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The heavens have a flair for the dramatic. Stars are born then die, galaxies churn, and the
very fabric of the universe rapidly expands. Few objects remain steady for our telescopes.
Instead, the transient sky dominates. “Transients” are a broad category of astrophysical
events defined as anything that displays a sudden change in brightness. As is often the case
in astrophysics, we can learn about different aspects of these events by studying the different
kinds of light, or wavelengths, they emit. Although transient phenomena in optical, in-fared,
and radio wavelengths are relatively well-studied, millimeter wavelengths present a gap in
our knowledge. These wavelengths are particularly challenging because millimeter-sensitive
instrumentation is expensive and complex. Unlike the radio regime, millimeter waves are
greatly affected by the atmosphere. Large-scale cosmic microwave background, or CMB,
surveys were once reserved for studying the static imprint of our early universe. However,
these surveys now have the sensitivity required to join the hunt for transients, allowing us
to fill the gap in time domain astrophysics.

Wide-field CMB surveys are uniquely suited to searching for transients because they
observe large areas of the sky at increasingly lower noise levels. These telescopes are expected
to see a variety of events occurring outside our galaxy, such as stars exploding or being ripped
apart by black holes, as well as events within the Milky Way such as flaring stars. Transients
are already being detected in CMB surveys like The Atacama Cosmology Telescope, known
as ACT ([62] and [47]), and The South Pole Telescope ([97] and [30]). Future surveys,
such as The Simons Observatory Large Aperture Telescope, or SO-LAT [105], and CMB-S4
2], are expected to detect at least an order of magnitude more millimeter transient events
than current surveys [24]. To get the most out of this science, we must start exploring
this parameter space and building the means to detect millimeter transients in real-time.

This dissertation provides the necessary background knowledge of this subject, explores my
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work on astrophysical transient detection using data from the Atacama Cosmology Telescope

(ACT), and comments on the future of millimeter transient astronomy.
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1.0 Introduction

This introduction serves as a review of transient astronomy, particularly in millimeter
wavelengths, as well as cosmic microwave background surveys. The topics presented here are
not original works but provide the reader a comprehensive background of original research in
subsequent chapters. In the first section, I provide context for millimeter transient studies,
presenting past work done on the subject. Next, I discuss synchrotron emission, a key
mechanism for many millimeter transients. Then, I focus on specific types of astrophysical
transients we detect in millimeter bands. Lastly, I discuss the Atacama Cosmology Telescope,

the main source of data in the subsequent chapters.

1.1 The Millimeter Transient Sky

Multiwavelength studies of transient events are vital to understanding their underlying
physical mechanisms. Transients are a broad class of astrophysical events that are defined as
point sources which are nominally not detectable but temporarily produce enough emission
to become visible. A true transient will occur either one time only or in an unpredictable
rather than variable pattern. Until recently, millimeter transient detections were limited
to targeted follow-up observations. This gap is quickly being filled by harnessing the cos-
mic microwave background (CMB) surveys to perform blind transient searches in millimeter
wavelengths [97, 62, 30, 47, 89]. Observations in the millimeter and radio allow us to probe
non-thermal emission from shocks and jets [15, 16] or magnetic recombination of nearby
magnetically active stars [51]. Eftekhari et al. 2022 [24] predicted event rates of extragalac-
tic synchrotron transients emitting in the millimeter for CMB surveys such as CMB-54 [1],
Simons Observatory [4], ACT [25, 91], and the South Pole Telescope (SPT) [13]. In partic-
ular, they found CMB surveys will serve as an unbiased probe of the prevalence of reverse
shocks (RS) within long gamma ray bursts (LGRBs), a phenomenon that occurs when two

shock waves collide after the burst [24].



The list of high energy extragalactic transient detections within millimeter wavebands
is rapidly growing. Kuno et al. 2004 [43] observed the afterglow of GRB 030329 in radio
and millimeter frequencies, Laskar et al. 2019 [45] observed polarized reverse shock emission
in GRB 190114C using ALMA observations at 97.5 GHz, and MUSTANG-2 detected the
decaying emission of the tidal disruption event (TDE) AT2022cmc [102]. High-sensitivity
wide-field CMB surveys are expected to add to this list. Eftekhari et al. 2022 [24] predict
ACT could have observed two to ten reverse shock emission events from GRBs and that
Simons Observatory may observe dozens. The millimeter band is particularly suited to
reverse shock observation as the emission peaks only a couple hours after the trigger [11,
83]. They also predict a small chance of detecting tidal disruption events that have also
been observed in targeted millimeter wavelength campaigns [103]. Additionally, we may see
emission from events similar to the extragalactic transient AT2018cow [75], an unprecedented
millimeter transient [36] that may have been a supernova or tidal disruption event [77, 71, 55].

With a zoo of transients to search for, wide-field millimeter surveys designed for mapping
the CMB are increasingly being used for transient detection. Whitehorn et al. 2016 [97],
using data from SPT, published the first blind transient search of CMB survey data and
reported an event broadly consistent with a GRB afterglow with a peak flux of 16.5+2.4mJy
at 150 GHz but with a low statistical significance. Guns et al. 2021 [30] used a single year of
SPT-3G (an upgraded version of SPT) data to find 13 stellar flares and 2 events consistent
with flares from active galactic nuclei. Recently, Tandoi et al. 2024 [89] found 111 stellar
flares from 66 stars over 4 years and 1500 square degrees of observations also using data
from SPT-3G. ACT published three previous papers relating to transient phenomena. Using
3-day coadded maps made for a Planet 9 search ACT serendipitously discovered three bright
transients consistent with flares from magnetically active stars [62]. Those detections inspired
a systematic transient search of the 3-day maps, yielding 17 transient detections, including
the serendipitous detections, mostly consistent with stellar flares. This analysis is discussed
in detail in Chapter 2. Lastly, a targeted search of ACT data published upper flux limits on

known tidal disruption events, supernovae and gamma ray bursts [34].



1.2 Synchrotron Emission

Gyrosynchrotron and synchrotron emission all occur from particles radiating when accel-
erated by a magnetic field, B and is often the driver of millimeter astrophysical transients.

The following derivations are a summary of Chapter 6 of [79] and Chapter 5 of [20].

1.2.1 Average Power

Gyrosynchrotron emission is the name given to particles at nonrelativistic speeds (v < ¢)
and synchrotron emission occurs for ultra-relativistic particles with high kinetic energies
(KE > mc.c?). For the non-relativistic case, the orbital frequency is exactly equal to the

gyro frequency,
_ 4B
~ mc’

(1)

where ¢ is the charge of the particle, B is the magnitude of the magnetic field, m is the

wa

particle mass, and c¢ is the speed of light. In the case of electrons, ¢ is the charge of the
electron, e, and m is the mass of the electron, m.. For ultra-relativistic electrons, this

expression is velocity dependent;

eB w

P mae 7G )

where,
v=(1-)" (3)

and,
B =uv/e (4)
The power of synchrotron radiation from a single electron is derived from Larmor’s equation,
2,2

where a is the electron’s acceleration. This equation tells us particles radiate when acceler-
ated and that power is a relativistic invariant quantity. In the case of synchrotron radiation,

the particles experience acceleration perpendicular to the magnetic field in the rest frame,



a, = wpv, = wpgsina. The pitch angle, « is defined as the angle between the particle’s

velocity and the magnetic field. Plugging in equation 1 for wpg gives,

Bosi
0 = eBusina (6)
YMeC

In the observer’s frame, a/, = v%a,. Putting this all together we find the power radiated by

one electron to be,

P = 207p3*y*cUp sin® a, (7)

8 e? \?
=S () ©)

is the Thomson cross section of an electron,

where,

B2

Ug = —
B 8

(9)

is the magnetic energy density. Averaging over all pitch angles, we find the average syn-

chrotron power per electron is

(P) = §0T52720UB- (10)

In the case of gyrosynchrotron radiation, v? = 1.

1.2.2 Spectrum and Spectral Index

In the non-relativistic regime, the observer sees pulses at a frequency approximately
equal to wg. However, for relativistic synchrotron radiation, the radiation beams along the
direction of motion resulting in a pulse time difference, At, much shorter than 27 /wp and a
spectrum much broader than wg /27, as the spectrum cuts off at frequencies around 1/At.

Using geometric principles and approximating 1 — 8 & (1/2)7? for v > 1 one can find

Atm— bt (11)

Ydwpsina’

We expect the spectrum to cut off at the critical frequency, defined as

v, = —~ wpsin a. (12)

47

See [67] for the full derivation.



Next, we want to find the spectral index of synchrotron emission, which tells us how the

energy radiated changes with frequency,

__dlog P,

13
dlogv’ (13)

where P, is the radiative flux density. a can also be written in terms of the source function,

Sy,
~InS,

a_
dv ’

which is directly proportional to the emission coefficient, j,. The emission coefficient (see

(14)

Chapter 2 of [20]) is given by,
Judv = ——n(FE)dE. (15)

The energy distribution of synchrotron sources often follow a power law. Assuming an

optically thin source with a power law distribution of electrons we can write,
n(E)dE < E-°dE. (16)

Given Equation 2, the energy of a synchrotron source is,

U\ V2
E =ym.* = (—) mec?. (17)

va
Next, we assume each electron radiates all of its average power (Equation 10) close to

the critical frequency to find

2. ,-1/2
dE ~ " —dv, (18)
2vg

where vg = ¢B/2mme.

Now, we can calculate the emission coefficient (Equation 15),
judy oc BOTD/2,(1=0)/2 (19)

This leads to the spectral index which is only dependent on 4,

_dlnS_1—5

— = 2
dlnv 2 ( 0)
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1.3 Astrophysical Transients

This section serves as a broad introduction to astrophysical transients. This thesis
presents a large portion of millimeter transient observations made to-date by harnessing
the large data volume of CMB surveys to perform blind transient surveys. Much of this
work is informed by predictions in [24] of transient event rates for CMB surveys. In that
analysis, the authors predict CMB surveys will observe synchrotron emission from several
types of extragalactic transient events such as gamma ray bursts (GRBs). The events ex-
plored here either have been found or are expected to be observed by CMB surveys. I pay
special attention to GRBs, classical novae, and stellar flares, as these events will be explored
in greater detail in subsequent chapters. I also provide a brief overview of fast radio bursts.
Although we do not expect to detect this type of transient in the analyses describes in Chap-
ters 2 and 3, they are a remarkable and mysterious class of radio transients which showcase

the importance of searching unexplored regimes for transient phenomena.

1.3.1 Gamma Ray Bursts

A gamma ray burst is a transient event which produces high energy gamma rays from
powerful jets and then radiates in all frequency bands in what is called the “afterglow”.
These events exist in two categories, short bursts, which last for 2 seconds or less, and long
bursts, which can last anywhere from a few seconds to many hours [40]. Short bursts are
theorized to occur from binary compact object mergers and produce hard (more energetic)
photons [7]. Long bursts emerge from the collapse of a massive star and produce soft (less
energetic) photons [98]. The origins of the long bursts are confirmed by coincident supernovae
observations. The exact categorization and differences of short and long GRBs is a current
topic of research. By convention, the time of the total burst duration is measured using the
value tgg, or the time it takes to observe 90% of the total background subtracted counts. An
analysis of the Burst and Transient Source Experiment (BATSE) catalog revealed a bimodal
distribution of this quantity giving rise to the long and short classification of GRBs [40].

Figure 1 showcases these results.
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Figure 1: Figure la from [40] showing the tqq distribution of 222 BATSE GRBs. The solid

line shows the raw data and the dotted lines are error-convolved histograms.

It is largely accepted that both long and short GRBs contain a black hole (BH) as
a central engine. However, there is much debate on the exact mechanisms behind these
events. GRBs are often described by the Fireball Model [73]. The model approximates
GRBs as a pure radiation fireball where most of the initial energy from the BH formation is
converted to photons There are two main phases of emission; the prompt emission from the
formation of jets, and the afterglow from the interaction of these jets with the surrounding
circumburst medium (CBM). The prompt emission occurs from the dissapation of kinetic
energy of a relativistic flow and produces the GRB’s namesake gamma rays. The kinetic
energy is dissipated by both internal and external shocks. GRBs are characterized by the
bulk Lorentz, Iy, of the outflow. The afterglow occurs from the jets slowing down due to
external shock interactions causing emission from X-Ray to radio wavelengths.

The spectra of GRBs are largely dependent on the opening angle of the jet, 6. At early

stages, the jets are narrowly beamed (I'"! < ), but as the ejecta lose energy, the beam



becomes larger and more of the emission is observable [49]. As the ejectum continues to
decelerate, eventually the entire surface becomes observable, corresponding to a jet break
in the light curve in all wavelengths [68, 82]. The jet-break occurs when the opening angle
of the jet widens such that the jet is indistinguishable from the afterglow emission. This
presents as a break in the power-law spectrum of the GRB. Observers off-axis from the jet
do not observe prompt emission or the jet break. Such events are difficult to observe but
have recently been seen in millimeter wavelengths, solidifying current understanding of GRB
jets [46, 54].

The jets contain two shock fronts. These shock fronts can collide to create a reverse shock,
dividing the jet into four sections; the ambient medium, the shocked ambient medium which
the forward shock has passed through, the shocked shell which the reverse shock has passed
through, and the unshocked shell [73]. Although the exact fraction of GRBs that exhibit
reverse shocks is unknown, this may be a ubiquitous feature. CMB surveys are expected to
observe many transients from reverse shock emission and will provide an unbiased statistical
probe of this phenomenon [24]. See Section 2.1 for a more detailed discussion on millimeter

emission from GRBs. For a comprehensive review of GRBs, see [49].

1.3.2 Classical Novae

A classical nova occurs when an accreting white dwarf (WD) in a binary system with a
main sequence star undergoes thermonuclear runaway (TNR)[28]. Thermonuclear runaway
occurs when gravitational pressure causes electron degeneracy. Once this happens, the ma-
terial does not expand even as temperature rises due to compression. The result is a rapid
temperature increase causing the accretion envelope to expand and become ejected [88].
Typically, the white dwarf accretes hydrogen, although in rare cases it may accrete helium.
This process is similar to a supernovae explosion but only the outer layer is ejected. After
the explosion, the white dwarf will begin accreting material again and the process will repeat
itself. Novae that have more than one recorded eruption are known as recurrent novae [19].

Figure 2 from [19] illustrates the typical evolution and corresponding light curve of a

classical nova. Before the outburst, the white dwarf accretes material until it experiences



TNR, emitting thermal radiation which peaks in the X-ray band. This is called the X-ray
flash phase which was recently observed for the first time from the nova YZ Ret [44, 87].
Next, the shell expands, corresponding to a rapidly rising optical lightcurve with a slow
decay driven by thermal emission [70]. As the shell expands and the optical depth increases,
thermal radio emission becomes observable from nuclear burning on the surface of the white
dwarf. This is known as the “supersoft X-ray phase” [39]. In Section 3.5 I discuss millimeter
observations of the nova YZ Ret from this phase. In some cases, there may be hard X-ray
and radio synchrotron emission from shocks similar to those discussed in Section 1.3.1 [19].

For a full review of classical novae, see [19].
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Figure 2: Schematic of the evolution and light curve of a classical novae. Image taken from

Figure 1 of [19].

1.3.3 Stellar Flares

Stellar flares occur from magnetic fields reconnecting and heating the atmosphere. These

events result in emission across the electromagnetic spectrum in the form of both thermal



and nonthermal radiation and last anywhere from seconds to days. The thermal emission
is seen in optical and near-ultraviolet (NUV) frequencies from the lower atmosphere. The
nonthermal gyrosynchrotron emission emerges from particles accelerated by the magnetic
fields and emits in radio and microwave frequencies [41]. Ion collisions also cause radio
emission via bremsstrahlung radiation [22].

Typically, stellar flares occur in stars with magnetically active coronas and with rapid

rotation. The Rossby number is often used as a tracer of stellar rotation and is defined as

P,
Ro _ rot’ (21)

Te

where P, is the rotational period of the star and 7, is the convective turnover time [64].
Used in conjunction with the fractional X-ray luminosity, R, = L, /Ly, where L, is the star’s
x-ray luminosity and L, is the star’s bolometric luminosity, a tracer for magnetic activity,
we can find a relationship between magnetic activity and rotational period. Stars with low
Rossby numbers (Ry < 0.1) are typically quiescent and are said to be in the “saturated
regime” [64, 74]. These stars have a maximum X-ray luminosity, L,/Ly; ~ 1073 [93, 94].
Stars outside of this regime follow a power-law, as illustrated in Figure 3, which is taken

from Figure 4 in [41] who adapted the figure from [100].
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Figure 3: Relationship between the fractional X-ray luminosity, a magnetic field tracer, and
Rossby number. The data presented in this figure is from a sample of 824 solar and late-type
stars [100]. Image taken from [41].

There are several types of magnetically active stars which exhibit flaring behavior. Below,
I outline three common categories of flaring stars discussed in Chapter 3. For a full review
of stellar flares, see [41].

M Dwarfs: M dwarfs are the most common stars in our galaxy, making up 70% of
galactic stars by number [9]. They are cool, small in size, and faint main sequence stars.
Early types (MO — M5) contain a radiative core while later types are fully convective [100]
and are therefore highly magnetically active. These stars are known to host rocky planets
within the habitable zone, making them prime candidates for exoplanet studies [84].

RS CVn Variables: RS CVn variables are tidally locked binary systems. They consist
of an early-type main sequence star and a cool G or K giant. Although these stars on their
own would not have heightened flare rates, the tidal locking causes rapid rotation, causing

the system to flare [41]. These systems produce extremely energetic flares in X-ray and UV
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wavelengths and can be up to five orders of magnitude more luminous than solar flares [42].
RS CVn binaries are also known to flare in millimeter and radio wavelengths due to optically
thick gyrosynchrotron emission [12].

BY Draconis: BY Draconis, or BY Dra variables are formally defined as stars with
magnetically active starspots causing causing periodic dips in their optical light curves [81,
41]. However, this term usually describes low-mass main sequence binary systems that are
detached but orbit closely together. The stars often have synchronous or near synchronous

rotation [41].

1.3.4 Fast Radio Bursts

An archival data search from observations taken by the Parkes Telescope in Australia
revealed the first fast radio burst (FRB) discovery [48]. The burst was incredibly bright at
30 mJy but lasted less than five milliseconds. The search for these strange and powerful
events unexpectedly took off with the completion of CHIME, a radio experiment located in
Canada. The main science goal of CHIME is to map hydrogen in the Universe to under-
stand cosmological structure. However, when CHIME saw first light it proved to also be an
unprecedented FRB detector. Since CHIME began observations in 2018, it observed over
600 FRBs and continues to detect FRBs at an increasing rate [72], as shown in Figure 4.

12
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Figure 4: Figure 1 from [72] showing the cumulative number of FRB detections. These
detections skyrocket after CHIME begins observations in 2018 and CHIME’s FRB catalog

dominates the sample.

The origin of FRBs are unknown, but redshift measurements of host galaxy candidates
as well as interglactic medium models indicate they have cosmological origins [90]. One
FRB is associated with a magnetar [17]. There are most likely several populations of FRBs
because they showcase a range of properties such as repeaters vs non-repeaters. No matter
the origin, it is clear FRBs may be used as cosmological probes. Since these events occur at
extragalactic redshfits and are evenly distributed on the sky, the dispersion measure, or the
measure of the time delay between different frequency detections, of each event can be used
to create a map of matter in the Universe [76]. For a brief but useful review of FRBs, see

[63)].
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1.4 The Atacama Cosmology Telescope

Most of the data presented in this dissertation was taken by The Atacama Cosmol-
ogy Telescope (ACT) [25, 91]. ACT was a 6-meter off-axis Gregorian telescope located in
the Chilean Desert. The telescope is primarily used for studies of the cosmic microwave
background. However, this dissertation is centered on its use as an astrophysical transient

detector.

1.4.1 Data Taking

This dissertation makes use of data taken from 2017-2022 by the third generation of
ACT, AdvACT [33], the third generation ACT instrument. It simultaneously housed three
optics tubes with a total field of view (FOV) spanning ~1.5°[91], each containing a set
of lenses, low-pass filters, and a single AdvACT detector array [37, 18]. The ACT dataset
considered here covers the three bandpasses f090 (77-112 GHz), f150 (124-172 GHz) and 220
(182-277 GHz) using the three dichroic polarization-sensitive transition edge sensor (TES)
bolometer arrays PA4 (f150+f220), PA5 (f090+f150) and PA6 (f090+f150). The beams’
full-width-half-maximum (FWHM) are approximately 2.0 arcminutes, 1.4 arcminutes and 1
arcminute respectively for band f090, {150 and 220 but these numbers vary slightly between
optics tubes. Details of the arrays are described in Table 1.

array | frequency band observation time

pad 220 & 150 2016 Aug — 2022 Oct
pab 150 & 090 2017 Apr — 2022 Oct
pab 150 & 090 2017 Apr — 2020 Jan
pa’ f040 & 030 2020 Feb — 2022 Oct

Table 1: The band and observation time for each detector array in AdvACT. In 2020, pa7

replaced pa6 in the third optics tube, but pa7’s data are not considered in this paper.

During observations, the telescope scanned the sky in azimuth at a fixed elevation at a
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scan speed of ~1.5 deg per second. When the sky was rising, it took ~6 minutes for a point
on the sky to be gradually swept across by the detectors in PA4 and PA5. Then, after ~3
minutes this process would repeat for the detectors in PA6. This order was reversed when
the sky was setting. The bolometer signals, i.e. measured optical power fluctuations, were
stored in time-ordered data (TOD) files, each containing a roughly 10 minute time series for
all detectors in a single array. Figure 5 shows an example TOD from Figure 1 of [23]. A
selection process was applied to TOD data to cut off defective detectors or dark detectors
that were not optically coupled to the sky signal. The data were then calibrated to sky
temperature fluctuations using calibration observations on planets with known temperature
models, such as Saturn and Uranus. The time ordered data was then ready to be made into
maps with pointing functions that associate time stamps to location on the sky. Detailed

data selection and calibration process is described in [5].
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Figure 5: An example of a partial TOD from one detector taken on a good observing night

at 148 GHz. Atmospheric brightness causes a slow drift in intensity. Image taken from [23].
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1.4.2 Maximum Likelihood Map Making

The full maximum likelihood map making process is described in [23] but I summarize
the method here. The TODs are converted to maps of the sky by maximizing the likelihood

given the noise and the data model,
d =M + xn. (22)

In this case, d is the data, M is the pointing matrix, n is the noise model, and x is a vector
containing the sky map pixels we are solving for. The goal is to find the model, x which

maximizes the likelihood,
1
Locexp | = (d - Mx)" N7!(d — Mx) | , (23)

where N is the noise covariance,

N = <nnT> . (24)

The least squares solution is

M”N"Mx = M”Nd. (25)

Since matrix MTN~1Mx is too large to invert, the preconditioned conjugate gradient (PCG)
method is used to iteratively solve for the equation [23, 99].

For transient detection, the data are divided into time binned maps. In Chapter 2 we
use approximately 3-day bins and in Chapter 3 we use single observation, or “depth-1” maps
where each pixel corresponds to one observation. The maps are made using the maximum
likelihood method described above. Next, a matched filter is applied to boost point source
signals. This process is described in Sections 2.2 and 3.2 for the 3-day maps and depth-1

maps respectively.
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1.4.3 ACT as a Transient Detector

In this section I summarize the transient detection process using depth-1 maps. The
process is similar to the 3-day map analysis. Since the depth-1 analysis is an improvement
on the 3-day pipeline, I present the depth-1 analysis here.

The pipeline begins with renormalizing the maps on one degree scales suitable for tran-
sient detection because the original maps are made for working with larger scales. Next we
search for transients by finding any cluster of pixels with a signal to noise ratio of five or
greater. Because we expect real events to be point sources, they should be the same shape
as the instrument’s beam. Each candidate is filtered in Fourier space to boost the signal
of beam-shaped objects and degrade signals that are not beam shaped. Fluctuations not
following this pattern are likely noise and are removed from the sample. This is called a
matched filter. The filter functions by looking for point sources and gives and estimation of

flux density F' and S/N at each pixel as

p BTUm
F=L- 2
k  diag(BTU-'B) (26)
BT —1,5
S/N = L v_m (27)

Vi \/diag(BTU1B)
where x and p are respectively the inverse variance and inverse variance weighted flux density.
B is the response matrix that takes a single pixel in flux density unit to beam-convolved
structures in CMB temperature unit. U is the covariance matrix of noise u in m. wu is
measured from the map itself and includes anything that is not a point source, including
instrumental and atmospheric noise, clusters and CMB signals.

The subsequent chapters are dedicated to describing two transient detection pipelines for
ACT. An example of a real transient detection is given in Figure 6, which shows cutouts of the
signal to noise depth-1 maps before, during, and after a flare. The Depth-1 transient pipeline
which is discussed in Chapter 3, yields 32 transient detections, including 19 new discoveries—
almost doubling the number of flares discovered in ACT data from previous studies. The
following chapters describe in detail the methods used to discover these transients and discuss

the origins of each event.
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Figure 6: An example of a transient detected in sequential depth-1 maps. These maps are
0.5 deg? cutouts of the depth-1 signal to noise ratio maps. They are filtered on small scales
to boost signals with the shape of the beam. The three rows are example depth-1 maps
from each frequency band (90 GHz, 150 GHz, and 220 GHz). The x-axis is the time, in
days, from the first observation of the flare. From left to right, we show the same location in
each subsequent map. No source is seen before the flare, but then a transient appears before

fading again. The transient appears as a red dot in the center of the map.
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2.0 Systematic Transient Search of 3 Day Maps

This chapter presents an astrophysical transient search of three day coadded maps from
the Atacama Cosmology Telescope. This chapter is based on a publication in The Astro-
physical Journal lead by myself, Yaqiong Li, Sigurd Naess, and The ACT Collaboration. I
am the second author on this publication but the first author, Yaqiong Li and I share equal

contributions.

2.1 Introduction

In this work, we complete a systematic search for transient events with three years’ of
ACT data using spatial maps each containing about three days worth of time integrated
data. In Section 2.2, we introduce the ACT survey and the maps used for this analysis. In
Section 2.3, we describe how the transient events are detected and how data cuts applied
to the sample. In Section 2.4, we present our findings and possible counterparts for each
transient. After all cuts are applied we are left with 29 events which we then analyze in
the time domain to further constrain the timescale of each event. Three of these events
are redetections from [62], eight appear to be from asteroids that were not masked in the
3-day maps, and four occur in areas with poor noise models and cannot be confirmed as
real transients. This leaves 14 new transient detections at 11 unique positions on the sky.
Most of the events have clear stellar associations. In Section 2.5, we summarize the nature

of these counterparts.

2.2 Data

We search for transient events using 3-day maps and filtering strategies originally created

to search for Planet 9 [61]. The search covered 18000 deg? of the sky using ACT data taken
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from 2017 to 2019. Although these maps were not designed for a systematic transient
search, their short timescale is well suited for this purpose. Since the beam and pointing
of the daytime (UTC 11-23) observations are more affected by the Sun, the maps are made
separately by the TODs spanning for approximately three days taken during daytime and
nighttime by each of the three detector array at each of the two frequency bands. Therefore,
there are twelve maps (day and night time data within three arrays with two bands) for each
3-day period.

For each 3-day map, a mean sky subtraction at the corresponding frequency band is
implemented so only the time-varying signal remains. Regions within 0.8 degree of the
planets (according to [5], a typical distance between sidelobes and planets is approximately
47 arcminutes) and within 3 arcminutes (three times of the largest beam FWHM) of the
bright asteroids are masked to avoid contamination from planet sidelobes and false transient
detection from known moving astronomical objects. The map is then matched filtered to
look for point sources. Detailed methods and noise models for 3-day maps are described in
[61].

Since the 3-day maps were made as part of a search for Planet 9, some tradeoffs are made
that are suitable when performing large stacks of maps, but at times not ideal when analyzing
maps in isolation. In particular the maps’ matched filter numerator was computed directly in
time domain while the denominator was computed in map-space. This approach is fast, but
only accurate if the time-domain noise model and map-space noise model are consistent. In
practice this is an approximation which introduces a bias in areas where the map hit-density
changes rapidly from pixel to pixel. This does not happen when performing large stacks like
in the Planet 9 search, but it is quite common when looking for objects in the individual
3-day maps, resulting in many spurious detections (see Section 2.3.1). Furthermore, the
matched filtered 3-day maps are stored at 1 arcminute resolution, which was an acceptable
performance tradeoff for the Planet 9 search (where this was a minor contribution to the
overall smoothing budget), but is sub-optimal for blind transient detection. The ways in
which the position uncertainty introduced by the selected resolution are handled is detailed
in Section 2.4.2. These deficiencies are resolved in a subsequent paper (see Chapter 3) using

maps tailored for transient detection.
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2.3 Methodology

2.3.1 Initial Detection and Spurious Candidate Cuts

Any pixel or group of pixels with S/N > 5 in the 3-day sky-subtracted maps is considered
a transient candidate. For each set of 3-day S/N and flux density maps, we first mask pixels
with S/N < 5, then apply this mask to the corresponding flux density map (Figure 7). The
positions of candidates are evaluated to be the flux-weighted centroids. We then cross match
each candidate between detector arrays with a matching distance of 1.5 arcminutes, which
is 1.5 times the resolution of the 3-day maps . We only keep candidates that appear in at

least two frequency and array combinations. This cuts 76% of the initial detections.

Mask selecting Center of mass
SNR map pixels with S/N>5.0 weighted by flux
" L 8 L3

Figure 7: Process of the initial detection, with each plot showing a 0.3 deg by 0.3 deg map.
The first step is to make a mask (middle) on S/N map (left) selecting pixels that have
S/N > 5. The mask is then applied to the flux map (right), and the candidate position,
shown as the red cross mark, is evaluated as the center of mass weighted by the flux values

within the selected pixels.

Even with this cut applied, there are still many spurious detections grouped in clusters
and along map edges. Given that 7.8 billion pixels are searched for each combination of array
and frequency band, we expect to find around 28 thousand false detections in total assuming
a Gaussian distribution with the 50 detection threshold (0.00006%). The probability will be
squared to have a false detection at the same or adjacent pixels on different maps. In ideal
situations, the false detection would be negligible after cross matching catalogs from different
arrays in the same 3-day period. However, due to the bias and estimation in the mapmaking

and filtering process described in Section 2.2, this initial detection finds 332,333 candidate
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events, which is a magnitude higher than expected. We perform three additional geometric
cuts, requiring a candidate to be cut in all detected frequency and array combinations to
exclude it from the analysis. The results of these cuts are summarized in Table 2.! We apply
these cuts in tandem to the frequency and array requirement, thus the following statistics

include all candidates.

Neighbor Cut Zero iVar Contour Cut Edge Cut

é —— All sources (332333) 2 056l —— All sources (332333) g —— All sources (332333)
209 B mask 5, 27% cut ; ’ El nmask 2 pix, 69% cut § 0.10 E nask 2 pix, 12% cut
:: mask 20°, 60% cut :; 04l mask 5 pix, 74% cut :;5 mask 5 pix, 17% cut
.%’ B mask 507, 70% cut % E nask 10 pix, 78% cut %’ I nask 10 pix, 20% cut
5 0.1 g 09 § 0.05
= = =

00 50 T00 To I 0005 20 10

Distance to Nearest Neighbor [arcmin] Distance from ZiVC [pixels| Distance from edge [pixels]

Figure 8: Left: A histogram of the distance to each detection’s nearest neighbor with a
binsize of 5 arcminutes. The peak close to zero indicates there are clusters of spurious
detections in many of the maps so we cut any candidate with a nearest neighbor of 20
arcminutes or less. Center: A histogram of each candidate’s distance from the nearest zero
inverse variance contour, defined to be an inverse variance of less than 1.5 x 107°K, with a
bin size of 3 pixels. There is a large peak of candidates near zero inverse variance contours
which drops after 3 pixels. We mask out to 5 pixels, cutting 74% of all sources. Right: A
histogram of each candidate’s distance from the map edge in pixel units with a bin size of
3 pixels. As expected, there is an excess number of candidates near the edge of the map as
the map edges are noisy and so appear variable when sampled every three days. At a mask

size of b pixels, we cut off the peak of candidates near the edge.

The first geometric cut is motivated by the observation that many of the 3-day maps
exhibit a stripy pattern of spurious detections along the scanning direction. These false
detections are caused by a systematic underestimation of the inverse variance (i.e. the x maps
mentioned in section 2.2) when the coverage is uneven due to low hit counts. The stripy

regions are reliably identified by searching for detections with nearby neighbours within

INote that a candidate might be cut by more than one criteria
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the same 3-day day map. This approach is motivated by the lefthand plot in Figure 8
which shows a histogram of each candidate’s nearest neighbour: there is a clear excess of
detections with neighbours within ~1 deg, which would not be expected for real detections
since extragalactic transients should be spatially uncorrelated. Based on this histogram,
we cut any candidates with a neighbor within 20 arcminutes as there is an overdensity of
detections with a closest neighbor within this range. This cut removes 60% of all candidates.

We see a similar stripy pattern along zero inverse variance contours. During the map
making process, some approximations result in streaks of spurious detections with vanishing
inverse variance and therefore a high S/N. In the center plot in Figure 8 we plot a histogram
of the candidates’ distances from a zero inverse variance region and cut any candidate within
5 pixels of these features (about 74% of all candidates).

Lastly, we cut any candidate near a map edge. Map edges are especially noisy and appear
to be variable when sampled every three days. In the right-hand plot in Figure 8 we plot a
histogram of the pixel distance of each candidate from the edges of the map. We see a spike
in candidates within five pixels from the map edge and so we mask this region. This cuts
applies to 17% of all candidates.

After these cuts are applied an internal cross match is performed to find repeating events.
Candidates with positions within one arcminute of each other are considered the same object.

This leaves us with 667 independent candidates.

2.3.2 Candidate Verification

For each of the 667 candidates, we calculate the mean flux by applying a matched filter
to the mean sky map using data from 2017 to 2021, and mask candidates with mean fluxes
of > 50 mJy or < —50 mJy. The high-mean-flux candidates are likely variable point sources
such as AGN or dusty star forming galaxies (DSFG). These high-mean-flux candidates are
already detected in our standard point source catalogs, and there are dedicated studies in
preparation on the light curves of these candidates. In this paper we will concentrate on
candidates that are not detectable in the mean sky maps. The candidates with negative

mean fluxes are located close to bright point sources. The flux density around this region is

23



Remaining Candidates | Fraction Cut | Fraction of map masked
frequency and array cut 78,367 0.76 -
neighbor cut 133,119 0.60 0.005
ZiVC cut 88,936 0.74 0.030
edge cut 278,044 0.17 0.010
all cuts 5,020 0.94 0.045

Table 2: This table summarizes the three geometric data cuts applied to each 3-day map
after the requirement that a candidate appear in at least two frequency or array combinations
is applied. The first column quotes the number of candidates remaining after that cut, the
second gives the fraction of all candidates that do not pass these cuts, and the last column
gives the fraction of the total number of pixels masked by each cut. Note that these cuts are
done in tandem and are independent from each other. The neighbor cut removes candidates
with neighbors in the same map within 20 arcminutes, the zero inverse variance contour
(ZiVC) cut masks candidates within five pixels of zero inverse variance contours, and the

edge cut masks candidates within five pixels of the edge.

negative due to the effect of the matched filter that acts as high pass filter, and will increase
when the flux of the corresponding point source decreases, resulting in a false detection.
There are 82 candidates left after applying the cut on mean flux. We then make light curves
to confirm these detections, requiring a S/N > 3.5 in at least two arrays or in one array at
both frequency bands. These light curves are made from forced photometry, which gives a
per-detector flux and flux error, and then evaluating a weighted mean flux as the array-wise
result at each frequency band for each scan. This analysis further cuts 41 candidates.

For the rest of the candidates, we made 2° by 2° intensity maps (shown in Figure 9) from
TODs covering a three day period (or shorter if the scanning cadence is especially high)
centered on each event. These maps, referred as “thumbnail maps,” have 0.25-arcminute

resolution and are centered at the candidate positions. We visually inspected these maps
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both before and after matched filtering? and remove candidates with an extended or irregular
shape, since we expect all our transients to be point sources. This issue may be caused by
poor data quality causing arcminute scale fluctuations. This step is done manually since the
amount of candidates left are small, but a future effort will be dedicated into developing an
automatic process of point-source classification. For some of the remaining candidates, we
observed that the raw and filtered maps appear discrepant with each other, e.g. a supposedly
strong detection having no visible counterpart in the maps before filtering; or there was an
overdensity of > 30 peaks near the event in the filtered maps, which should not happen
if the noise model is correct. Different from other confirmed false candidates, switching to
different noise modeling methods would improve the overdensity issue and the candidates’
shape at the expense of decreasing the S/N in signal. Therefore, we do not discard these

events, but classify them as low quality candidates.

2.4 Results

After all cuts are applied, we are left with 29 transient detections. Eight of these events
are due to asteroids (see section 2.4.2), three were previously detected, and four are low qual-
ity candidates. In this section we use this event rate to calculate the transient surface density
of ACT 2.4.1, characterize the properties of each event, 2.4.2, and look for counterparts by

crossmatching the positions with other surveys 2.4.3.

2.4.1 Transient Surface Density

We estimate the surface density of transients in ACT’s field of view following the method
outlined in [78]. Note that for the following calculations we only include 14 strong transient
candidates. We calculate the sky area in each frequency band and array by dividing maps

with the edge and zero inverse variance contour cuts applied into 0.5 by 0.5 degree tiles. The

2This is pure map-space matched filtering, which should be more accurate than the mixed TOD-level /map-
space matched filtering used in the main 3-day maps used for the initial search, but still depend on an accurate
noise model.
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Figure 9: 10 arcminutes x 10 arcminutes 3-day thumbnail maps for each transient. The
upper row is the intensity map with 5000 uK color range. The bottom row is the S/N
map after applying a matched filter, with +5 color range. Due to the conjugate gradient
iteration used to solve the maximum-likelihood map-making equation only being run for 10
steps, these maps are effectively mildly highpass filtered. The affected scales have negligible
weight in the matched filter. Events 2, 9, 10, 13 at the bottom of the table are the four

events that are difficult to determine if they are real transients.
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Figure 10: Surface density of transients for each frequency split between day and night data.
The surface density is found by counting the number of transients we are able to detect given

the sensitivity level divided by the map area at that sensitivity or lower.

surface density, p is then 7//(0.25 deg?N) where T is the number of transients we observe

and N is the average number of tiles across all frequency and array combinations. We find
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the transient surface density for this analysis to be 7.06 x 10~%[deg] 2.

We also provide the surface density as a function of sensitivity using the method described
in [78]. First, we split the maps by frequency and day/night data as the variance in each of
these maps differs significantly. We find the root mean square (rms) noise in each 0.5 deg tile
and split the values into 50 bins. The sensitivity of each bin is simply the noise multiplied by
our 50 detection threshold. The surface density is calculated by finding the cumulative area
of each bin and the cumulative number of transients detectable at each sensitivity level. The
results are shown in figure 10 and are summarized in table 3. The table quotes the surface
density of the highest sensitivity bins. Note that most of these values are lower than the
total surface density quoted above as these calculations only include transients found during
the day or night of each frequency band.

We can most directly compare ACT’s transient surface density to the transient survey
conducted by SPT-3G [30] since ACT and SPT observe in similar wavebands. SPT observes
a 1500 square degree footprint of the sky every 16 hours. The transient search yielded 15
events over 3500 hours of observations. Therefore, the transient surface density of SPT-3G
is roughly 4.57 x 10~°[deg] 2, over an order of magnitude higher than ACT. This difference
can be explained in a few ways. The SPT-3G transient search has noise levels on the order
of 5mJy which is much lower than the noise levels for this survey (around 15mlJy). In
addition, we expect to overcut many real transients due to the map approximations causing
false detections at low hit counts. Finally, ACT surveys a much larger sky area with a less
regular cadence than SPT which also results in missing stellar flare events. Whereas SPT
will re-observe the same location once every day, ACT’s cadence varies from less than one

day to two weeks. We are therefore most sensitive to transients with flare durations on the

order of days. We indeed find that most of our detected transients flare on this timescale.

2.4.2 Characterization

Two groups of our transient events appeared to be close in time and space to each other

(see Table 4). Using the IAU Minor Planet Center NEOChecker webtool,®> we found three

3See https://minorplanetcenter.net/cgi-bin/checkneo.cgi
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frequency | p [deg™?] Day | p [deg—2] Night

090 6.52¢-06 9.69e-06
150 2.70e-06 1.59e-06
220 7.18e-06 4.88e-06

Table 3: Transient surface density for each frequency split between day and night data.
These values represent the surface density for the highest sensitivity required to detect one
of our transients. We split this measurement between frequencies and day and night data
since the sensitivity thresholds of these maps are very different. The average transient surface

density across all frequencies and arrays is 7.06 x 10~%[deg] 2

events to be coincident with asteroid 10 Hygiea and five events to be coincident with asteroid
511 Davida. In Figure 11, we plot the paths of these asteroids with our events overlayed.
All eight events appear consistent in space and time with the asteroid observations which
were not masked in our maps. For future blind transient searches we must be prepared
for the possibility of detections from moving objects such as asteroids. This will become
especially important for real-time follow-up observations. Furthermore, measurements of
mm fluxes of asteroids are of scientific interest for characterising their regoliths, which the
ACT collaboration did in [66].

The properties of the remaining 21 transient events are shown in Table 5. Three single
detections labeled as “N” were previously published in [62]. Among the newly detected
events, 12 are single events and three repeat twice, with time intervals ranging from one
month to one year. The low (1 arcminute) resolution of the 3-day maps potentially increases
the candidates’ position error, so we re-estimate the candidate positions using a method
similar to the one used in the initial detection on the higher-resolution thumbnail maps
described in Section 2.3.2. We first subtract the corresponding £220/f150/f090 mean sky
map and apply a matched filter. The final position for each candidate is the inverse-variance-

weighted average among individual positions, using the ratio between half maximum of the
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Pos. | Peak Flux (mJy) | Mean Flux (mJy) | Peak
Name RA ° Dec ° o
Acc” | £220 | £150 | 090 | £220 | f150 | 090 | Time (UTC)

334 | 199 | 104 | 14 1.3 0.8 2017-05-21 14
Hygiea(a) | 285.1166 | —23.9962 | 14

+71 | £21 | £20 | £4.0 | £1.5 | 2.6 | 04:27 +0.3

369 | 218 | 92 19.1 | 3.0 0.5 2017-07-24 1.5
Hygiea(b) | 274.0251 | —23.4008 | 5

+42 | £18 | £20 | £6.7 | £2.6 | 4.6 | 05:50 +0.2

351 | 144 | 65 185 | 8.5 —0.2 | 2017-09-09 2.1
Hygiea(c) | 273.7942 | —22.6426 | 10

+52 | £20 | £19 | £7.3 | £2.8 | 5.0 | 02:54 +0.4

206 | 114 | 53 4.0 1.9 —1.9 | 2019-10-24 1.6
Davida(a) | 117.7733 | 16.5879 8

+34 | £15 | £14 | £2.1 | £0.8 | £1.4 | 09:01 +0.3

277 1155 | 57 —-0.8 0.2 4.0 2019-11-30 1.8
Davida(b) | 122.6793 | 18.2278 | 5

+32 | £13 | £12 | £ 2.1 | £0.8 | £1.4 | 07:12 +0.2

192 | 118 | 57 —22 103 3.1 2019-12-01 1.6
Davida(c) | 122.6946 | 18.3167 8

+39 | £16 | £13 | £2.0 | £0.8 | £1.3 | 08:57 +0.4

343 | 162 | 86 5.1 1.1 3.3 2019-12-11 1.7
Davida(d) | 122.4329 | 19.3231 2

+27 | £14 | £10 | £2.0 | £0.7 | £1.3 | 06:45 +0.2

313 | 174 | 62 —5.1 | 0.8 1.8 2019-12-16 1.8
Davida(e) | 122.0468 | 19.9151 | 6

+44 | £16 | £15 | £1.9 | £0.8 | 1.4 | 05:10 +0.3

Table 4: Eight events associated with asteroids.

beam and the appropriate S/N as weights. The position accuracy is evaluated by the square

root of the variance of weighted mean. As mentioned in Section 2.3.2, four out of the 12 single

events are difficult to determine if they are real transients due to unusual noise patterns on

the intensity maps. We present these events at the bottom of the table without assigning a

formal name.

Flux densities for each scan are evaluated at the refined positions and used to generate

light curves (Figure 12) using the same method described in Section 2.3.2. Higher-resolution

light curves (Figure 13) are made by dividing detectors in each array into four groups by

the order of observation time to study the minute by minute change in flux density. When

the flux density values are available in both bands of PA4 and PAJ5, the spectral index « is
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Figure 11: Left: The three transient events consistent with Hygiea observations. Right:
The five transient events consistent with Davida observations. All of the plotted positions
and observation times are consistent with the asteroids’ paths. The position errors are on

the order of 0.1 arcminutes.

31



evaluated by the best-fit of a power law S, o« v* of frequency v to the flux measurement
S, at the three different bands, taking into account the variance of each band flux. Under
this circumstance, PA6 is omitted because it scans across the candidates approximately 10
minutes earlier (or later when the sky is rising) than PA4 and PA5. Events 2 and 15 do not

have 220 measurements, so « is directly calculated by

B log(S,,) — log(Sy,)
0= (28)

using the f150 and f090 flux measured by PA5 or PA6, depending on which array measures
the peak flux.

2.4.3 Counterparts

We searched for counterparts for each transient event in the SIMBAD? [96] database.
The results of this search are summarized in Table 6. We searched for any Gaia objects [27]
within one arcminute of each event and list the SIMBAD identification. We calculate the
probability of a chance association given the density of Gaia stars [27] with the counterpart’s
magnitude or lower within the counterpart’s separation of the transient’s position. We
exclude any counterparts with a chance association probability greater than ten percent.
We also searched for counterparts of the transients found in [62] that are recovered in this
analysis. The associations agree with the original findings.

In addition to the Gaia source catalog, we search for galactic objects in the Gaia extra-
galactic catalog [27] using the VizieR [65]. Only events 10 and 14 have associations from this
catalog. Event 10 is coincident with an AGN with a 1.1 percent chance of a false association
(see Table 6). Event 14 is coincident with a RR Lyrae star with a 2.4 percent chance of a
false association. This association is not listed because there is a much more obvious Gaia
star associated with event 14.

In Figure 14 we plot the positions of the transients overlayed on combined ACT data from
2007-2019. This plot includes color images in the optical from the Digitized Sky Surveys

(DSS)?% that show there are bright stellar counterparts for most of the events.

“https://simbad.cds.unistra.fr/simbad/
Shttps://archive.stsci.edu/cgi-bin /dss_form
6These images were acquired using the online tool Aladin Lite. See [8].
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2.5 Discussion and Conclusions

We have demonstrated a pipeline of transient detection and characterization using ACT
data, and presented a catalog of 21 millimeter transients from 3-day maps, including three
of which that were previously detected, and four events that cannot be confirmed as real
transients. After assessing the spectral indices and counterpart associations of these events,
two classes of objects emerge: flares associated with stars with flat or falling spectra, indi-
cating radiation from sychrotron emission, and stellar flares with rising spectra, indicating
thermal emission. Performing a statistical analysis on such a small sample size is difficult,
but in the future as we discover more millimeter stellar transients, we will be able to better
characterize them. For example, we will be able to determine whether these events reside
near the galactic plane or scattered across the sky, or whether two classes of transients, rising
versus falling spectra, really exist or if there is simply a wide distribution of spectral indices.
Tests of these statistics with our small number of events are inconclusive.

Events 3, 4a, 4b, ba, 5b, 11, 12a, 12b, and 15 are associated with rotating variable
stars. These stars have large dark spots on their surface from magnetic activity in their
chromospheres. These spots cause intrinsic variability in flux in optical and IR wavelengths
but also cause flares in radio wavelengths from synchrotron radiation [35]. Events 4, 11,
12, and 15 are coincident with a special type of rotating variable stars called RS Canum
Venaticorum variables (RSCVn). These are binary systems that also exhibit variability due
to dark spots (See [32], [104]). Similar events were seen in the millimeter systematic transient
search from SPT-3G [30].

Event 1 is also associated with a binary system. Although it is not classified as ro-
tationally variable, it most likely flares in the microwave with a similar mechanism. This
association is similar to ACT-T J2007584-160954 (N3) which was previously published in
[62].

Events 7, 8, and 15 are all coincident with cool G, K, and M type stars. Event 14 is
associated with a Gaia star but its spectral type is unknown. Since all of these events also
have negative spectral indices, these flares are most likely from magnetic activity producing

synchrotron radiation. This is consistent with findings from [30] who reported microwave
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flares from M and K dwarfs. These cool stars have convective envelopes which cause increased
magnetic activity but do not exhibit the same dark spots found in rotationally variable stars
[101].

Events 6, N1, and N2 all have rising spectra which are associated with thermal emission.
In these cases, some mechanism other than synchrotron radiation is driving the flares. N1
and N2 are associated with cool M and K stars respectively but the spectral types of the
star associations for 6 and 9 are unknown. [30] also observed two events with M-dwarf
counterparts with rising spectra indicating this is a common class of millimeter transients.

Although we cannot be certain events 2, 9, 10, and 13 are real transients, we still present
possible counterparts for them in Table 6. There is a six percent chance that the Gaia
counterpart for Event 2 is a chance association. If the association is correct this transient is
likely due to synchrotron radiation from stellar magnetic fields. The field around Event 10
is too dense to pinpoint a stellar counterpart. However, there is a small chance this event is
associated with an AGN. [24] predicts ACT will see on the order of ten gamma ray bursts but
this event is not associated with any known GRB flares listed in the Fermi All-sky Variability
Analysis [3]. The associations for Events 9 and 13, are also unclear. Both events have rising
spectra so they would most likely be similar to events 6, N1, and N2. The Zwicky Transient
Facility (ZTF; [56]) detected a flare with the same Gaia counterpart associated with event
13 twelve days after and 23 arcseconds away from the ACT detection. ZTF also detects
repeating flares that are 34 arcseconds away from Event 9, although they did not occur close
in time to the ACT detection.’.

This sample likely only represents a fraction of microwave transient events present in
the ACT data. The 3-day maps were not made for a systematic transient search. Recently,
single observation maps that span more seasons than the 3-day maps have been made for the
purpose of ACT time domain study. Major advantages of the single observation maps include
the relative consistency in noise performance in each map, thus decreasing the likelihood of
over-cutting our initial transient detections, and the freedom of stacking single scan maps
for different periods of time. We will perform a similar analysis to search for transient events

within those maps to gain a more accurate event rate for ACT. This will inform current

8This cross detection was done using software developed by [58]
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and future large sky-area millimeter surveys such as The South Pole Telescope [13], Simons
Observatory [4], CCAT-prime [14] and CMB-S4 [2] on how to best detect and study these
events. In particular, the SO (and Advanced SO) large aperture telescope, or SO LAT,
will be outfitted with ten (twenty) times the number of detectors as ACT, increasing the
sensitivity to be a factor of v/10 better than ACT maps. SO LAT will also have a larger field
of view and a more regular cadence than ACT further improving its ability as a transient

detector.
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Ind Name RA © Dec © Pos. Peak Flux (mJy) Mean Flux (mJy) Time
" (acT-T) o Acc” 1220 [ f150 [ f090 | 220 | f150 | 1090 | Peak (UTC) | Rise | Fall “
1] J060702 36 |78 |64 | —12] —2.3 | —4.6 | 2017-09-05 . 0.0
C R 1007 2
174157 | 017603 | 176993 | 22 4+35 | £13 | +£14 | £2.3 | £0.9 | £1.6 | 05:35 <43min | <250 o5
3| J224500 _ _ 102 253 | 255 |55 |44 |88 | 2017-10-08 106
331532 | 5412510 | —33.2589 | 14 +41 | 420 | £12 | +2.3 | £0.8 | +1.4 | 1817 <1d >2min | g
N 1036 | 1154 | 801 2018-09-10 o 05
©1225302 | oo | e sas | s +£122 | £52 | £34 | 47 |78 | 187 | 21:55 +0.1
4b | +165027 : : ~15 | 141 | 148 | 432 | £11 | £20 | 20190606 | _, 34 ~0.6
+58 | +20 | +18 04:18 : ¢ +0.4
o 2196 | 2383 | 1525 20181000 | _ o —o0d | 09
B O I 177 | £40 | £27 | 47 | 117 | 37.2 | 02:22 +0.05
5b | -350757 : o 545 | 645 | 490 | 37 | H14 | £27 | 2019-08-10 | _ - 0.4
469 | +23 | +20 23:10 : ¢ +0.1
6 | J190222 — p 926 | 717 | 350 | 127 |53 | 7.7 | 2018-10-20 12
53610 | 2005938 | —5.6028 ) 10 487 | 434 | £29 | £5.6 | 2.1 | £3.9 | 20:32 <ld <ld +0.1
7 | JOS5813 - 103 | 197 [ 269 |30 |01 |24 | 20181115 - 0.8
4194546 | 1349579 1 1976301 4 431 | 49 | 49 | £1.9 | 408 | £1.5 | 05:18 <»5d <2h ) o4
8 | J142555 146 | 563 | 562 | —05 | 1.7 |56 | 20181121 . 01
4141207 | 2164831 1 142020018 461 | £17 | £14 | £1.9 | 40.6 | +1.1 | 08:07 <20h ) >2h gy
11 | J060757 108 | 113 | 113 | -36 | 0.8 |26 | 2019-08-09 0.0
5ag626 | O19890 | 544408 | 20 465 | 4+21 | £15 | £2.6 | 1.0 | £2.1 | 12:18 <2h ) <I8h ) g
108 | 302 | 448 2019-08-10 11
122 5033647 si1060 | osses | s £66 | 26 | £25 | 117 | 11.9 | 30.1 | 13:35 <30h 1 >23h
12b | +03511 - : 856 | 487 | 580 | £4.0 | 15 | £2.8 | 2019-09-28 | _ o, o4 ~05
4167 | 423 | +21 10:23 +0.1
14 | J125045 76 | 202 | 218 | —18 | 1.8 | 54 | 2019-09-17 03
4113338 | 1926887 | 115607 ) 14 114 | 429 | 421 | 418 | 40.6 | £1.2 | 11:34 <1d <4d 10y
15 | J180723 82 153 |05 |28 |55 | 2019-11-13 14
2 | 10 ,
4194299 | 2718483 | 19.7063 ) 14 NA ) on | 219 | 22 | 208 | £16 | 13:01 <6d <2d | o7
NI | JI81515 i 555 | 282 | —2.5 ] 6.4 | 16.0 | 2019-11-08 . 13
492746 | 2738166 | —49.4627 | 5 NA o8 | 218 | 457 | £22 | 247 | 17:22 >8min | >dmin |,
N2 | J070038 344 | 152 | —18 | 55 | 45 | 2019-12-14 19
111436 | 1051988 | —11.2458 | 10 NA T 30 | 201 | 472 | 427 | 45.2 | 21:30 <8d >8min | 5
N3 | J200758 222 | 300 | 346 | 22 | 27 | 154 | 2018-09-11 A 04
4160954 | 2019965 | 16.1642 1 7 453 | 426 | £18 | £3.0 | +1.1 | +2.1 | 19:36 <ld > 3d +0.2
2 i 1050 | 1311 | 0.9 | —2.7 | —2.0 | 2017-00-27 - 05
316.0950 | —13.6699 | 20 NA | yee | 430 | 2as | 216 | 230 | 0021 <6min | <1d ol
9 - 168 | 117 |12 |06 |00 | L2 |2019-07-19 21
196.7753 | 16.6089 | 21 452 | £19 | £16 | £1.7 | 0.6 | 1.1 | 19:23 <3h >22h ) g6
10 N 293 | 200 | 110 | —15 |02 | 0.3 | 2019-08-05 12
208.4267 | 6.7745 ) 23 457 | 421 | £19 | £2.0 | 0.7 | £1.3 | 14:40 <19h ) <1d +0.3
13 920 | 542 | 603 | —2.1 |17 |12 | 2019-08-14 . 1.6
60.9932 | 14.0094 ) 26 4103 | +52 | +44 | £33 | +1.2 | £2.3 | 09:27 <Smin | <2min |,

Table 5: Properties of the transient events. The candidates are listed in the order of the
detection time (or the detection of the first event for the repeating candidates). Three single
detections labeled as “N” are the redetections of the transients published in [62]. It is difficult
to fit for rise and fall time using light curves due to uneven scanning cadence. Instead, we
examine if the scan right before and after the scans with the peak flux density has a > 5o
detection, and calculate the time interval in between the scans. The rise time of Event 4a is
left empty because the time gap between the peak scan and the scan right before is longer
than 50 days. Spectral index is evaluated as described in text, using array-wise flux density
values, except for candidate 13. This transient event completed the rise and fall process
within the time the sky took to drift across the array. We therefore evaluate the spectral
index using flux values taken by only one quarter of detectors in each array, to capture the

peak flux. 36
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Figure 12: Light curves for 18 detected transient events on day time scales from the peak.
Each frequency is denoted by a different color. We see that in most cases the peak is

correlated with all frequencies.
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Figure 13: High-resolution light curves for transient events on minute time scales. Events 1,

2,5,6,7,8,9, 10, 13, 14 and 15 show strong signal variation within a space of four minutes.
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‘ Name ‘ ID Object Type Magnitude | Pos Err () ‘ Sep (7) ‘ Chance ‘
1 V* CP Ori Eclipsing Binary, GO 10.52 22 8.60 5.66e-04
3 V* TX PsA Eruptive Variable, M5IVe 11.84 14 4.24 1.21e-04
da/b | V¥ IM Peg RS CVn Variable, K2II1 5.66 8 1.48 4.23e-08
5a/b | HD 182928 Rotating Variable, G8IIIe 9.37 3 2.15 5.79e-06
6 ** SKF 1810A Young Stellar Object Candidate 12.73 10 7.00 5.05e-03
7 G 9-38 High Proper Motion Binary, M7V /M8Ve | 12.49/11.97 | 4 4.03 1.56e-04
8 StKM 1-1155 Low-mass Star, M0.0Ve 10.91 8 2.71 1.78e-05
11 V* TY Pic RS CVn Variable, G8/KOIII+F 7.29 20 6.80 9.82¢-06
12a/b | HD 22468 RS CVn Variable, K2:Vnk/K4 5.60/8.51 5 4.10 2.59¢-07
14 Gaia DR2 3927810990205301504 | Star 12.43 14 2.88 5.96e-05
15 HD 347929 Rotating Variable, KO 9.04 14 7.66 8.04e-05
N1 2MASS J18151564-4927472 High Proper Motion Star, M3 11.72 5 4.25 5.47e-04
N2 HD 52385 Star, K0/11III 8.11 10 7.46 5.15e-05
N3 HD 191179 Spectroscopic Binary, G5 7.96 7 7.05 4.41e-05
2 Gaia DR2 6885400713762009216 | Star 16.74 20 13.02 5.96e-02
9 Gaia DR2 3936693910286240000 | Star 13.87 21 33.51 2.11e-02
107 1636148068921376768 AGN 23 17.40 1.20e-02
13 Gaia DR2 38908044312695424 Star 14.34 26 23.58 | 2.51e-02

Table 6: Possible counterparts for each transient event from the SIMBAD database.

If

known, the spectral type is given next to the object type. The chance of a false association

is calculated using the density of Gaia sources with the same magnitude or brighter of

the counterpart. If the Gaia object is not found in the SIMBAD database, then the Gaia

identification number is listed. All separations are calculated using the Gaia coordinates.

This table also includes counterparts associated with the three previously published ACT

transients from [62]. When two stars from the same system are resolved, as is the case

with events 7 and 12, we quote the average separation weighted by one minus the chance

association and we list the lowest of the two chance associations.
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Figure 14: Combined ACT data from 20072019 overlayed with the transient positions.
Images from DSS at each location, indicated by a in the center of each image, are also shown
with a one arcminute contour plotted for scale. The majority of the transient events have

bright stellar counterparts seen in the optical.
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3.0 Systematic Transient Search of Single Observation Maps

This chapter explores a search for millimeter transients using single observation, or
“depth-1”7 maps from the Atacama Cosmology Telescope. We recover some sources from
the three day search and discover many more new transient events, including unprecedented
observations of a classical nova. This chapter is based on a publication in preparation for The
Astrophysical Journal lead by myself, Yaqiong Li, Sigurd Naess, and the ACT Collaboration.

I am the first author on this paper but Yaqiong Li and I share equal contributions.

3.1 Introduction

In this paper we expand upon [47] (see Chapter 2) with newly processed data using an
improved pipeline on single-observation, “depth-1 maps” (defined more fully in Section 3.2)
rather than 3-day maps. This pipeline searches for “bona fide transients”, or objects that
nominally do not appear in the map rather than variable sources. The maps used in this
analysis will be released publicly in ACT’s Data Release 6. The techniques described here
will serve as a prototype for a real time transient pipeline for the Simons Observatory Large
Aperture Telescope (SO-LAT; [69, 105]), a CMB telescope being built in the Atacama Desert
[4]. The SO-LAT will produce daily maps for transient searches [85]. The paper is organized
as follows. In Section 3.2 we describe the Atacama Cosmology Telescope and the maps used
for the analysis. In Section 3.3 we outline the transient detection pipeline itself. Then, in
Section 3.4, we summarize the results and performance of the pipeline. Finally, in Section

3.5 we present conclusions of our findings.
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3.2 Data

As part of ACT’s Data Release 6 (DR6), we mapped each constant elevation scan into
a separate (.5-arcminute-resolution map, which we call “depth-1 maps”, since each pixel
has been observed only once by the telescope, in contrast to typical cosmology maps which
consist of coadditions of many days’ observations. These vary greatly in size, but 1500 square
degrees is typical. These maps will be described in detail in a future paper on DR6, but to
summarize, they are maximum-likelihood maps using a standard nearest-neighbor pointing
matrix. To save computing resources we stopped the conjugate gradients solution process
after 100 iterations, which suppresses power on scales 2 10/, or, in spherical harmonic space,
on multipoles ¢ < 1000. These scales are irrelevant for the point source-like events we
consider in this study.

The maps are then matched filtered to optimize point source detection. Each depth-1
map is also accompanied by a co-sampled time map containing information about when each

sky pixel was observed by the array.

3.3 Methodology

3.3.1 Detection Pipeline

Before analyzing each map, we mask the Galactic plane and areas of the map within
ten pixels (about 5 arcminutes) of the edge. The edge of the map is where the telescope
changes direction in the scan which can cause noise fluctuations in map space. We place a
5 arcminute radius mask around ACT sources with average fluxes' greater than one sigma
(see Table 7). These are typically AGN and dusty star-forming galaxies. We also mask map
areas within 50 arcminutes of planets and map areas within 0.5 deg of blazar 3C 454.3. These
bright sources have ringing effects associated with them so large areas of the map around

them must be masked. The masks used for this paper are summarized in Table 8.

LCalculated from night data taken from 2008 to 2022.
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Before renormalization

After renormalization

Figure 15: Example S/N maps before and after renormalization, plotted in linear color scale
from -5 to +5. There are false signals showing as high-S/N patches on the original matched
filtered maps due to imprecise noise modelling. We cut the maps into tiles and apply a

renomalization factor so that the mean of each tile’s S/N square is corrected to unity.
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frequency | typical detection level [mJy] | flux limit [mJy]

090 143 30
150 269 20
220 443 90

Table 7: We mask sources in the depth-1 maps which are greater than one sigma in each
map. We use this flux limit rather than masking all sources so that we will detect transients
from known sources which are nominally not detected in a depth-1 map. In this table we

give the typical detection level and the flux limit of masked sources for each frequency.

mask radius percent of pixels cut
Galaxy - 6.7
edge 10 pixels 1.6
source catalog | 5 arcminutes 0.34
planets 50 arcminutes 0.004
blazar 3C 454.3 | 30 arcminutes 0.003
combined - 8.4

Table 8: The percent of pixels of all depth-1 maps cut by each type of mask. The Galaxy
mask masks the Galactic plane, the edge cut masks pixels within 10 pixels of the edge. The
source cut masks all pixels within 5 arcminute of any source above our flux limit in the
ACT source catalog. The planets mask cuts pixels within 50 arcminutes of Venus. Mars,
Jupiter, Saturn, Uranus, or Neptune. The blazar cut masks sources within 30 arcminutes
of the bright blazar 3C 454.3 which is not in the ACT source catalog. We also provide the
percentage of pixels cut by all the masks combined. Note that there may be some overlap

between masks.
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After masking the data, we run a matched filter designed to optimize signal-to-noise on
point sources in the map. It is therefore necessary to provide an accurate estimation of the
noise level and to filter out other signals that are not point sources. In ideal situations, after
applying a matched filter, the map’s S/N is approximately a normal distribution (i.e. the
square of S/N is expected to be one) when point sources are not dominating. However, noise
models for the existing matched filtered depth-1 maps described in Section 3.2 are meant for
analysis on larger spatial scales rather than beam-sized sources and some maps show localized
enhanced noise along the scanning direction. On these maps, the mean of S/N square for the
entire map is still approximately one but there are localized high or low S/N patterns with
size of a few arcminues. Possible causes for these effects include uneven scan coverage due
to low hit counts and temporary failure of calibration [47]. These problems arise because
the original method of modelling U based on the entire map is no longer precise since it
underestimates the S/N in high quality regions and overestimate S/N in poor data quality
regions. Therefore, before we perform source detection, we apply a renormalization step on
the matched filtered S/N maps to work with small scales to compensate the difference in noise
behavior across the map (shown in Figure 15). Each S/N map is split into approximately
0.5° by 0.5° tiles along the scanning direction of the telescope and corrected such that the
mean of each tile is unity. The tile size is chosen to be small enough to be representative of
small scales (10 to 20 times of the beam sizes), but large enough so that the computation
can be done quickly. To avoid including the signals from transients or other point sources,
we calculate the normalization factor by dividing the median of S/N square in each tile by
the median value of the square of a normal distribution value with o = 1.

Once the maps are renormalized, we perform our point source detection in a similar way
to [47]. First, we find any pixels with S/N greater than 5 and then use the center of mass
evaluated by the flux of these pixels to obtain a position measurement.

Even after S/N renormalization, there are still many spurious detections since the original
noise model of the matched filter failed to capture the localized noise pattern. We re-apply a
matched filter around each candidate to correct for this. First, we cut a 1° by 1° thumbnail
from the corresponding depth-1 unfiltered temperature map centered around the candidate’s

position. We then mask off the center area and any existing point source in the thumbnail,
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and re-apply a matched filter, using the power spectrum of the masked thumbnail’s signal to
model the noise. After that, we repeat the source detection process on the matched filtered
thumbnail. Detections which still have a S/N> 5 survive this cut.

Finally, when matching candidate sources in two or more maps, we require the candidate
source positions to agree to better than 1.5 arcminutes. We choose this radius to be a little
larger than the beamsize as many some of the depth-1 maps contain inconsistent pointing
information. Objects that appear in only one detector array are likely to be artifacts from
glitches, so we require each candidate to appear in at least two arrays. We use a large
crossmatching radius because some of the depth-1 maps have poor pointing and sources may
be shifted.

Even with all of these cuts applied, we still detect many data artifacts from a single depth-
1 map in pab-f150. The origin of these artifacts is unknown but since the data represent one
night of observations it is likely due to poor observing conditions. We cut this map from our
analysis because it represents a small fraction of our data. For example, this is one out of
5474 maps from pa5-f150, or 0.06% of the cumulative area of maps from this band. We only
detect transients in 29 depth-1 pa5-f150 maps, so there is about a 0.5% chance this cut map
contains a real transient. With this map not included in the sample, there are 524 candidate

detections across the entire dataset.

3.3.2 Candidate Verification

We implement an additional cut on the remaining transients that requires the candidate
not be within 3 arcminutes of a known bright source. These candidates survived the initial
source masking as the pointing is shifted in some of the depth-1 maps. Some bright point
sources may have a ringing effect giving rise to false detections. This step cuts 112 out of
the 524 detections.

Many of the remaining candidates are coincident with asteroids. These objects are
treated in [66] so we cut them here using Astroquery’s Skybot package [29]. Any candidate
within 1.5 arcminutes of asteroids with a maximum V-band magnitude of 15 are cut. This

cuts 358 out of the remaining 412 candidates.
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Figure 16: Example of a 20'x20” map of an artifact that passes all cuts and is manually cut
from the analysis. This is a signal to noise plot made from a portion of a depth-1 map from
array pad of a frequency of 150 GHz. For comparison, the dashed circle on the upper right
corner shows the 150 GHz beam size. If these sources are real transients, this would mean
two point sources separated by several arcminutes on the sky have a large rise in flux at the

same time. The much more likely scenario is these are artifacts and not real transients.
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The remaining transients are confirmed visually using a diagnostic plot in which maps
from each band are plotted sequentially. A transient will not typically appear in the maps
and will look like a point source when detected by the pipeline. We find six artifacts that
are cut from the transient list using this method. Examples of these artifacts are shown
in Figure 16. In this instance, there are two point sources separated by several arcminutes
appearing to brighten at the same time, a phenomenon much more likely to be caused by
an artifact in the data than a real transient event. The source of these artifacts is unknown
but they may be caused by glitches in the time stream due to cosmic rays or atmospheric
variations. We also cut a detection which is clearly a variable source at RA 9.603 4+ 6 and
DEC —41.870£6. This object is a part of the ACT source flux catalog (ACT-S J0038.4-4152,
RA: 9.60656 DEC: -41.87096) but the mean flux was low enough to not be cut by the source
masking step. Figure 17 shows the light curve of the event, confirming this is a variable
source and not a transient. There are no obvious counterparts to this source but the closest
match from NED is WISEA J003825.68-415218.8 which is 3.72 arcseconds away. Curiously,
the average flux at this location is measured to be higher in the depth-1 maps than in the
ACT source catalog which uses the coadded maps to measure the flux. For instance, the
average flux in f090 is 64.6 & 42mJy whereas in the source catalog it is 25.75 £ 0.85mJy. The
source appears to be much more variable in the depth-1 maps. After this final cut, there are
45 remaining detections corresponding to 34 independent events.

Each step in the pipeline is summarized in Table 9. We also count how many ACT
sources with a measured signal-to-noise ratio within each depth-1 map larger than ten are
cut from the matched filter step and the crossmatching step in Table 10. This test is an
indicator of how many real transients survive each cut as they are expected to look like point

sources in our maps.

3.4 Results

After all cuts are applied there are 45 detections at 27 unique locations. Of the 45

detections there are 34 unique transient events. The events are summarized in Table 11 and
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Figure 17: Event (RA: 9.063 + 6, DEC: —41.870 4 6) detected by our transient pipeline but
cut from the analysis since it is clearly a variable source rather than a transient event. This
figure shows the light curve of this event. The grey vertical lines indicate where this source
is detected by the pipeline. Note the y-axis is zoomed in for clarity and there are many flux

upper limits from 220 which are above the plots y-axis limit.
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’ \ Init. MF CM AS PS MA \ Rem. ‘

pad-1220 | 201682 | 150115 51290 265 O 3 9

pad-f150 | 113611 | 95025 18268 240 52 3 23
pad-f150 | 71963 | 58266 13249 339 77 3 29
pa5-f090 | 84046 | 75314 8454 206 23 7 42
pa6-f150 | 38723 | 33918 4574 161 53 1 16
pa6-f090 | 59375 | 56107 3123 94 26 2 23

Table 9: Summary of candidate cuts. We quote the total number of candidates detected in
all the depth-1 maps, the number of candidates that are cut at each step, and the number
of remaining candidates. Init. and Rem. refer to the initial and remaining candidates
respectively. MF, CM, AS, PS, and MA refer to the number of candidates cut by the
matched filter, array crossmatching, asteroid crossmatching, post point source cutting, and
manual cutting respectively. The post point source cut removes constant sources which are

flagged as transients due to pointing errors within the map.

’ \ N Sources \ MF CM \ Total ‘

pad-f220 | 10349 1.0% 2.3% | 3.2%
pad-f150 | 40892 25% 2.0% | 4.5%
pab-f150 | 71457 0.7% 71% | 7.7%
pab-f090 | 146357 1.0%  19.7% | 20.7%
pa6-f150 | 45193 8.3% 4.6% | 12.9%
pa6-f090 | 95223 9.0% 7.2% | 16.2%

Table 10: This table summarizes the results of testing the transient pipeline by analyzing
sources with an S/N greater than ten. We present the number of such sources found in all
the depth-1 maps (N Sources), the percentage that are cut by applying a matched filter and
requiring a S/N greater than 5 (MF), and by crossmatching across arrays (CM). We also

give the combined number of detections cut by either step (Total).
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Table 12. We also include 10 arcminute by 10 arcminute cutouts from sequential depth-1
maps centered on each event to further illustrate the transient nature of these objects. Each
object is clearly missing from the map before detection and then either remains, disappears
for the rest of observations, or disappears and then reappears again at a later time. It is
worth noting that in many cases the transients do not appear to flare in the 220 band. This
is most likely because this band is nosier compared to 150 and f090 due to the atmosphere
and thus the flare has a lower signal at this frequency.

We recover 12 out of 21 detections from [47]. We do not find any of the four detections
that did not look like real transients (events 2, 9, 10, and 13), indicating that they are
indeed false detections. Three of the events from [47], JO60702+174157, J190222-53610, and
J070038-111436, were masked in the depth-1 analysis as a different Galactic dust mask was
used. One event, JO60757-542626 is too dim to be detected in the depth-1 maps. Although
we detect J2253024-165027 b, J2253024165027 a is only seen in one array within the depth-1
maps (array 5), so it is cut from the analysis.

We search for counterparts for each transient using the SIMBAD? database [96]. Since
the SIMBAD database mostly includes nearby bright stars, we calculate the probability
of a chance association (p-value) by finding the local density of Gaia stars [26] with the
counterpart’s magnitude or lower. For the events with Gaia counterparts (all but Event
26), we use the Gaia position to calculate the separation between the candidate and the

counterpart. The results are summarized in Table 13.

3.4.1 Light Curves

We present light curves from the depth-1 maps in Figure 19 and Figure 21. A calibration
factor and uncertainty from Planck point sources is applied to these fluxes in all but the f150-
pa4 band due to subtle cross-correlation issues, as outlined in [5]. Although the calibration
factor is not yet published for 220 the calculation is the same. The depth-1 light curve
plots show measured detections with a signal to noise ratio of at least three and give upper

limits to all other data points. The upper limits are calculated by finding the 95% confidence

’https://simbad.cds.unistra.fr/simbad/
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[ Ind | Name (ACT-T) [ RA (deg) [ Dec (deg) | Pos. Acc. (arcsec) |

1 | J175954+104418 -90.025 10.739 13
2a | J142555+141202 | -143.520 14.201 4
2b | J142555+141210 | -143.517 14.203 15

3 | J203622+121537 -50.908 12.261 11

4 | J224459-331530 -18.751 -33.259 9
Sa | J2253024-165022 -16.740 16.840 4
5b | J225302+165011 -16.739 16.837 20
6a | J051921-72035 79.842 -7.343 8
6b | J051921-72040 79.838 -7.345 15

7 1 J011636—22950 19.151 -2.497 21

8 | J200759+160955 -58.003 16.165 9
9a | J192832-350756 -67.867 -35.132 6
9b | J192832—-350756 -67.866 -35.132 7
10 | J130046+122233 | -164.808 12.376 11
11 | JO50047—-571534 75.199 -57.260 16
12 | JO85813+194546 134.558 19.763 3
13 | J101935+195217 154.898 19.872 14

14a | J130529+124935 | -163.626 12.827 7
14b | J130529+4124937 | -163.628 12.827 13
15a | J033646+03512 54.195 0.587 8
15b | J033647+403522 54.200 0.589 18
15¢ | J033646-+03509 54.195 0.586 16
16 | J125045+113329 | -167.311 11.558 14
17 | J174146+22841 -94.555 2.478 31
18 | J181515—-492747 -86.184 -49.463 7
19 | J180723+194222 -88.152 19.706 16
20 | J040941-75325 62.425 -7.890 11
21 J193938—60343 -65.089 -6.062 10
22 | JO35830—544637 99.628 -04.777 17
23 | J1651224-05005 | -107.158 -0.835 8
24 | J1733534-165508 -96.529 16.919 25
25 | J204746—363544 -48.055 -36.596 17
26 | J194951-363519 -62.535 -36.589 6
27 | JO01309+53532 3.288 5.592 16

Table 11: Catalog of the transients. Each different number occurs at a different position.
Transients marked with a letter have multiple events at the same position in the sky. Each
event’s position error is evaluated as the variance of the coordinates observed by different

array-frequency combinations.

interval for the positive part of the Gaussian distribution defined by the measured flux and
the error on the flux.

All events except for 22 and 26 are within 2.5 times the position error of flaring stars.
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The light curves from the depth-1 maps of these events are shown in Figure 19. Most of
these events last less than a day and only include one detection from the depth-1 maps.
In addition to these light curves we provide high resolution light curves made by binning
detectors in each array into four groups allowing us to study minute-scale flux deviations
(Figure 20).

In addition to the stellar flares, we detect two transients which cannot be reasonably
associated with Gaia stars (Events 22 and 26). Their light curves are shown in Figure 21.
Event 22 is coincident with the classical nova YZ Ret, an optically-bright and well observed
nova within our Galaxy. These observations are only the second millimeter observations of a
classical nova. This event is discussed in Section 3.5 and will be further analyzed in a future

paper. Event 26 is associated the LINER-type AGN 2MASX J19495127-3635239.

3.5 Discussion and Conclusions

3.5.1 Stellar Flares

The transients presented in this paper contribute to a growing list of radio and millimeter
stellar flares. There are now several examples of millimeter and radio stellar flares from M-
dwarfs [52, 51|, RS CVn variables [6, 12], T Tauri stars [10, 57, 80, 53] and more [62, 30,
47, 89]. In Figure 23 (left) we provide a comparison of the luminosities of these events. The
events exhibit a wide range of characteristics, indicating there is a large parameter space of
millimeter stellar flares. We notably do not detect any T Tauri stars as seen in [10], [57],
[80], and [53] which are expected to flare due to interactions with an accretion disk. All
other papers listed present flares from K or M stars, but we also detect flares from 6 G-type
stars and one ApSi star which are not found in millimeter stellar flare literature.

Since there are many events from [89], we compare the distribution of spectral indices
rather than luminosity in Figure 23 (right). The distributions are similar but ACT sees
events with a slightly more negative spectral index. The combined distribution hints at a

Gaussian centered just above zero indicating that the ACT and SPT stellar flare events are
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driven by similar mechanisms. Most of the events have a flat or falling spectrum which is
often associated with synchrotron or gyrosynchrotron radiation. Two of the stellar flares,
however, have rising spectra (Events 2a and 18). In the case of 2a, the spectrum flattens
with time. It is possible that this is an indicator of different classes of stellar flares in M-type
stars but given the single peak in Figure 23, it is more likely these are similar events with a
wide distribution in intrinsic properties.

Further analysis of these events must be done to uncover the mechanism behind these
flares which is beyond the scope of this paper. All of the stellar counterparts to the transient
events we observe correspond to known magnetically active stellar types and may have similar
emission mechanisms. Flares from non-thermal electrons typically occur due to optically thin
gyrosynchrotron emission [12, 51]. It has been proposed that bright stellar flares such as these
could be driven by “elementary eruptive phenomenon” (EEP) which involve the combination
of energy from many heated flare loops [59, 51].

We also note that many of the stellar flares are located close to the galactic plane, as
shown in Figure 22. This figure shows a histogram of the galactic latitude of each stellar flare
at a unique location. Although the number of stellar flares is too small to make definitive
conclusions regarding this statistic, there appears to be a small over-density of flares close
to the galactic plane (I = 0), indicating there is a subset of flares that may be bright and far
away on average.

In [89] they detect a factor of ten more transients in their search of SPT data. As
described in [47], SPT is more efficient at transient detection than ACT as the map noise
levels are much lower at ~ 8mJy. Also, due to SPT’s smaller survey area, each location
in the sky is viewed with a more regular cadence. However, the pipeline presented in this
paper has a similar efficiency to [89]. For instance, the SPT pipeline observes simulated
24-hour transients with an efficiency of ~ 80%. In its best performing band, pa4-£220, the
ACT pipeline detects sources with a signal to noise of 5 or greater with an efficiency of 89%.
The biggest advantage to the ACT pipeline compared to the SPT pipeline is its automation.
Whereas many of the transients are filtered “by-eye” in [89], only nine detections are cut

this way in this analysis.
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3.5.2 Other Transients

There are very few submillimeter and millimeter observations of classical novae. [38]
observed Nova Cygni 1992 in wavelengths ranging from 0.42-2mm at 66, 104, 224, 234, 357
and 358 days after the outburst, finding their data to be consistent with free-free emission
from an optically thick nova but inconsistent with canonical radio models. The remnant of
Nova V5668 Sgr (2015) was observed in millimeter frequencies by ALMA [21]. These obser-
vations resolved the structure of the nova but were taken years after the actual explosion.
The observations from Event 22 presented in this paper associated with YZ Ret are therefore
only the second millimeter observations of a classical novae taken during the outburst.

The classical nova YZ Ret is a well studied object with several X-ray and optical ob-
servations. The nova was first discovered on 2020 July 15.590 UT [95]. This discovery is
particularly notable because it is the first nova in which the X-ray flash phase is observed
before it was detected in the optical [44]. Our observations are coincident with X-ray obser-
vations which occur about sixty days after the X-ray flash [86, 87]. These observations are
associated with the supersoft X-ray source (SSS) phase in which optically thick winds stop
and X-ray emission is allowed to escape [31]. This emission is expected to follow a blackbody
[87] and although we indeed measure a spectral index value consistent with thermal emission
at the peak of the event, the spectrum of our millimeter observations flatten over time. We
are preparing a paper to explore this discrepancy in more detail.

Event 26, which is associated with an AGN, is reminiscent of the two extragalactic events
found by SPT in [30]. Those events were also longer in duration [60] than a stellar flare and
are consistent with bright flares from AGN. Curiously, these events have positive spectra
that flatten over time (consistent with a newly formed jet) whereas we measure a falling

spectrum throughout the flare.
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Ind Peak Flux (mJy) Mean Flux (mJy) Time o
1220 [ 1150 [ 1090 1220 | f150 | 090 | Peak (UTC) [Rise | Fall

1 274486 186456 145421 5£3 1+1 6£2 2017-08-05 03:26:35 | <1 day <2 day 0.9£0.3
2a - 4764100 312439 -242 | 241 61 2017-09-17 16:54:14 | >19 hour | >1 day 1.0£0.6
2b 424481 499+47 545425 0£2 2+1 5+1 2018-11-21 13:09:28 | >5 min >1 day -0.4+0.1
3 - 143462 181436 143 | 3£1 5£2 2017-10-08 02:26:16 | >4 min >1 day -0.3£0.7
4 207+£52 182440 240+£22 5£2 4+1 9+1 2017-10-08 22:19:15 | >4 min >23 hour | -0.74+0.2
5a - 139+69 218429 5+3 8+1 1942 | 2017-11-15 0:47:40 >5 min >5 min -1.6£0.7
5b | - 161+57 222431 4+3 7+1 21+£2 | 2019-06-06 08:22:39 | ~5 min >5 min -0.9+0.4
6a - 172451 198+40 8+4 | 4+£2 13£3 | 2017-11-24 02:53:11 | >5 day <2 day -0.9+0.7
6b | - 181455 231442 8+4 | 4+£2 1443 | 2018-10-21 10:48:30 | >3 min <8 day -1.6+£0.6
7 - 159+40 178442 0£5 0£2 -24+3 | 2018-05-31 10:37:35 | <2 day >4 min -0.7£0.7
8 208+64 300+£38 381+30 -3+3 | 3£1 15+2 | 2018-09-11 23:43:42 | >6 min >1 day -0.6+0.2
9a 23074222 | 22284109 | 1741448 | 5+4 20+1 | 38+3 | 2018-10-04 02:19:22 | >1 day >4 min 0.5+0.1
9b 545+79 60469 523+35 5+4 1241 | 3843 | 2019-08-10 23:21:59 | >4 min >1 day 0.24+0.1
10 - 104423 115425 -1£2 | 045 141 2018-10-25 12:50:17 | ~5 min <19 hour | -0.74+0.6
11 - 148+50 145431 0+3 241 0+2 2018-11-08 09:06:50 | ~5 min >10 min | 0.3£0.4
12 - 206£23 301£11 3+2 0+1 2+1 2018-11-15 10:21:42 | ~5 min >6 min -1.0+0.1
13 144440 176+31 198+13 0+2 0(1) 4+1 2018-12-21 09:19:05 | >1 day >21 hour | -0.34+0.2
14a | - 187+37 129429 512 1+1 6+1 2019-03-13 08:38:52 | <2 day >6 day 0.3+0.5
14b | - 126+34 122428 | 4+£2 141 6+1 2019-08-02 19:18:16 | >5 min >5 day -0.3£0.5
15a | - 262162 498429 1144 | 1241 | 3243 | 2019-08-10 13:35:32 | <2 day >4 day -1.5+0.3
15b | - 124451 174440 104+4 | 114+1 | 304£3 | 2019-09-26 05:11:56 | >2 day >4 min -1.6+0.7
15¢ | - 304461 599427 1244 | 1241 | 3243 | 2021-09-29 10:19:17 | >4 min >5 day -1.6+0.2
16 - 184460 223+43 -3£2 | 241 5+1 2019-09-17 15:39:05 | >4 min >4 min -0.9£0.5
17 - 139441 151434 -1+4 | 2+1 5£3 2019-10-26 16:57:32 | <23 hour | <23 hour | -0.6£0.5
18 - 699447 435432 | -2£6 | 6+2 1645 | 2019-11-08 22:27:58 | ~10 min | >4 min 1.1£0.1
19 - 10432 159435 0+2 3+1 512 2019-11-13 18:12:29 | <5 day <12 day | -2.7+1.4
20 - 136461 183+43 3+4 | 4+£2 18+3 | 2019-12-07 00:41:54 | >4 min >4 min -0.8£0.6
21 | 709+93 597+83 3404+30 | 1746 | 3+2 | 9£4 | 2020-06-18 09:20:21 | <5 day <5 day 1.0£0.2
22 195462 210+£46 128+22 1343 | 1241 | 1842 | 2020-09-05 05:55:29 | >10 day ~25 day 0.7£0.3
23 346+60 637452 680+£25 143 | 2+1 11+2 | 2020-09-06 19:44:50 | <18 hour | >23 hour | -0.4£0.1
24 676+93 1005+52 956+£22 -1£2 | 1£1 0+£2 2020-10-17 18:47:17 | ~6 min >3 hour 0+0.1
25 - 401+£87 - 2+4 3£1 5£3 2020-11-13 17:59:00 | <1 day <3 day -0.2+1.1
26 - 201457 215+£25 1344 | 2241 | 5043 | 2021-05-19 05:09:51 | ~20 day - -0.3+0.4
27 - 205£68 151428 244 | 01 -243 | 2022-05-21 10:00:08 | <4 day <3 day 0.5+0.4

Table 12: Properties for all transients. We provide the peak and mean fluxes of each fre-

quency. If a source is detected by more than one array in a given frequency band, we cite

a weighted average. The peak time is defined as the time of the maximum flux in the f090

frequency band. The mean flux is calculated from the weighted average flux over all obser-

vations. The rise and fall times are evaluated from the candidates’ light curves and subarray

light curves. The “>" sign of the candidate’s rise and fall time means that we do not see a

minute-wise flux density change within the peak scan but there is a >5 day time gap between

the peak scan and the adjacent scan. The spectral index « is evaluated by fitting a power

law S, o< v* of frequency v using flux density data S, taken by pad and pab because these

two array observed the candidates at the same time.
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Figure 18: Three color, 10 arcminute by 10 arcminute images of candidates from depth-1
maps about one month before and after detection. Red, blue, and green correspond to f090,
f150, and {220 respectively. Note the thumbnails are chronological but have inconsistent

spacing in time. These plots are included for illustration rather than quantitative analysis.
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Name SIMBAD ID Type Mag Pos Err () Sep () Chance Dist (pc)
1 1SWASP J175954.364+104418.9 BYDraV* 10.75  12.65 3.26 8.66e-05 307.78
2a/b StKM 1-1155 Low-Mass* (M0.0Ve) 1091 12.10 10.99  2.94e-04 157.92
3 ASAS J203622+1215.3 BYDraV* 9.28  10.56 3.10 2.09e-05 488.40
4 V* TX PsA Eruptive* (M5IVe) 11.84 12.14 4.01 1.08e-04 20.83
5a/b V*IM Peg RSCVnV* (K2III) 5.66  3.59 6.81 8.95e-07 98.37
6a/b HD 34736 PulsV* (ApSi) 779 821 18.17  1.46e-04 372.44
7 * 39 Cet RSCVnV* (G6IIL:eFe-2) 5.24  21.02 12.21  9.59e-07 74.84
8 HD 191179 SB* (G5) 7.96  9.08 2.62 6.10e-06  219.46
9a/b HD 182928 RotV* (G8lIlle) 9.37  6.18 241 7.28e-06 196.58
10 BD+13 2618 Eruptive* (MOV) 8.91 11.35 2.01 1.56e-06 11.51
11 CD—-57 1054 Eruptive* (M0Ve) 9.35 16.24 11.07  1.58e-04 26.87
12 G 9-38B HighPM* (M7V) 12.49 3.47 3.42 1.54e-04 5.10
13 V* AD Leo Eruptive* (dM3) 821 13.73 7.19 1.20e-05 4.97
14a/b HD 113714 RSCVnV* (G4V) 9.87 7.17 7.60 5.47e-05 316.38
15a/b/c  HD 22468 RSCVnV* (K2:Vnk) 5.60 6.03 8.71 1.46e-06 29.43
16 UCAC4 508—055499 RSCVnV* 1243 1391 8.52 5.22e-04 420.27
17 BD+02 3384 RotV* (GIIII) 9.09  30.70 16.81  3.05e-04 395.01
18 2MASS J18151564—4927472 HighPM* (M3) 1172 7.47 2.90 2.55e-04 61.99
19 HD 347929 RotV* (KO0) 9.04  15.87 9.04 1.12e-04 240.74
20 V* EI Eri RSCVnV* (G3V) 6.95 11.19 1725  6.31e-05 54.41
21 HD 185510 RSCVnV* (KOITI4+sdB) 7.81  9.82 7.47 1.62e-05 178.58
22 V*YZ Ret Nova (sdB?/DA?) 16.26  18.22 1.49 3.08e-04  2644.80
23 V* V2700 Oph BYDraV* 11.21 7.66 4.27 1.12e-04 312.81
24 V* V1274 Her BYDraV* (M6V) 12.40 24.77 3.00 2.31e-04 16.42
25 V* BO Mic BYDraV* (K3V(e)) 8.93 17.26 22.27  4.11e-04 51.02
26 2MASX J19495127—3635239 LINER - 17.98 6.85 - -
27 V* DV Psc SB* (K5Ve) 10.21 16.39 7.79 1.10e-04 42.16
Table 13: Transient counterparts from the SIMBAD Database. For repeating events, we

take the lower position error to calculate the chance of a random association. For each

independent transient position we cite the most likely counterpart from SIMBAD. In the

case of binary objects, we cite the object with the lower chance of random association with

the transient candidate. The separations are calculated using Gaia positions for all but event

26 where we use the position from SIMBAD. For all events except Event 7 we calculate a

density of Gaia stars with the magnitude of the candidate or brighter to determine the chance

of a random association (p-value). For Event 7 this is calculated using a 6 degree radius due

to a low density of stars with this magnitude or brighter. We also include the spectral type,

if known, in the ‘type’ column.
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Figure 19: Flux light curves from the depth-1 maps. The flux is measured by detecting a
source with a S/N of at least three and within at least two arcminutes of the candidate’s
position. The data are binned in 0.5 day bins for clarity. Points with errorbars indicate a
detection of SN R > 3 and points without errorbars show upper flux limits for each frequency.
The time of detection from the pipeline is marked by the grey vertical lines. Note the light
curves for events 22 and 26 are shown in Figure 21 because they are not associated with

stellar flares.
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Each array is

separated into four sections and we evaluate the flux per section as the transient event drift

across the whole arrays.
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Figure 21: Depth-1 lightcurves for non-stellar-flare events. The x-axis measures the time
since the first detection by ACT. The detections from the transient pipeline are marked
with grey vertical lines. We present lightcurves from three frequency bands, 90, 150, and
220 GHz shown in blue, yellow, and green respectively. The data are binned into 0.5 day
bins for clarity. Points with errorbars indicate a detection of S/N> 3 and points without
errorbars show upper flux limits for each frequency. Left: Event 22 is coincident with the
classical nova YZ Ret. It is detected by ACT about sixty days after initial detection in
X-Ray and optical bands [87]. Right: Event 26 is associated with the LINER-type AGN
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Figure 22: Histogram of the galactic latitude of stellar flares at unique locations. This
histogram hints at an over-density close the the galactic plane, however the number of flares

is too small to make a broad generalization.
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Figure 23: Left: Characteristic luminosity in each frequency band for stellar flare events.
The luminosity is calculated using the distance to the flare’s counterpart listed in Ta-
ble 13. We include other millimeter flares for comparison from the Atacama Large Mil-
limeter/submillimeter Array (ALMA: [52, 50]), the Owens Valley Millimeter Array (OVMA:
[12]), the Berkely-Illinois-Maryland Association (BIMA: [10]), the Nobeyama 45 m telescope
(EFF: [92]), the Plateau de Bure Interferometer (PDBI: [57]), and the JCMT Transient Sur-
vey (SCUBA2: [53]). Right: Histogram of spectral indices for stellar flares from this paper
(ACT) and [89] (SPT). We also give the combined distribution. The means of the ACT,
SPT, and combined distributions are v = —0.19,0.18, and 0.092 respectively.
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4.0 Conclusions

Cosmic microwave background surveys such as the Atacama Cosmology Telescope have
unlocked our view into the millimeter transient sky. These experiments are no longer limited
to the static universe. In this thesis I present two systematic transient searches of ACT data,
uncovering dozens of events including stellar flares, AGN, and an unprecedented classical
nova observation. This work serves as a foundation for millimeter transient detection as
CMB surveys grow in capability.

This hunt for transients began when three bright events were serendipitously discovered
in 3-day maps created to search for Planet 9 [61]. In Chapter 2 I presented a systematic
search of these maps [47]. In this search, we uncover 14 stellar flares from magnetically
active stars including M-dwarfs, RS CVn variables, and a young stellar object (YSO). This
search laid the groundwork for blind transient detection in ACT data by developing methods
to filter candidates from relatively noisy maps. This search also detected several signatures
from asteroids, illustrating the need to filter out solar system objects in future transient
searches.

The 3-day map pipeline is far from perfect. Several chunks of the map are missed by
cutting sources with nearby neighbors or with a low pixel hit count. Also, these maps do
not detect faster transients whose flux will be washed out in a longer duration map. The
largest disadvantage with this pipeline however, is the manual nature of the final cut. Many
transients are cut “by eye” and even after all of these filters are applied four ambiguous events
remain. These problems are addressed in Chapter 3 where I present an improved systematic
transient search of single observation, or “depth-1” maps. These maps are optimized for
precise event timing as each pixel corresponds to one observation. The filters themselves are
also greatly improved. Rather than cutting out noisy parts of the map, we renormalize the
noise to be suited to smaller scales. We also perform a matched filter post source detection
on each candidate rather than cutting nearby neighbors. This results in a large reduction
of manual cuts which will be important when this pipeline is applied to real-time transient

alerts. This pipeline also detects a higher number of transients than the 3-day analysis,
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doubling the number of events.

We encounter several types of transients in these analyses but the most common are
stellar flares. CMB surveys such as ACT and SPT are building a large database of these types
of events. From Figure 23 we realize that although these flares originate from a multitude of
systems their mechanisms may be more alike than different. The more events like these we
detect, the more statistics we will build to understand stellar flares. In addition to stellar
activity, we also encounter a flaring AGN and an unprecedented classical nova observation.
As discussed in Chapter 3, this is the most detailed millimeter observation of an active
classical nova to date. This finding is a testament to the power of archival datasets and
highlights the importance of the continued surveying of the millimeter sky.

We do not find any transient signatures consistent with GRBs. Models predict that over
seven years of observations, with an approximately 3-day candence and a map noise level
of 17mJy, ACT will see over ten high energy (meaning a jet Lorentz factor of I' = 50) and
over two low energy (I' = 200) long gamma ray burst reverse shock events with a signal to
noise of ten of greater [24]. This prediction assumes all on-axis LGRBs produce observable
reverse shock emission. Current targeted observations of LGRBs put an upper limit of RS
emission at > 30% of all LGRBs [24]. Therefore, we may not expect to detect any low
energy LGRB RS emission with ACT, but conservatively expect to see three high energy
events over ACT’s entire observation period. These events may be detected but cut from the
analysis. A high-sigma detection level of 170 mJy is somewhat optimistic for depth-1 maps
(see Table 7). Although such events may be detected in f090, they are less likely to be seen
in f150 or 220 and thus may be cut in the crossmatching steps.

Even with these caveats, our non-detection of GRB reverse shock is unexpected. More-
over, targeted searches of GRBs in ACT data also result in non-detections [34]. These
results indicate our understanding of GRBs are incomplete because they produce less mil-
limeter emission than models suggest. The most plausible explanation is that a fewer number
of GRBs produce observable reverse shock emission than expected.

The work presented here will ultimately lay the groundwork for a real-time transient alert
pipeline for SO-LAT. Although ACT is no longer taking data, SO-LAT will begin observing

next year. It will have ten times the number of detectors as ACT and a wider field of view,
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making it even more optimal for transient searches. We are in the process of using our ACT
transient software to develop a fully automatic millimeter transient pipeline for SO-LAT.
We will make depth-1 maps of our data after every night of observing and then use our
the software pipeline to search for transients. If an event is found, we will begin follow-up
observations in radio wavelengths and send an alert to the broader community.

Time domain study is one of the main science goals of CMB-S4, a proposed next gener-
ation CMB survey. Located in the Atacama Desert, the observatory will survey the entire
southern sky everyday for up to a decade with 500,000 superconducting detectors [1]. The
extremely high sensitivity and regular cadence of this instrument make it an ideal transient
detector. Simulations of synchrotron transient events in CMB survey data predict CMB-S4
will detect tens of on-axis GRB forward shock emission and over a hundred GRB reverse
shock emission events [24]. As CMB telescopes develop in technology so will the detection of
millimeter transients. This thesis cracked open a window into the millimeter transient sky,

but this is only the beginning.
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