2 11 .1 27 .6 16 .5 4 .1 6 .7 
f150 − 50 .9 25 .7 − 9 .5 21 .0 − 1 .3 18 .9 − 21 .8 27 .0 − 16 .6 11 .2 
f220 349 .0 145 .1 − 2 .8 132 .2 − 29 .6 103 .8 29 .2 146 .8 61 .6 64 .0 
Across freqs. − 18 .5 26 .1 1 .0 21 .7 − 12 .1 19 .2 19 .3 27 .8 − 4 .4 11 .5 
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Figure 5. The light curve at the coordinates of the AT2019ppm event is shown using data from ACT’s 2019 observing season in the f090 PA5, f090 PA6, and 
f150 PA6 channels. We only plot one array for f150 so as not to o v ercrowd the plot. Each data point corresponds to three days of observations. The dashed line 
shows the time when AT2019ppm was reported. These are total flux measurements (i.e. the flux of the background map has not been subtracted). The error bars 
are 1 σ estimates from the matched filter (equation 3 ). 
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here i iterates o v er the individual sources being stacked, and κL , i 

s the inverse variance luminosity map for source i . To increase
he S/N further, we also stack sources across frequency channels,
cross time intervals, and across both. We combine time intervals
nd/or frequencies with the same simple inverse variance-weighted
verage of luminosities. 15 Our results are reported in terms of
haracteristic luminosity νL ν , multiplying by the central frequency
f each frequency channel. In the following paragraphs, we briefly
escribe how we implement this stacking method for each of our
hree transient types. 
NRAS 529, 3020–3034 (2024) 

5 This might be impro v ed by weighting each bin according to its expected 
ignal strength based on a fiducial light curve and/or spectral energy 
istribution, and hence using a model. We a v oid doing this here to keep 
he results easier to interpret. 

L  

c

1

t

We use the luminosity distance to the SN given by its measured
edshift. The measured redshift distribution for all SNe and ATs
s shown in Fig. 3 . We separate our stack into two groups: one for
ore-collapse SNe and one for thermonuclear type Ia SNe. Radio/mm
mission from core-collapse SNe probably depends on the progenitor
nd the interaction of the blast wave with the surrounding medium,
nd positive mm observations have been made of some types. On the
ther hand, thermonuclear type Ia SNe happen through a different
rocess that is not expected to generate significant mm emission, and,
o date, no mm detection has been made (e.g. Chomiuk et al. 2016 ;
undqvist et al. 2020 ). 16 Thus, we only consider spectroscopically
lassified SNe of known types and perform the two separate stacks. 
6 Ho we ver, recently radio emission has been detected for the first time for a 
ype Ia SN (Kool et al. 2023 ). 
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17 Specifically, SO will have 10 320 detectors at 93 GHz, 10 320 at 145 GHz 
and 5160 at 225 GHz (Zhu et al. 2021 ), compared to 1712 at f090, 2718 at 
f150 and 1006 at f220 when all of PA4–6 were installed (Henderson et al. 
2016 ). In the field, not all detectors work (see e.g. Aiola et al. 2020 ), but here 
we assume that the SO yields will be similar to ACT’s. 
18 ACT observed ∼40 per cent of the sky from 2016–2021 (we did not include 
2022 in this paper), which is five years, but we had significant stoppages due 
to telescope failures and upgrades, and also did not have a full complement of 
f090/150/220 on the sk y ev ery year (e.g. after 2019, PA6 was replaced with the 
PA7 f030/040 array). We thus adopt a rough estimate of ∼50 per cent better 
observing efficiency with SO. Furthermore, we assume that we will include 
daytime data in addition to nighttime data for a further ∼2 × impro v ement, 
giving a total impro v ement of ∼3 ×. 
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In the case of TDEs, we use the distance determined from
easured redshifts (their distribution is shown in Fig. 3 ). We exclude
 out of 12 sources which are possible, but unconfirmed, TDEs. 
In the case of GRBs, we lack redshift measurements for most of

ur sample (measurements exist for only 24 out of 88 GRBs). We
ake a stack with only the GRBs that have a measured redshift. The

edshifts vary in the range 0.14 � z ≤ 3.5. 

.2.1 Stacking results 

he measured characteristic luminosity of the stacked maps are listed 
n Tables 5 , 6 , 7 , and 8 for core collapse SNe, type Ia SNe, TDEs,
nd GRBs, respectively. In the tables, the rightmost column shows 
he maps stacked across time intervals, the bottom row shows the 
aps stacked across frequency channels, and the bottom right corner 

hows the o v erall stack for all time intervals and frequencies. 
All of the measurements in the stacked maps show non-detections. 

or core–collapse SNe (Table 5 ), we constrain our stack to have
f090/f150/f220] characteristic luminosity less than [30/36/257] ×
0 3 L � (at 95 per cent confidence level) when measured in the first
8 d of its disco v ery. F or type Ia SNe (Table 6 ), we constrain
ur stack to have [f090/f150/f220] characteristic luminosity less 
han [39/90/525] × 10 3 L � (at 95 per cent confidence level) when 

easured in the first 28 d of its disco v ery. F or TDEs (Table 7 ), we
onstrain our stack to have [f090/f150/f220] characteristic luminosity 
ess than [1.2/2.3/13.8] × 10 6 L � (at 95 per cent confidence level) 
hen measured in the first 28 d of its disco v ery. F or GRBs (Table 8 ),
e constrain our stack to have [f090/f150/f220] characteristic lumi- 
osity less than [3.7/2.9/396] × 10 9 L � (at 95 per cent confidence 
evel) when measured in the first three days of its disco v ery. We
onclude that our stacked maps do not contain evidence of any 
ource detection. As a reference, fig. 1 of Eftekhari et al. ( 2022 )
hows examples of mm luminosity light curves for a wide range 
f extragalactic transients, including TDEs, FBOTs, core-collapse 
Ne, and LGRBs, in erg s −1 . The range of detections goes from
500 L � for the faintest SN examples to ∼3 × 10 10 L � for the

rightest examples of LGRBs. Ho we ver, this sample of mm transients
s certainly biased towards the brightest objects. While our upper 
imits are in theory below the luminosities of the brightest objects, in
ractice we are not stacking exceptionally bright transients. In other 
ords, if every object we include in our stack was an exceptionally
right example, then we would have a positive detection in the stack
t a very high significance, but that is not our case. This indicates that
e do not reach the necessary depth to detect common examples of

he different transient classes, at least with current ACT sensitivity, 
hile we would be able to detect the very few and brightest examples

f observed. 

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

e have presented a search for excess flux in ACT data before and
fter the disco v ery of 203 SNe and ATs, 12 TDEs, and 88 GRBs. We
ake no significant detection of excess flux (S/N < 4 for almost all

ases; see Fig. 4 ), except for a single source, AT2019ppm, that seems
o be explained by AGN activity of the host galaxy (Section 4.1 ). We
lace upper limits for all time intervals considered before and after 
he transients included in our search at the f090, f150, and f220 ACT
requency channels; the full results are available as supplementary 
aterial. We increased the S/N by stacking maps of multiple sources

f the same class, with stacking weights based on the luminosity of
he expected source, but still do not achieve a significant enough S/N
or any detection. 
In conclusion, our non-detection of an y e xtragalactic transient 
ource is not une xpected, giv en that ACT lacked the sensitivity
equired to detect most of the sources. Not all the sources we observe
re expected to produce mm emission, and those that are should
ypically only produce mm emission at the sub-mJy level, which is
ot possible for ACT to measure on short time-scales. Rare, very
nergetic events such as AT2018cow could have been detected at 
igh significance by ACT (AT2018cow itself was located just north 
f our surv e y’s maximum declination and also occurred at a time
hen the telescope was idle). While our upper limits are too high

o provide insight into the physics of the transients considered, this
ork represents an early effort in the new field of time domain

cience using mm surv e y data and introduces methodologies that
hould be useful for future transient searches. Archi v al searches
ike the one in this paper are crucially limited by the sensitivity of
ndi vidual observ ations. This can be o v ercome by stacking sources,
ut several hundreds of sources might ultimately be required, and 
tacking comes with the multiple caveats that have been mentioned 
n this paper, especially if sources are dissimilar. Future experiments, 
uch as SO and CMB-S4, will have the capability of potentially
etecting hundreds of on-axis LGRBs in addition to tens of other
vents such as FBOTs and on-axis TDEs (Eftekhari et al. 2022 ).
 or e xample, SO’s large aperture telescope (LAT) will hav e about
.7 times the number of detectors as ACT did in the f090, f150,
nd f220 bands when PA4–6 were all installed, 17 corresponding to a
2.2 × increase in sensitivity to transient events if all frequencies are

qually weighted. Furthermore, o v er its 5-yr campaign, we e xpect
O to spend roughly a factor of three times longer co v ering the same
40 per cent of the sky than was analysed in this paper, for a further
1.75 × increase in sensitivity. 18 Thus, the stacking of sources as 

one in the same fashion as in this work would impro v e the detection
hreshold by a factor ∼3.85. The recently announced advanced SO 

roject will eventually double the number of detectors in the LAT
nd run an additional five years, which improves the uncertainty 
y a factor ∼6.7 as compared to this work o v er the full lifetime of
O. Additional impro v ements in sensitivity would come with the

nclusion of the SO LAT’s 27, 39, and 280 GHz channels (Zhu et al.
021 ). 
While the targets in our study were kno wn, archi v al transients, the

CT collaboration is preparing several other time domain projects. 
e performed a systematic, optimized blind transient search in which 
e found 14 new candidates similar to those disco v ered serendip-

tously by Naess et al. ( 2021a ) (Li et al. 2023 ), made a targeted
earch of asteroids in the ACT surv e y, detecting ∼160 of them
Orlowski-Scherer et al. 2023 ), and another study characterizing the 
ariability of AGNs is underway. As CMB telescopes continue to 
eli ver impressi ve cosmological results in the coming years, we can
MNRAS 529, 3020–3034 (2024) 
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Table 6. Characteristic luminosity for stacked type Ia SNe. The units are 10 3 L �. 

Band days [ −28,0] days [0,28] days [28,56] days [56,84] across time 
νL ν err νL ν err νL ν err νL ν err νL ν err 

f090 − 2 .9 20 .9 − 8 .0 22 .1 19 .4 25 .5 − 2 .1 29 .3 0 .6 11 .9 
f150 6 .8 32 .6 28 .8 35 .0 47 .3 37 .7 − 55 .1 41 .2 10 .1 18 .1 
f220 331 .6 167 .8 107 .2 228 .7 264 .5 189 .5 13 .7 266 .8 221 .6 101 .8 
Across freqs. 15 .5 34 .4 14 .4 36 .9 69 .2 40 .8 − 46 .5 45 .9 16 .3 19 .4 

Table 7. Characteristic luminosity for stacked TDEs. The units are 10 6 L �. 

Band days [ −28,0] days [0,28] days [28,56] days [56,84] across time 
νL ν err νL ν err νL ν err νL ν err νL ν err 

f090 − 1 .48 1 .12 − 1 .02 0 .89 0 .99 0 .66 2 .29 0 .88 0 .49 0 .42 
f150 − 2 .87 1 .77 0 .08 1 .14 1 .52 1 .09 − 0 .44 1 .54 0 .11 0 .65 
f220 15 .85 9 .71 − 3 .06 7 .99 14 .17 6 .66 − 3 .39 7 .80 5 .88 3 .91 
Across freqs. − 3 .21 1 .87 − 0 .97 1 .33 2 .67 1 .12 2 .52 1 .53 0 .83 0 .69 

Table 8. Characteristic luminosity for stacked GRBs. The units are 10 9 L �. 

Band days [ −7,0] days [ −3,0] days [0,3] days [3,6] days [6,9] days [9,12] days [12,15] days [14,21] days [21,28] Across time 
νL ν err νL ν err νL ν err νL ν err νL ν err νL ν err νL ν err νL ν err νL ν err νL ν err 

f090 − 0 .12 0 .34 − 3 .23 1 .35 1 .13 1 .38 3 .82 11 .69 2 .04 0 .98 0 .59 1 .42 2 .46 4 .76 1 .18 1 .26 0 .42 3 .59 0 .09 0 .29 
f150 − 0 .17 0 .44 − 3 .10 2 .71 − 6 .17 2 .77 − 39 .14 17 .56 − 0 .82 2 .05 − 3 .04 2 .71 − 27 .19 27 .57 1 .41 2 .36 − 0 .20 6 .32 − 0 .44 0 .40 
f220 − 15 .01 102 .43 − 35 .06 105 .94 − 160 .93 250 .04 67 .08 83 .62 190 .46 167 .84 7 .04 83 .60 − 63 .28 113 .91 − 42 .27 121 .91 37 .66 89 .34 9 .13 35 .54 
Across freqs. − 0 .28 0 .51 − 6 .58 2 .53 − 1 .84 2 .58 − 21 .71 18 .79 2 .69 1 .87 − 1 .00 2 .61 2 .07 10 .85 2 .52 2 .30 0 .62 6 .37 − 0 .27 0 .46 
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lso look forward to a new era of time domain science thanks to their
ide-area, high-sensitivity, and short-cadence observations. 
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ome of the results and plots in this paper have been produced with

he following software: MATPLOTLIB (Hunter 2007 ); NUMPY (Harris 
t al. 2020 ); PIXELL ; 19 SCIPY (Virtanen et al. 2020 ). 

ATA  AVA ILA BILITY  

he upper limit flux measurements for SNe/ATs, TDEs, and 
RBs will be available as machine readable tables on the NASA 

e gac y Archiv e Microwav e Background Data Analysis (LAMBDA)
ebsite. 20 
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PPENDI X  A :  ESTIMATION  O F  T H E  

A L I B R AT I O N  VA R I A N C E  

 key issue in time domain analyses with ACT or any future
xperiment is characterizing how much the calibration changes with 
ime. For ACT, temporal changes in calibration could be caused by
ariations in the telescope optics, thermal fluctuations in the detector 
rrays, and changes in atmospheric loading and emission, to name 
 few. The calibration stability can be estimated using an object
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hose time-dependent flux is sufficiently well known a priori, since
ny deviations from the known flux can be attributed to calibration
rrors. 

We use observations of Uranus to estimate our calibration vari-
nce. Uranus was frequently observed throughout the ACTPol and
dvACT data-taking seasons, and is bright enough to provide high
NR in a single observation but not so bright so as to create a non-

inear detector response. In addition to Uranus, we considered using
he light curves of objects expected to have a constant intrinsic flux,
ncluding the brightest dusty point sources identified in the f220
oadded ACT map (Naess et al. 2020 ), the core of the Orion nebula,
he core of the M87 galaxy, and the extended radio lobes of galaxies
ith AGNs and jets. Each of these sources turned out to be more
ifficult to use than Uranus, either because the y hav e small SNR or
re extended and tricky to model as point-like sources. We therefore
efer characterizing the ACT calibration with these and other sources
o a future study. 

ACT made targeted observations of Uranus every few days as
art of its routine calibration programme, which uses a model of
he planet’s brightness to convert power incident on the detectors to
rightness temperature units (pW to μK; Aiola et al. 2020 ). 21 In addi-
ion to these targeted observations we used any chance observations
f Uranus when it happened to be in the field during regular CMB
bservations. 
We construct light curves of Uranus for ev ery season, frequenc y

hannel, and detector array, obtaining fluxes using the matched
lter described in Section 2.2 and normalizing them by the distance
etween Uranus and Earth. For each of these light curves we subtract
ts mean flux, and then divide by this mean to obtain a light curve
n units of fractional residual flux. Finally, we bin it in in time
ntervals corresponding to the different maps we use for our sources;
s detailed in Section 3 : 3, 7, 28, 56, and 84 d. We create 4000
andom intervals along the length of a season, and therefore a given
bservation will fall inside many of these intervals. We calculate the
tandard deviation of the fractional residual flux o v er these 4000
ntervals at ev ery frequenc y channel, detector array, and season.
hese are shown in Fig. A1 . As the light curve is binned into longer

ime intervals, the standard deviation decreases. The f090 channel
as the most stable calibration, with standard deviations around a
ouple of per cent for the three-day maps, while the f220 channel is
he noisiest, reaching more than 10 per cent for the three-day maps.

e also include the standard deviation of the non-binned, full light
urves: this is shown at zero days included in map. 

The nature and cause of the gain fluctuations measured abo v e can
e probed by measuring the correlation between fractional residual
ight curves from different arrays and/or frequencies. Since the
elescope scans in azimuth at a constant ele v ation, the two bottom
rrays in the focal plane (PA1 and PA2 for ACTPol, and PA4 and PA5
NRAS 529, 3020–3034 (2024) 

1 The final absolute calibration of the ACT maps uses the Planck maps which 
re calibrated based on the dipole induced by Earth’s solar period. Uranus is 
sed as an intermediate, intraseason calibrator. The variation in the calibration 
actor ranges between 1 and 6 per cent depending on array and frequency. 

t  

	  

b
f

or AdvACT) observe the same sky position almost simultaneously
within a few seconds of each other), whereas the top (PA3 in
CTPol and PA6 in AdvACT) will observe the same sky position at
 minimum of 4 min earlier (later), after the sky has rotated into (out
f) its field of view. Gain variations due to drifts in the detector
emperatures or changes in loading from the atmosphere might
herefore be manifested in differences in the correlation between
he pair of arrays in the bottom row and pairs of arrays split between
he top and bottom row. To test this, we bin the Uranus light curves
or each array/frequency channel into one day intervals and calculate
he Pearson correlation coefficient for every possible pair of light
urves, only retaining bins in which both light curves in the pair had
easurements. 
Fig. A2 shows the Pearson correlation coefficient for all combina-

ions of frequencies and arrays, grouped into the ACTPol arrays (PA1,
, 3; left panel) and the AdvACT arrays (PA4, 5, 6; right panel). For
dvACT, we observe a relatively high correlation between the two

requency channels in the same array. Correlations between PA4 and
A5 are also relatively high, reflecting the fact that these two arrays
bserve the same coordinates nearly simultaneously. Ho we ver, the
orrelations between either PA4 or PA5 and PA6 are typically much
ower. This is evidence that significant gain variations can occur on
ub-day time-scales, and that some of the gain variance shown in Fig.
1 is from short term fluctuations rather than longer term drifts. For
CTPol (left panel of Fig. A2 ), this pattern is less obvious (e.g. both

requencies of PA3 exhibit substantial correlation with PA1, but not
ith PA2). Ho we v er, there are man y fe wer data av ailable for ACTPol

nd we might not have sufficient statistics to draw conclusions. We
ave found evidence consistent with these results using AGN light
urves rather than Uranus; this work (in preparation) will have more
obust statistics since it uses scores of sources. 

The abo v e correlation test suggests that flux variations can be
ttrib uted to systematics, b ut we should also consider the possibility
hat there is intrinsic flux variation in Uranus itself. Hasselfield
t al. ( 2013 ) analysed ACT observations of Uranus and compared
hem with the model of Griffin & Orton ( 1993 ), finding general
greement. The brightness of Uranus is probably latitude dependent,
ut since its sub-Earth latitude changes slowly, the mean brightness
cross the observed disc will vary on time-scales of decades (e.g.
ramer, Moreno & Greve 2008 ) and we expect that it will remain

pproximately constant for the duration of an ACT season. Any flux
ariation is therefore expected to be dominated by the changing
arth–Uranus distance, which we know precisely and account

or. 
Ef fecti vely, we no w have a ne w source of systematic error, a

ractional gain error g estimated as described abo v e and shown in
ig. A1 . The combined new uncertainty in the flux measured for a

ransient map is the sum in quadrature 	 f 
′ 2 = 	 f 2 + ( sg ) 2 , where 	 f

s the uncertainty measured directly in the map and s is the expected
ignal. By the nature of the sources we are trying to measure, we
ight expect for the signal to be very small and therefore 	 f ′ ∼ 	 f .
o we ver, we decide to use the more conserv ati ve approach where

he expected signal is of the order of the 	 f uncertainty, leading to
f ′ = 	f 

√ 

1 + g 2 . Based on this analysis, we multiply each error
ar calculated from our matched filter maps by the factor 

√ 

1 + g 2 

or all the results reported in this work. 
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Figure A1. Standard deviation of the fractional residual flux of Uranus for every frequency and array. We bin the Uranus light curve (which has individual 
observation) into 3-, 7-, 28-, 56-, or 84-d bins and calculate the standard deviation. The standard deviation at zero days included in the map corresponds to the 
indi vidual observ ations light curve, before binning. 

Figure A2. Pearson correlation coefficient matrix for the Uranus fractional residual light curves. The light curve from a frequency and array is correlated in 
time (observations taking place simultaneously) with another. On the left, the correlation for ACTPol (PA1, 2, 3), on the right the correlation for AdvACT (PA4, 
5, 6). 
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PPEN D IX  B:  EFFECT  O F  STRIPY  NOISE  

n this section, we briefly discuss the statistics of the stacked maps. In
ection 2.3 , we described how some individual maps have anisotropic 
oise, visible as striping in the maps. Because our matched filter
Section 2.2 ) uses a noise model that assumes isotropy, the S/N
f these maps would be significantly mis-estimated. To illustrate 
his with a pertinent example, consider the GRB stack for frequency 
hannel f150 and time range between 12 and 15 d after disco v ery (c.f.
able 8 ). If we do not remo v e the stripy maps from our sample, 30
ndividual maps go into the stack and yield a characteristic luminosity 
f ( − 27.50 ± 9.44) × 10 9 L �, an apparent −2.9 σ measurement.
o we ver, Fig. B1 sho ws a histogram of the pixel values of the S/N
ap of the stack (wider, blue histogram) and demonstrates that the
/N has been significantly o v erestimated. When 11 stripy maps are
emo v ed as per the method of Section 2.3 , the histogram of the S/N in
he resulting stacked map (orange histogram in Fig. B1 ) has a width
onsistent with the expected normal distribution. In this case, we 
MNRAS 529, 3020–3034 (2024) 
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Figure B1. Histogram of pixels from the flux S/N map for the GRB stack 
at frequency f150 and time interval 12–15 d after discovery. The maps are a 
1 degree square stamp with pixels inside a 2 arcmin radius from the centre 
masked. The solid line is without rejecting any stripy maps, the dashed 
dotted line is after rejecting stripy maps. A normal distribution with standard 
deviation of 1 is shown as reference in the dashed line. 

measure characteristic luminosity of ( − 27.19 ± 27.57) × 10 9 L �, 
which corresponds to only ∼− 1 σ . 
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