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Abstract

We present a flare star catalog from 4 yr of nontargeted millimeter-wave survey data from the South Pole
Telescope (SPT). The data were taken with the SPT-3G camera and cover a 1500 deg? reglon of the sky from
20"40™0° to 3"20™0° in right ascension and from —42° to —70° in declination. This region was observed on a
nearly daily cadence from 2019 to 2022 and chosen to avoid the plane of the galaxy. A short-duration transient
search of this survey yields 111 flaring events from 66 stars, increasing the number of both flaring events and
detected flare stars by an order of magnitude from the previous SPT-3G data release. We provide cross-matching to
Gaia DR3, as well as matches to X-ray point sources found in the second ROSAT all-sky survey. We have detected

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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flaring stars across the main sequence, from early-type A stars to M dwarfs, as well as a large population of evolved
stars. These stars are mostly nearby, spanning 10-1000 pc in distance. Most of the flare spectral indices are
constant or gently rising as a function of frequency at 95/150/220 GHz. The timescale of these events can range
from minutes to hours, and the peak vL, luminosities range from 10%’ to 10*! ergs™" in the SPT-3G frequency

bands.

Unified Astronomy Thesaurus concepts: Millimeter astronomy (1061); Transient detection (1957); Transient

sources (1851); Flare stars (540); Stellar flares (1603)

Materials only available in the online version of record: machine-readable table

1. Introduction

Flaring activity in stars can be found across a wide range of
spectral types (Balona 2015) and is thought to result from a
release of magnetic energy. The Sun is also known to flare
and has been extensively studied from radio wavelengths to
gamma rays (Fletcher et al. 2011; Benz 2017), including the
millimeter wavelengths (Silva et al. 1996) studied in this
paper. Solar flares have been used to serve as a framework for
our understanding of flaring activities on other stars
(Pettersen 1989). While there are similarities in processes
and the physics between many solar and stellar flares
(Aschwanden et al. 2008), the utility of these comparisons
reaches a limit, as the Sun is atypical when looking at larger
stellar populations. For example, even when considering other
“Sun-like” stars (stars with similarities such as spectral type,
age, rotation period, and position along the main sequence),
the Sun has been shown to exhibit substantially lower
photometric variability (Reinhold et al. 2020). Typical solar
flares have optical energies of ~10*°erg with a maximum
of ~10*! erg in X-ray. On the extreme side, flares as strong
as ~10°%erg at optical wavelengths have been observed on
“Sun-like” stars (Schaefer et al. 2000).

The generally accepted model of stellar flares (Brown 1971;
Hudson 1972) involves a sudden release of energy triggered by
reconnection of magnetic field lines, resulting in acceleration of
charged particles that emit radiation across the electromagnetic
spectrum (Allred et al. 2015; Benz 2017). Different wave-
lengths track different physics of the flare: charged particles are
accelerated from this area of reconnection in an impulsive
event, seen simultaneously as gyrosynchrotron in radio
wavelengths and bremsstrahlung in hard X-rays (HXR,
>10keV; Bastian et al. 1998; Massi et al. 2002; Benz &
Giidel 2010). The particles travel along the field lines,
eventually depositing their energy lower in the stellar
atmosphere. This energy heats and evaporates plasma back
into the upper atmosphere and can be seen in optical /ultraviolet
(UV; Henry & Newsom 1996; Krucker et al. 2015). As this
plasma reaches the corona, the emission transitions from a
sudden and fast rise in energy released to a gradual rise that can
be seen in soft X-rays (SXR, <10keV) as cooling starts
(Gtidel 2004).

External interactions between stars can also produce flaring
events. RS Canum Venaticorum (RS CVn) variable stars and
other binary systems have shown flares across the electro-
magnetic spectrum, which can be due to interactions in the
magnetic field shared between components of the system
(Catalano 1986; Massi et al. 2002). Protostars and young, pre-
main-sequence stars (e.g., T Tauri) that still have an accretion
disk can exhibit flares owing to magnetic field interactions
between the star and the disk itself (Feigelson &
Montmerle 1999).

At radio wavelengths, solar flares typically show a peak at
1-10 GHz, which is thought to correspond to mildly relativistic
synchrotron radiation as the source transitions from optically
thick to optically thin, with the optically thin part of the
spectrum extending into millimeter wavelengths (Bastian et al.
1998). Peak flux spectra of solar flares show flux at 5 GHz to be
over an order of magnitude larger than flux at 30 GHz (Kundu
& Vlahos 1982), with more recent observations exhibiting a
similar falling spectrum between flux at 3.4-17 GHz and
86 GHz (Raulin et al. 1999) and even out to 345 GHz (Liithi
et al. 2004). Rising spectra at submillimeter wavelengths have
been occasionally observed in solar flares (Zhou et al. 2011),
with radiative processes such as bremsstrahlung and gyrosyn-
chrotron requiring extreme parameters as possible explanations
(Krucker et al. 2013).

Stellar flare astronomy has historically involved targeted
observations of individual stars (e.g., Webber et al. 1973; Large
et al. 1989). Recent years have seen massive growth in the field
of time-domain astronomy, with exoplanet-detecting experi-
ments Kepler (Koch et al. 2010), and TESS (Ricker et al. 2014)
providing observing cadences on the order of minutes. These
high-cadence data are invaluable for monitoring the variability
of stars and have resulted in enormous catalogs of stellar flares
at optical wavelengths (Davenport 2016; Giinther et al. 2020).
Transient surveys have also been carried out at infrared
(Davenport et al. 2012), UV (Loyd et al. 2018; Brasseur et al.
2019), and X-ray (Pye et al. 2015; Getman & Feigelson 2021).

At longer wavelengths, radio observations of stellar flares
have been mainly composed of targeted observations (Smith
et al. 2005; Loyd et al. 2018) and recent archival surveys
(Levinson et al. 2002). In the future, radio wavelength surveys
such as Square Kilometre Array (SKA) pathfinders, and
eventually SKA, will monitor the southern sky for radio
transients (Murphy et al. 2013).

While observations of stellar flares at or near millimeter
wavelengths have been made in the past (Beasley &
Bastian 1998; Brown & Brown 2006; Massi et al. 2006;
Umemoto et al. 2009; MacGregor et al. 2018; Mairs et al.
2019; MacGregor et al. 2020, 2021; Burton et al. 2022), there
have not been any nontargeted transient surveys at these
wavelengths until those conducted with the South Pole
Telescope (SPT Whitehorn et al. 2016; Guns et al. 2021),
which yielded 13 stellar flares from eight stars, and the
Atacama Cosmology Telescope (ACT; Naess et al. 2021; Li
et al. 2023), which yielded a total of 17 stellar flares from 14
stars.

Stellar flares detected by SPT and ACT have been in the
range of vL,~ 10*°-10ergs™' at 150 GHz, with durations
on the scale of minutes to hours and spectral indices typically
in the range of —1 to +2. These flares are orders of magnitude
brighter and longer than recent Atacama Large Millimeter/
submillimeter Array (ALMA) observations of millimeter stellar
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flares provided in Table 1 of Burton et al. (2022): 10 flares
from the stars au Mic, Proxima Centauri, and Egsilon Eridani,
which have luminosities of L, ~ 10**-10®°ergs™' with
durations on the scale of seconds. Burton et al. (2022) also
report a wider range of spectral indices for these ALMA flares,
ranging from roughly —3 to 7. Solar flares as a comparison are
even weaker: one of the brightest solar flares ever recorded—an
X28-class flare detected on 2003 November 4—had a 212 GHz
luminosity of vL,~ 10 ergs~' (Zhou et al. 2011).

In this paper we perform a nontargeted search using data
from the 2019-2022 observing seasons of the SPT-3G survey
and present a catalog of 111 flares from 66 stars, an increase of
almost a factor of 10 over the previous transient analysis of the
2020 observing season presented in Guns et al. (2021).
Providing such a large sample of these very strong millimeter
flares can help improve our understanding of the physics during
the impulsive particle acceleration phase of stellar flares. M
dwarfs are of particular interest from the standpoint of
exoplanet habitability (Shields et al. 2016), and millimeter
emission as a proxy for far-UV emission during stellar flares
may help constrain the radiation environment around exopla-
nets (MacGregor et al. 2021). Additionally, characterizing this
population of flaring stars will be useful for future millimeter
wavelength transient surveys, such as CMB-S4 (Abazajian
et al. 2019) and the Simons Observatory (SO; Ade et al. 2019).

The format of the paper is as follows: Mapmaking and
filtering along with transient detection methods are described in
Section 2. The flare star catalog, full 4 yr single-observation
light curves at 95 and 150 GHz for each associated source, and
single-scan light curves at 95, 150, and 220 GHz of each flaring
event are provided in Section 3, as well as characterizations of
the stellar populations and analysis of flaring properties. A
conclusion including directions for further study is described in
Section 4.

2. Methods
2.1. Instrument and Survey

The SPT is a 10 m telescope located at Amundsen—Scott
South Pole Station, Antarctica (Carlstrom et al. 2011). The
SPT-3G receiver is the third camera to be mounted on the SPT
and has been operational since 2017. The SPT-3G focal plane
contains 2690 dual-polarization, trichroic pixels sensitive in
three frequency bands centered at 95, 150, and 220 GHz. Each
pixel contains six bolometric detectors, for a total of ~16,000
detectors read out using a frequency-domain multiplexing
system. The large 10 m primary on the SPT allows for high-
resolution observations, with beam sizes on the order of 1’
FWHM (Sobrin et al. 2022).

The data used in this work are from 4 yr of the SPT-3G
winter survey, which comprises a 1500 deg” patch of the
southern sky and is observed annually from late March through
November with an average cadence of 12hr. The SPT-3G
winter field spans a rectangle in sky coordinates from 20"40™0°
to 3"20™0° in R.A. and from —70° to —42° in decl. The field is
split horizontally into four equal height subfields. A single
SPT-3G observation consists of a series of scans across a given
subfield that last approximately 2 hr. During an observation, the
SPT rasters back and forth across the sky at constant elevation
and scan speed (constant on the bearing, i.e., in azimuth angle
per second) before taking a 12!5 step in elevation and repeating
the process, until the entire subfield has been observed. A full
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description of the design, operation, and performance of the
SPT-3G camera can be found in Sobrin et al. (2022).

We use a set of SPT-3G winter survey maps that have been
optimized for source finding. Each single-frequency, single-
observation subfield map is made by filtering the detector time-
ordered data and using individual detector pointing to bin the
data into a pixelated 2D sky map with 0’25 pixels in a Lambert
azimuthal equal-area projection. The map filtering is described
in detail in Dutcher et al. (2021), and we follow the same
procedure but with different high-pass and low-pass cutoff
values for the time-domain filter, which are set to filter out
modes with spatial scales below angular multipoles of £ =500
and above ¢ = 20,000. Bright point sources (defined as having
average flux > 50 mJy at 150 GHz) are linearly interpolated
over before the time-domain filter in order to suppress filtering
artifacts, and the interpolated samples are removed from the
search.

Similar to Guns et al. (2021), we subtract a 3 yr average map
from each individual observation in order to remove the cosmic
microwave background (CMB), galaxy clusters, static point
sources, and other static backgrounds. The background-
subtracted maps thus contain a combination of red atmospheric
noise that dominates at large angular scales (typically ¢ < 2000,
but up to £=3000 for adverse weather conditions), detector
white noise, and time-varying point-source signals. We apply a
map-space pixel mask to remove a 5’-radius disk around all
2465 known point sources with 3 yr average fluxes of 5 mJy or
higher at 150 GHz from the search area. In order to remove the
atmospheric noise, we apply an isotropic 2D high-pass filter as
a weighted convolution in map space (using inverse-variance
weights) and filter the resulting white-noise-dominated maps
with a Gaussian beam template to maximize sensitivity to point
sources. The beam template is constructed as a Gaussian fit to
the central lobe of the SPT-3G beams, with widths
Opeam = 0767, 0/48, and 0!45 at 95, 150, and 220 GHz,
respectively. The isotropic high-pass filter kernel is an annulus
with an inner radius of 30pc.m and an outer radius of 5’ at
95 GHz and 3’ at 150 and 220 GHz. More aggressive filtering is
required at higher frequencies because of the rising atmospheric
noise spectrum. Unlike static SPT source analyses, which use
multiyear averaged maps and carry out all map-space filtering
operations in the Fourier domain, we choose to filter in real
space because the pixel weights in our single-observation maps
are nonuniform (varying by as much as 20% across the map),
which is properly accounted for with a weighted real-space
convolution filter. The time-domain filter imprints additional
large-scale structure onto the beam, adding degree-scale
filtering artifacts along lines of constant declination. As the
computing time for a real-space convolution increases linearly
with the kernel area, we choose not to account for this large-
scale structure. Compared to the full-size filter kernel, this
choice sacrifices ~3.5% in optimality in order to speed up the
filtering operations by an order of magnitude.

We summarize the pixel noise for each single-observation
map by taking the median noise across all the pixels in the map.
The results are shown in Figure 1. Across all observations in all
subfields, we achieve median noise values of 7.8 mJy rms at
95 GHz and 8.0mJy rms at 150 GHz. The median noise at
220 GHz is much higher at ~27 mJy rms, with this noise
discrepancy described in more detail in Sobrin et al. (2022). As
a result, we do not include the 220 GHz maps in our transient-
finding method and only use them to measure fluxes of sources
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Figure 1. Histograms of noise values for every observation processed in the
archival transient pipeline, grouped by subfield. Histograms are colored by
subfield and referred to by the center decl. of that subfield. The noise value for
each observation is the median pixel noise across all the pixels in the
corresponding sky map. The top and bottom panels show the noise values for
the 95 and 150 GHz maps, respectively. Dotted colored lines mark the median
noise across all observations within a given subfield, while the dashed black
line shows the overall median across all observations.

detected in the other two observing bands. The constant scan
speed in azimuth results in a slower on-sky scan speed and
longer observation time per map area with increasing elevation
(decreasing decl.). This, together with higher atmospheric
loading (and corresponding higher detector noise), results in
higher map noise at lower elevations. To achieve uniform noise
across the whole winter survey field on long timescales, the
lower elevation fields are observed more frequently. Although
the cadence averages out to one full field observation every
12 hr, the actual cadence consists of clusters of two or three
observations of the same subfield followed by either switching
to a different elevation or a period of downtime to cycle the
cryogenic fridge and observe calibration sources. As a
consequence, the actual time between subsequent observations
of the same source can range from 2 hr to approximately 36 hr.

The nonuniform observing cadence and uneven subfield
coverage between reobservations of the same subfield make it
necessary to use simulations to calculate the observing
efficiency for bright transients of specific durations. By
injecting simple boxcar models of flares brighter than the
single-observation detection threshold, we find that our
instrument and observing strategy detect approximately 80%
of 24 hr flares, 20% of 4 hr flares, and less than 5% of flares in
our field lasting 30 minutes or less.

2.2. Transient Finding

The transient-finding method is described in detail in Guns
et al. (2021), and we provide a brief overview here, as well as
noting any pertinent changes. For each unmasked location on
the pixelated sky, we construct a series of two-band light
curves spanning consecutive 12-day intervals and using only
95 and 150GHz data. The 12-day interval covers short-
duration signals of interest—millimeter stellar flares from
previous and ongoing analyses (i.e., Guns et al. 2021), as well
as predicted short-duration extragalactic millimeter transients
(Eftekhari et al. 2022). We apply a preliminary cut on the data,
selecting all light curves that show a >3¢ excursion in both
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bands at the same point in time. To each remaining light curve
we fit a four-parameter Gaussian flare model with two
independent flux parameters Sos and Sys¢ at 95 and 150 GHz,
a peak time 7y, and an event FWHM w. The test statistic (TS) is
constructed by maximizing the likelihood ratio of the best-fit
flare model to the null model (zero amplitude in both bands),
with an additional logarithmic penalty term. This penalty term
corrects for a likelihood bias toward short flare widths: since
there are many more uncorrelated starting times for short flare
widths than for long ones, the effective volume of searchable
parameter space grows as the flare width decreases. The
logarithmic penalty term effectively imposes a flat prior on the
flare duration in order to correct for this effect (Braun et al.
2010).
The TS is thus defined as

TS =21In £(§95, §150, fQ, W) —21In E(O) + 21n L .
12 days
(1)

where quantities with hats denote best-fit parameters as found
by a nonlinear optimizer using the Nelder—Mead simplex
method, as implemented in the GNU Scientific Library (Galassi
et al. 2009).

Focusing our search on short-duration events, we impose a
significance cut of TS > 45 and a best-fit FWHM duration of
<10 days. The TS cutoff is set by demanding a negligible
number of false positives from background noise. At TS > 45
we expect to see ~1 noise-induced event per year (S. Guns
et al. 2024, in preparation). In combination with the Gaia
association method of Section 3.1.2, this should lead to <0.1
noise-induced flaring events with a confident Gaia cross-match
per year. In the short-duration regime, the main systematic
background for SPT transients are weather balloons that are
launched daily by the South Pole Meteorological Office (Met).
Through a data-sharing agreement established in 2022, SPT
now receives Met GPS data soon after each balloon launch and
cuts any telescope scans that intersect with a weather balloon
trajectory, vastly reducing the number of detected balloons in
the SPT-3G transient detection pipeline at the cost of a
negligible reduction in data volume. The balloon avoidance
system is not infallible, however, and fails when the tracking
data arrive too late to be integrated into the SPT-3G data
processing pipeline, or when the balloon ruptures at high
altitude and debris that is not tracked by the balloon’s GPS
module enters the SPT-3G field of view. Remaining balloon
detections number approximately one per month and are
identified by their observational signature: due to their fast
movement, they are detected with a short duration in single
telescope scans (lasting 2 s or less), with high brightness (>1
Jy), with thermal or steeper-than-thermal spectra, and within
2 hr of a logged balloon launch.

After removing events with best-fit durations >10 days and
TS < 45, we are left with a data set of candidate events that we
inspect by eye. We manually analyze the light curves and
thumbnails to reject duplicate observations of the same event,
filtering artifacts from bright nearby transients, untracked
balloons, and detector glitches (large map streaks in the scan
direction). Events with any ambiguity are excluded from
further analysis. After these cuts, we keep 111 short-duration
(<10-day) events with robust morphologies that we use to
cross-match to the Gaia Data Release 3 (DR3) catalog (Gaia
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Figure 2. Example light curves and thumbnails for the SPT event on MJD 58592.3. Top left: light curves for the highest TS pixel on the triggered event. The main plot
shows the peak single-observation flux, while the inset shows the single-scan flux within the peak single observation. Top right: unWISE 3.4 yum W1 grayscale image
(Lang 2014) with blue SPT 150 GHz flux density contours in 5o steps from the peak signal. Bottom: 150 GHz thumbnails for the single-observation data points
(immediately before, during, and immediately after the triggered event), and the 3 yr average map that has been subtracted to create these thumbnails. These
thumbnails show that this flaring star is undetectable in single SPT-3G observations at its quiescent level.

Collaboration et al. 2023). For these 111 events, we have
performed tests using different flare models for transient
detection to compare viability. Using a standard flare model
(Mendoza et al. 2022) returned slightly lower TS values on
average when compared to our Gaussian fit, while using a basic
exponential decay model resulted in a slight scatter in TS
values when compared to the Gaussian fit. A combination of fit
models could result in a higher completeness of detected flares
in our data.

Figure 2 shows an example event detected by the transient
pipeline. The main light-curve plot shows the data that are
input into the light-curve fitter and the resulting Gaussian fit,
with a TS of 194.8. Each data point represents the average flux
over a 2 hr SPT subfield observation, in which any given point
on the sky is observed for about eight consecutive left/right
scans (16 scans total) over the course of 20 minutes. We
construct post-detection light curves of the single-scan fluxes
(each scan representing one pass of the focal plane, or roughly
2 s of integrated data) that make up the peak observation of the
flare, shown as an inset to the main light curve. Figure 3 shows
thumbnails of the single scans for this event. Thumbnails of
scans 1, 2, 19, and 20 are discarded because the sky location of
interest is not observed by the focal plane. Scans at the
beginning and end (such as scans 3 and 4) are noisier, due to
only part of the focal plane seeing the sky location of interest.

In order to localize events at finer scales than the 15” pixel
grid, we determine an event centroid location from the TS map
associated with each flare. The TS map is constructed by fitting
the light-curve model to each pixel in a 5x5 pixel
(1/25 x 1!25) box centered on the event. The TS map
combines all the available information from every time point
and both frequency bands (under the assumption of a Gaussian
flare model). For each event, we fit a cubic spline to the TS map
and choose the spline maximum as the event location.

The uncertainties in the SPT R.A. and decl., og o, and ogeq1.,
come from a combination of systematic pointing uncertainty
and statistical uncertainty in localizing a source given the SPT
beam and noise:

2 " 507\
o =373""+|—1|, 2)
R.A. ( /—TS )

49" Y’
U(Ziecl. = 435" + (ﬁ) . 3)

The first term is the systematic contribution to the error
budget and comes from uncertainties in the pointing of the
physical instrument, whereas the second term is the statistical
contribution and is sourced by the noise in the observations.
We estimate the first term by measuring the positions of 1 yr of
daily observations of bright point sources and comparing to a
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Figure 3. 15’ x 15/ single-scan 150 GHz thumbnails centered on the highest
TS pixel from the event in Figure 2. The source is only clearly visible in scans
5 and 6 and has returned to near noise flux values in scans 7 and 8.

reference catalog. The second term is calculated from injecting
N =10,000 simulated sources of various amplitudes at known
locations into the SPT field and recovering the measured
position. In a small fraction (<1%) of cases, heavy winds and
other inclement weather lead to systematic pointing errors that
are much larger than the mean estimate in Equations (2) and
(3). In those cases, we estimate the systematic pointing error
from the bright point-source positions as measured in that
observation only.

3. Results
3.1. Stellar Association
3.1.1. Candidate Sources

To find candidate stars for our events, we only consider Gaia
sources within our observing field that have a maximum G
magnitude of 20 and exclude sources that are found in the
gso_candidates or galaxy_candidates tables in Gaia DR3 to
eliminate known extragalactic sources. This leaves about 7.3
million stars as possible matches for SPT-3G transients. X-ray
associations with sources from the second ROSAT all-sky
survey (2RXS) are provided by the main table of the ROSAT
stellar content catalog (Freund et al. 2022), matching only on
Gaia DR3 source ID. For Gaia stars without a match in the
stellar content catalog, we check the full 2RXS point-source
catalog (Boller et al. 2016) for any sources within 1’ and have
separately distinguished them.

3.1.2. Cross-matching Algorithm

To associate flaring events with sources, the cross-matching
algorithm we use compares the likelihood of an event
originating from a candidate source to the likelihood of a
random event having a chance association, using a 1° radius
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Figure 4. The distribution of p-values from matching SPT flaring events to

stars in the Gaia DR3 catalog. The five events at p > 0.02 have been

investigated and are discussed in Section 3.8.3.

centered on each candidate to determine a local source density
in the Gaia catalog. This results in the figure of merit in

association A:
A = In| Do} @)
N(>S)

where N, is the number of sources within the local area and
N(>S) is the number of sources within the local area that are
brighter in Gaia magnitude than the candidate source. B
considers the uncertainties of the SPT beam and the angular
separation:

2 2
B = exp —1(( A“') + (A““l-) ) : (5)
2 OR.A. Odecl.

Ag a. and Ageq, are the angular separations in R.A. and decl.
between the transient centroid location and candidate source in
the Gaia catalog, while ogr s and o4 are defined in
Equations (2) and (3).

We create a probability distribution function for random
matches by sampling 400,000 random points in the SPT-3G
field and matching them to Gaia using this algorithm. We then
construct a cumulative distribution function (CDF) based on
the distribution of A values for this random sample, and then
we create a one-to-one mapping of A to p-values in the form of
p(A) =1 — CDF(A). We interpolate this mapping to find the p-
value corresponding to the observed A for each event, telling us
the chance of a random event having that same association
value or higher. The distribution of p-values for our events is
shown in Figure 4.

3.2. SPT-3G Flare Star Catalog

As described in Section 2.2, this flare star catalog is a result
of searching only for short-duration transient events in SPT-3G
archival data, using a cutoff of 10 days on the best-fit FWHM
duration. With our current analysis we have recovered 12 of the
13 stellar flaring events in Guns et al. (2021), and we include
them in the flare star catalog. The missing flaring event,
previously referred to as event 6(a) by the star CC Eri, was a
weak flare detected at 29/21 mlJy in the 95/150 GHz bands
with respective luminosities of 4.4 x 10%¢ /5.0 x 10%erg s
and a TS of 29.5, below the current detected threshold of 45.
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Table 1
Columns and Descriptions for the SPT-3G Flare Star Catalog
Column Label Units Description
1 spt_id IAU-approved SPT source name, corresponding to the SPT-detected location.
2 mjd days The approximate time in MJD corresponding to the beginning of the observation the detection took place in.
3 ts The test statistic of the event, used to flag a possible flaring event occurring during that observation.
Minimum values are 45, with a higher value having a more significant detection.
4,5 ra deg The R.A. and decl. (J2000) of the SPT event.
dec
6—11 95_flux mly Flux values and their errors for the three SPT bands.
95_flux_err
150_flux
150_flux_err
220_flux
220_flux_err
12—-15 spectral_index_95_150 Two-band spectral index values and their errors for the 95/150

spectral_index_95_150_err
spectral_index_150_220
spectral_index_150_220_err

16 dr3_source_id

17 p

18, 19 source_ra deg
source_dec

20-22 phot_g_mean_mag

phot_bp_mean_mag
phot_rp_mean_mag

and 150/220 SPT bands.

Gaia DR3 unique source identifier.

The probability of a random event cross-matching to this source.
The R.A. and decl. (J2000) of the Gaia DR3 source.

Magnitudes of the three Gaia passbands.

23, 24 parallax mas Parallax and error of the Gaia source.
parallax_err
25 binary Boolean flag for binary candidacy.
26 2rxs_id 2RXS identifier.
27 2rxs_ref Flag for source association: “Freund” for an established association,” or “DR3/2RXS Proximity” for nearby
sources.
28 2rxs_flux mW m > 2RXS flux.
Note.

? Freund et al. (2022).

(This table is available in its entirety in machine-readable form in the online article.)

The other flares from CC Eri were successfully recovered. The
previous analysis in Guns et al. (2021) had a detection
threshold of TS = 100. Any location in the sky exhibiting a
flare with a TS > 100 was then manually scrutinized over the
entire observing season to see whether there were smaller flares
below the threshold that were not detected. This method was
how event 6(a), at TS =29.5, was found originally. We do not
search for below-threshold flares in the current analysis and
only show events above the new TS =45 threshold. The two
long-duration events from Guns et al. (2021) are longer than
the 10-day best-fit FWHM cut and thus were not recovered.

Table 1 shows the full column names and descriptions for
the flare star catalog. A full machine-readable table can be
found in the online Journal and at the project webpage,*® with
associated light-curve data provided on Zenodo: doi:10.5281/
zenodo.11372033.

After matching with the external catalogs described in
Section 3.1.1, the full 4 yr SPT flare star catalog has associated
all 111 flaring events with 66 unique stars. We find that 17 stars
have flared multiple times and are responsible for 62 events,
leaving 49 stars with single events associated with them.
Distances for stars are derived from Gaia DR3 parallax when
available. Five stars, associated with six events, have no

36 https:/ /pole.uchicago.edu/public /data/tandoi24 /

Table 2
Alternate Sources for Parallax or Distance for Stars That Have Missing Parallax
in Gaia, with Rounded Values

Gaia DR3 ID Parallax Distance Source

(mas) (po)
4914632365579875200 21 = a
4726387007013852672 59+ 1 o
6580179279486143744 44 +2 ¢
4850405974392619648 44 + 1 d
4942856382389905408 19+4 ¢
Notes.

4 Riedel et al. (2014).
® van Leeuwen (2007).
€ Bell et al. (2015).

9 Stassun et al. (2019).
€ Finch et al. (2014).

reported parallax from Gaia. Table 2 shows alternate sources of
parallax, or distance if parallax is not available.

Figure 5 shows the population of SPT-detected flare stars
with Gaia parallax in a color-magnitude diagram (CMD) and a
magnitude versus distance plot. Different marker shapes denote
our classifications of spectral types, with “Evolved” containing
giants and subgiants, “Upper main sequence” containing early-
type and Sun-like stars, and “Lower main sequence” mainly


https://doi.org/10.5281/zenodo.11372033
https://doi.org/10.5281/zenodo.11372033
https://doi.org/10.3847/1538-4357/ad58db
https://pole.uchicago.edu/public/data/tandoi24/
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Figure 5. Left: CMD of SPT flaring stars, with contours showing density of Gaia stars in the SPT-3G winter field. Right: magnitude vs. distance of the same
populations. The two inverted triangles are outlier main-sequence stars and considered to be incorrect matches, which are discussed in Section 3.8.3.

composed of M dwarfs. These classifications are based purely
on position in the CMD. We note that these classifications may
be inaccurate, due to the possibility of misrepresenting a binary
system, which we discuss in Section 3.8. In addition, the two
main-sequence outlier stars that we show in Section 3.8.3 are
likely misidentifications and are not used in the analysis.

M dwarf stars, having a Gaia Ggp — Ggp color of =>2.1, are
interesting, due to both their tendency for large and frequent
flares (France et al. 2016) and their abundance—accounting for
~75% of stars in our local neighborhood (Bochanski et al.
2010). The M dwarf population that the SPT has seen flare is
largely above the main sequence, indicating that these could be
young stars that have not yet settled onto the main sequence.

Early-type stars (spectral types B5—F5 with a Gaia
Ggp — Ggp color of <0.5) are also represented in the SPT
flaring population. While initially believed to not exhibit flares,
there has been recent evidence of flaring activity in early-type
stars at other wavelengths (Balona 2012; Van Doorsselaere
et al. 2017). The upper main-sequence stars that have been
detected flaring by SPT are generally closer in distance than
typical main-sequence stars. This could indicate that flaring in
these types of stars could be very common, and SPT is
preferentially detecting the sample that happens to be nearby.

3.3. Spectral Index

Spectral indices for the events are shown in the main plot in
Figure 6. Events are separated by their 220 GHz signal-to-noise
ratio (SNR), with a focus on events with strong (>30)
detections. Events with weak 220 GHz SNR have their y-error
bars omitted and marker sizes reduced for visual clarity.

The spectral indices are defined through the relation

S, o< v°, (6)

such that

alyllz _ log(Sl/SZ). )
lOg(l/ 1 / 1/2)

To represent probability densities of the observed spectral
indices, we have calculated kernel density estimations (KDEs)
for two populations: a KDE for the subset of events with strong
220 GHz detections, and a KDE for the entire population of
flaring events regardless of 220 GHz SNR, in both of3, and
ab3). Gaussian kernels are used with the width set by the
uncertainty on the spectral index measurement. We show these
KDEs along the x- and y-insets, as well as median spectral
index values for the two populations.

Most of the events detected by SPT cluster around the
constant spectral index line, with median spectral indices of
a =~ 0-0.5. Measurements of « generally do not exceed 5/2,
which is the spectral index for optically thick synchrotron
radiation (Pacholczyk 1970), but most do not seem consistent
with a falling spectrum expected for the optically thin side of
synchrotron radiation that peaked at radio wavelengths around
~5 GHz.

In the flux subplots, spectral indices with typical values in
the radio regime are marked with black lines. The value
a=—0.75 represents an optically thin synchrotron source,
o =0 represents a flat spectral index, o =2 represents the
Rayleigh-Jeans tail of thermal emission, and o =15/2 repre-
sents an optically thick synchrotron source due to self-
absorption. The SPT-detected events fall within the bounds
of typical synchrotron spectra for both o3 and ab,
suggesting this as a plausible emission mechanism.

3.4. Number Counts

Figure 7 shows cumulative number counts of both flux
density and 150 GHz peak flare luminosity, split for the three
populations of stars we have established.
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Figure 6. Left: spectral indices for all stellar flare events, with KDEs of the probability densities along the insets. Shaded regions mark separate quadrants of positive
and negative values of alpha, while the dotted line indicates a spectral index that is constant in frequency. Events with 220 GHz SNR < 3¢ have their y-error bars
omitted and marker sizes reduced for visual clarity. These spectral indices are within the typical values for synchrotron radiation more commonly seen at radio
wavelengths. Right: comparisons of flux densities for all stellar flare events, across the three SPT bands. Typical spectral indices of relevant phenomena are shown as

lines.

The flux density number count can be approximated as a
power law of N(>S§) ~ $73/2, where the index comes from
assuming a uniform density of objects within a sphere: N o< r°
and S oc 2. This approximation is shown as a series of dashed
lines in the flux density number count plot. At distances that
exceed the thickness of the galactic disk, the power-law
approximation will break down. The lower main-sequence stars
are <100 pc in distance and are not detected outside of the disk.
However, the evolved stars are seen at distances up to 1 kpc
and may be detected at distances where a drop in density is
expected.

The luminosity number count shows that the main-sequence
stars have similar luminosity distributions, while the evolved
stars have much brighter flares and higher flaring rates in
comparison. Incorporating the transient detection efficiency
results of flares lasting 30 minutes or less as discussed in
Section 2.1, we find an expected flaring rate N (>L) deg > yr!
to be within a factor of 2 of 0.2/0.3/0.4 for the upper main-
sequence/lower main-sequence/evolved E)opulations of stars at
a vL, 150 GHz luminosity of 10?” erg s~

3.5. X-Ray

For spectral type F to M stars, the Giidel-Benz relation
(Guedel & Benz 1993) gives an empirical linear relation
between radio emission at 5 GHz and thermal SXR emission at
a wide range of energies, directly relating emission from the
particle acceleration phase to the coronal heating. This results
in the observed correlation log Lg = log Ly — 15.5, where Ly

is the radio luminosity and has units of ergs~' Hz™' and Ly is
the SXR luminosity and has units ofergs .

We are unable to include a suitable comparison for
millimeter-wave emission detected by SPT, due to the mixing
of flaring and quiescent states. Only two stars are detected
above 30 levels in our 3 yr average flux: 2.47 4+ 0.70 mJy and
3.31 £0.68 mJy at 150 GHz. This averaged flux is a combina-
tion of detected flares and any weaker flares below our
detection threshold and is considered to be an unreliable upper
limit on flux. We are also unable to supplement our data with
radio emission from other surveys, with the Rapid ASKAP
Continuum Survey (McConnell et al. 2020) only having a
small number of sources within close proximity (30”) of SPT
flaring stars.

An investigation of quiescent SXR emission is still useful,
however. Studies of the Sun and other active main-sequence
stars have shown that a linear relationship exists between SXR
emission and magnetic flux (Pevtsov et al. 2003), linking
thermal coronal emission to magnetic fields. Flaring rates and
luminosity have been linked to quiescent SXR emission
(Audard et al. 2000), as well as other proxies for stellar
magnetic activity such as Ha emission and rotation period
(Davenport 2016; Yang et al. 2017).

Figure 8 shows the SPT flaring stars at 150 GHz, along with
quiescent SXR (0.1-2.4 keV) from 2RXS in luminosity, using
associations provided by Freund et al. (2022); the right panel
shows a histogram of the ratios of luminosities. Four sources
not matched in Freund et al. (2022) but within 1’ of sources
included in Boller et al. (2016) are shown with a dashed circle



THE ASTROPHYSICAL JOURNAL, 972:6 (20pp), 2024 September 1

10724~~~
] — @ Lower main sequence
A Upper main sequence
- B Evolved
-
1
w
Q
<]
610‘3—_
A ]
b=
LR | .
102 103

S1s06Hz [M)y]

Tandoi et al.

10_2—_
[,y
7
8
S 1073
-
A
=2
—— Evolved median
| Upper ms median
10 4_: Lower ms median ~ }
B T TR TR TR

v Ly, 1506Hz [erg s711

Figure 7. Cumulative number counts per SPT observation for flaring events at 150 GHz. Left: number counts as a function of source flux densities. Dashed lines are
examples of the Euclidean source count expected power law of S~/%. Right: number counts as a function of peak flare luminosities. Vertical lines show the median

luminosity value for each population of stars.

around the marker. Their flux (Fy) is calculated following
Schmitt et al. (1995) using the hardness ratio (HR) and photon
count rate (ctr):

Fx = (530HR + 831)ctr x 1072 ergecm =251, (8)

We have used this equation to recover the same flux values
for sources given in Freund et al. (2022), using the HRs and
photon count rates supplied within.

Considering only the SPT-detected flare stars with an
association in 2RXS (i.e., excluding the matches within 1/
proximity), the percentage of stars that are X-ray bright is
54.5%. For comparison, we select a population of 330 stars that
are representative of the SPT flaring star population. Using the
parameters of magnitude and distance (see the right panel of
Figure 5), we selected five nearest neighbors for each SPT flare
star. The nearest neighbor stars have a percentage of X-ray-
bright stars of 4.8%. These rates provide evidence that stars
observed to flare at millimeter wavelengths are much more
likely to be X-ray bright than nonflaring stars.

The histograms in Figure 8 show a large scatter in the ratio
of quiescent SXR Iluminosity to millimeter-wave flaring
luminosity for the population of stars with 2RXS associations.
Simultaneous observations of SXR and millimeter-wave
emission during flaring states may reveal a tighter correlation
between these luminosities.

3.6. Single-scan Light Curves

Flare morphologies on short timescales can tell us about the
physics of the flare. However, binning or gaps in data can
obscure important features of these flares. At optical wave-
lengths, higher-cadence observations from TESS have shown a
degeneracy in data even at the 2-minute scale, with subsequent
pulsations after the peak and during the decay phase possible in
a larger portion of the population (Howard & MacGregor
2022).

Light curves at radio wavelengths typically describe the
impulsive phase of the flare, but a phase of gradual change at
these wavelengths has also been detected (Zhang et al. 2018).
The impulsive stellar flare light curve seen in radio, optical, and
HXR wavelengths is characterized by a sharp rise followed by an
exponential decay, with some small complexities occurring
during both phases (Davenport et al. 2014; Kowalski et al. 2019).
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Different types of stars can also exhibit unusual flare morphol-
ogies: flares from RS CVn binary systems have longer rise times
and sustained peak emission that plateaus before decaying (Osten
& Brown 1999).

Flaring activity can also trigger additional flares in
neighboring active regions of the star in a process known as
sympathetic flaring. Sympathetic flaring has been observed on
the Sun (Pearce & Harrison 1990), with evidence of this
phenomena happening in other stars (Anfinogentov et al.
2013). This could explain the appearance of a complex flare as
the superposition of separate flares on the surface of the star.

Most descriptions of the duration of stellar flares at shorter
wavelengths benefit from higher-cadence observations, longer
times spent viewing the star, or some combination of both. Due
to the SPT scanning strategy, we are limited to the binned
single-scan data points, roughly 100 s apart on average, with
the actual time spent on a given sky location depending on
where that location falls in the focal plane’s approximately oval
shape. As these are not targeted observations, we rarely observe
the duration of a flare in its entirety. Such observations can only
give us a lower limit on the duration of these events.

Figure 9 shows light curves of two events with clear
morphologies, including fits of a long Gaussian rise time and
an exponential decay using scipy.optimize.curve_-
fit. Visual inspection resulted in around 15 detected flares
being considered to have clear structure, while most flares did
not have a well-defined evolution of the light curve during the
time observed. Additional single-scan light curves for all SPT
stars are included in the Appendix; these light curves also
contain 220 GHz data, which have approximately 5x higher
noise than those in the 95 and 150 GHz bands.

The peak flux values of flares reported in the catalog are
averaged over full observations and thus have a lower peak flux
value than the corresponding single-scan light curve. Shorter-
duration events have larger biases since typical observations
contain 16 single-scan data points. An event that is shorter than
100 s in duration may only be caught in one single scan and
will be reduced by a factor of 16 when using the single-
observation flux instead. We choose to represent the stellar
flares with single-observation flux values, due to our transient
detection pipeline running on single-observation light curves,
as well as the increased noise values inherent in the single-scan
data. Figure 10 shows the difference in 150 GHz luminosities
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the three populations of stars that have 2RXS associations through Freund et al. (2022) and proximity to objects in Boller et al. (2016). These plots show a wide spread

in the ratio of quiescent SXR to flaring millimeter-wave luminosities.

for flares using peak single-observation and peak single-scan
fluxes, showing that the average difference in recovered
luminosity is roughly a factor of 2.

Our single-scan light curves occasionally have additional
peaks in them. When considering the typical duration for the
impulsive phase of a stellar flare on the order of seconds, we
cannot confidently classify these peaks as a separate event
occurring nearby temporally, or a pre/post-flare pulsation as
described in Howard & MacGregor (2022), where similarly
binned TESS data at 120s cadence are shown to remove
features in M dwarf flare morphologies that are apparent when
viewing the 20 s cadence light curve of the same flare.

3.7. Flaring Activity Durations

We constrain the duration of flaring activity by using the
single-scan and single-observation light curves for each event.
Lower limits on duration are set by the single-scan light curve,
with a flare considered to be at quiescence (either before or
after the peak) by having a single-scan SNR below 40
simultaneously in both bands. For a flare to be considered fully
contained within a single-scan light curve, quiescent points
need to exist on either side of the flare. For flares with only one
quiescent point in their single-scan light curve, the minimum
duration is considered to be from this quiescent point to either
the beginning or end of the light curve depending on where it is
in relation to the peak. Flares with no quiescent points in their
single-scan light curve use the full time between the first and
last scan as a minimum duration. Upper limits on duration are
constrained in a similar way: quiescence is considered to be
when the closest single observation returns to 1o before and
after the peak.

Figure 11 shows the constraints on duration for all flaring
events. We find five flares to be fully constrained within the
single-scan light curve and have measured their durations:
these are plotted as larger marker sizes with an uncertainty of
one full single scan (100 s). The shaded area denotes the range
in possible times that a location will be observed by the SPT,
from one scan (100 s) to 20 scans, including the time for the
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SPT to accelerate and change elevation while it is not collecting
data (2060 s). The vertical line shows the typical duration of a
full single observation (7668 s).

Going from single-observation to single-scan light curves
increases our time resolution but still suffers a low cadence, as
there are 100 s on average between data points. Depending on
where in the subfield the flaring event occurs, subsequent
single-scan data points may represent just a few seconds of the
focal plane passing over that part of the sky (see Figure 3), with
large gaps in time possible, as it takes the telescope 100 s to
complete a scan in one direction. This cadence is more than
sufficient to hide features in a flare.

Similarly, large gaps between single-observation data points
can span anywhere from 2 to 24+ hr depending on the subfield
observation schedule. For most flares, these temporal gaps in
SPT data are large enough that it is likely that the true duration
of the flare is much closer to the lower limit. Some flares
exhibit multiple single-observation data points that are likely
part of the same long-duration flare but could also possibly be
separate back-to-back flares. The transient detection pipeline
only fits for a single flare in each 12-day light curve, so
additional flares in the same light curve will go unreported.
Light curves for all events have been manually analyzed for
obvious secondary flares, and none have been found. This
fitting method will be improved on in the future to allow for
finding multiple flares within the same light curve.

3.8. Additional Classifications
3.8.1. Binary Systems

We have checked for binarity in the sample of SPT-detected
flare stars. Binary systems can lead to confusion in determining
the correct source—there is a possibility of matching to the
wrong star, due to undetected secondaries or preferentially
selecting the brightest star in Gaia. Stars in binary systems can
also exhibit flares due to interactions between the stars, such as
RS CVn systems that have been detected at millimeter
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wavelengths (Brown & Brown 2006) and are known to flare
frequently (Osten & Brown 1999).

Using Vizier (Ochsenbein et al. 2000), we have searched all
flaring stars for inclusion in catalogs of binary stars, as well as
classification by Gaia (Rimoldini et al. 2023). We use the same
process described in Section 3.5 to compare SPT-detected stars
with a similar representative population in Gaia.

We find that the SPT population of stars is overrepresented
in RS CVn classification by Gaia (10.6% compared to 0.6% for
the nearest neighbor population), as well as probable binary
candidates (51.5% compared to 22.7%). While many of these
classifications require more definitive proof, such as spectro-
scopic observations, the higher rates of binarity are in
agreement with studies showing increased flaring rates in
binary systems (Huang et al. 2020; Yang et al. 2023).
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Figure 11. Constraints on durations for stellar flares, using single-scan light
curves to determine lower limits and single-observation light curves to
determine upper limits. Five events are found to be fully contained within the
single-scan light curve and have single markers at a larger size.

3.8.2. Multiple Flares

Figure 12 shows a CMD of the stars we have detected flaring
multiple times. While these stars sample the entirety of our
population, we find that our detections of multiple flares are
dominated by evolved stars, with 30 of the 62 events coming
from just five stars. From preliminary simulations of injected
flare efficiency (Section 2.1), it is likely that the true rate of
above-threshold flares from these stars ranges from 2x to 20x
higher than observed. Figure 11 shows only five flares—from
upper and lower main-sequence stars—to be fully constrained
and to have durations on the scale of 30 minutes or less,
suggesting that the main-sequence stars in Figure 12 have a
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Figure 12. Gaia CMD showing stars that have multiple flares detected by the
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Most of the multiple flares detected originate from evolved stars.

true flaring rate closer to 20x higher. Table Al shows a full
listing of these stars and all of their associated events.

3.8.3. Outlier Events

Flaring events in Figure 4 having p-values greater than 0.02
have been individually investigated. In most cases the higher-
than-typical p-value is due to the associated star being in a high
local density region and having multiple nearby candidate stars,
and we believe these matches to be correct.

For the two events on MID 58706.43 (p: 0.038) and MJD
59767.07 (p: 0.086), our cross-matching algorithm picked a
dimmer star closer in angular separation rather than brighter
stars at slightly larger separation. In addition, both events are
matched to extreme outliers: they are main-sequence stars at
distances over 1 kpc, significantly farther away than other stars
we match to. Figure 5 shows these two anomalous stars in the
middle of the main sequence as having much farther distances
than similar main-sequence stars the SPT has detected,
resulting in extremely high flaring luminosities. For both of
these events, the other potential candidates are nearby M
dwarfs: the candidate for MJD 58706.43 is a potential binary
system (Reiners et al. 2010), and the two candidates for MJD
59767.07 have an angular separation of 6”2 and distances of
51.13 and 51.17 pc, giving a distance from each other of
~0.04 pc. We believe that the M dwarfs are a more likely
match for both events, and we have changed the associated
sources.

These cases suggest that some improvements in our cross-
matching algorithm can be made. The events were preferen-
tially matched to a distant main-sequence star, rather than a
brighter M dwarf at slightly higher angular separation; it is
possible that including a prior on parallax based on our
confirmed distributions in the CMD can steer the event to a
more plausible match. Likewise, incorporating a prior that
favors stars that have been observed flaring previously might
be considered. Further optimization of this algorithm will be
necessary to inform future analysis of surveys such as CMB-S4
and SO, and especially for surveys that include the galactic
plane.
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4. Conclusion

We have presented a new catalog of short-duration (<10
days) transient events found in a nontargeted SPT-3G survey
using an updated transient detection and matching method.
This catalog is produced from analyzing 4yr of daily
observations of a 1500 deg” field at 95 and 150 GHz by the
SPT-3G survey, with the inclusion of 220 GHz data coming
after events have been detected. The catalog is provided in
machine-readable format at https://pole.uchicago.edu/public/
data/tandoi24/, along with 4 yr single-observation light curves
at 95 and 150 GHz of each unique star and single-scan light
curves at 95, 150, and 220 GHz of each flaring event at
10.5281/zenodo.11372033.

We have found that two-band spectral index comparisons for
95/150 GHz and 150/220 GHz generally fall between an
optically thick synchrotron spectrum («=15/2) and a typical
value of the optically thin tail of synchrotron (o= —0.75).
While optically thick synchrotron radiation typically peaks at
radio frequencies (~5 GHz), evidence of rising spectra at
submillimeter frequencies has been observed in solar flares.

We have found these flaring events to be nearby stars that we
have matched to Gaia Data Release 3. Many of these stars have
counterparts in the 2RXS stellar content catalog. A CMD
shows our population of matched stars, indicating that we are
seeing flaring events from stars spanning a wide range of
spectral types, with most of these flares occurring in M dwarfs
and along the giant branch.

Quiescent SXR emission has been shown to have a linear
relationship with magnetic flux in main-sequence stars,
assumed to be the cause for the flaring activity we have
observed, along with measures of direct flaring activity. We
have shown quiescent SXR emission along with peak flare
150 GHz luminosity, as well as a comparison of this ratio, and
found strong evidence that millimeter-wave flaring stars tend to
be quiescently bright in SXR. A wide spread in this ratio exists
that may be tightened up with simultaneous SXR and
millimeter emissions during a flare.

We have shown cumulative number counts of the flaring
stars in flux densities and peak flare luminosities. The flux
density number count has a slope consistent with observing
sources in a uniform density, i.e., the Milky Way disk, at higher
flux values, with this assumed power law of N(>S) ~ §73/2
breaking as flux density approaches the SPT transient detection
threshold. The number count as a function of luminosity shows
lower and upper main-sequence stars having similar median
luminosities. Evolved stars have a median peak flare luminosity
over 1 mag brighter than the SPT-detected main-sequence stars.

We have flagged all probable binary system candidates,
known through Gaia variability tables and a literature search in
Vizier. It is not clear whether these flares originate from the
associated star, a companion, or an interaction between the
stars in the system.

We have observed 17 out of 66 stars flare multiple times,
comprising over half of our events and a wide range of spectral
types, with most of these multiflare events originating from just
a few evolved stars.

We believe that our cross-matching algorithm has erro-
neously matched two events with distant stars, resulting in
anomalously high luminosities. Both matches are to main-
sequence stars at distances of >1 kpc (greater than any other
Gaia star that SPT has observed flaring) and are closer in
angular separation to the SPT event compared to nearby M
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dwarfs at ~50 pc, which are brighter in apparent magnitude.
We believe that the M dwarfs are the source of the flaring
activity for both of these events. In the future, we are
considering adding a prior based on location in the Gaia
CMD to our cross-matching algorithm.

We have shown finer time resolution single-scan light curves
of events, using these as a lower-limit constraint on durations.
Upper limits on the duration are found using single-observation
light curves, and we have found typical constraints on duration
ranging from ~10' to ~10* minutes. These constraints are
weak and are generally dominated by the SPT observation
cadence. Two potential models are shown to fit to some of the
shorter-duration single-scan light curves: a sharp rise with
exponential decay, and a Gaussian fit with a rise time
comparable to the decay time.

The stellar flares we have detected with the SPT are brighter
and longer in duration than flares detected by ALMA at similar
wavelengths, which in turn are brighter than the brightest solar
flares detected. It is possible that these are all parts of the same
flaring distribution, but a lack of polarization, along with a
wide range of spectral types and the possibility of binary
systems, means that we are unable to confidently assign a
single emission mechanism as the cause of flaring among these
populations.

Simultaneous observations will be possible for future SPT
observing seasons, with TESS having revisited the SPT-3G field
in 2023 July, and with the ASKAP Variables and Slow Transients
(VAST) survey covering the same area of the sky over parts of the
next few years. With additional wavelengths, as well as
polarization in the case of VAST, these surveys will deliver
important information as to the nature of these flaring events.
Targeted observations of known multiflaring SPT stars from radio
instruments such as ALMA in conjunction with the SPT can
extend the radio SED and provide the finer time resolution that
can constrain the durations of these events. We can also use SPT-
3G data to search for linearly polarized emission.

The flaring events in this catalog have greatly increased the
known number of millimeter-wavelength flare stars. Addition-
ally, the methods used to create this catalog—map filtering,
transient detection, flare efficiency simulations, and cross-
matching to Gaia—have built uon previous SPT transient
analysis and will continue to be improved. These methods and
the resulting catalog from 4yr of the nontargeted SPT-3G
survey will form a basis for what to expect while searching for
short-duration transient events and are important for planning
future millimeter-wavelength surveys such as CMB-S4
and SO.
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Appendix

Figure A1 shows single-scan light curves for each SPT flaring
event. Limits on the y-axis are set to highlight the morphology of
the 95 and 150 GHz data. The consequence of this is that some
220 GHz data may approach the edge of the figure and appear to
be cut off. Table Al shows luminosities and spectral indices for
all stars that were detected flaring multiple times.
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Figure A1l. Additional single-scan light curves.
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Table Al
Luminosities and Spectral Indices for All Stars with Multiple Detected Flares
Gaia DR3 ID MJID Z/LVVQS VLI/,ISO VLV,ZZO a]9550 ()(1252% Flares
(erg sfl) (erg s’]) (erg sfl)

6463546350186454144 59757.48 2.19 x 10*° 5.81 x 10*° 1.15 x 107! 1.14 £+ 0.04 0.78 £ 0.07 8

59742.94 8.32 x 10% 1.40 x 10%° 1.93 x 10%° 0.14 £0.14 -0.17 + 0.47

59819.21 6.34 x 10%° 1.30 x 10*° 1.92 x 10*° 0.58 + 0.15 0.0 +0.43

59003.11 4.00 x 10%° 8.92 x 10% 1.58 x 10%° 0.76 £ 0.35 0.49 £ 1.01

59096.39 5.42 x 10% 7.58 x 10%° 473 x 10 -0.27 £0.21 223+1.63

58755.38 470 x 10%° 7.42 x 10%° 1.31 x 10 0.0 +0.24 0.48 £ 0.61

59005.50 232 x 10% 3.35 x 10%° 3.15 x 10%° 02405 -1.16 +£2.39

59308.02 1.86 x 10% 2.64 x 10%° 3.06 x 10%° -0.23 £0.59 -0.61 £2.51
6559052816392332288 59024.26 2.79 x 10*° 4.54 x 10%° 6.25 x 10*° 0.06 + 0.04 -0.16 +£0.14 6

59017.39 2.37 x 10*° 3.84 x 10*° 6.58 x 10°° 0.06 £ 0.04 0.41 £0.13

59718.96 5.32 x 10%° 1.62 x 10%° 2.83 x 10 1.44 4+ 0.16 0.45 +0.28

59353.05 9.69 x 10%° 1.18 x 10% 791 x 10% -0.56 £0.16 2.06+1.25

59525.13 4.01 x 10%° 5.27 x 10%° 5.20 x 10%° 04403 -1.04 £+ 1.59

59736.28 2.13 x 10%° 2.29 x 10%° 4.68 x 10%® -0.84 + 0.65 -5.14 + 16.47
6478107251392112640 59776.63 6.40 x 10%° 1.40 x 10%° 1.81 x 10*° 0.71 +0.19 -0.33 +0.58 6

58645.25 6.63 x 10%° 1.14 x 10%° 1.51 x 10 0.18 + 0.26 -0.26 + 0.89

58941.62 5.74 x 10%° 1.06 x 10*° 1.96 x 10*° 0.34 £+ 0.25 0.61 £0.72

59382.16 3.80 x 10% 5.12 x 10% 7.59 x 10%° -0.35 + 042 0.03 + 1.49

58808.69 3.49 x 10% 457 x 10% 3.02 x 10%® -0.41 £0.52 -8.1 4+ 38.87

59346.44 2.55 x 10%° 2.75 x 10%° 7.74 x 108 -0.84 £ 0.69 431 +13.19
6471134835842209792 58961.91 2.24 % 10*° 4.92 x 10% 6.11 x 10*° 0.73 +0.14 -0.43 £ 0.41 5

58655.80 7.54 % 10%° 1.20 x 10*° 2.20 x 10%° 0.02 + 0.47 0.59 + 1.2

58966.06 5.51 x 10%° 8.38 x 10% 4.47 x 10% -0.08 £ 0.71 2.64 +6.81

59887.43 7.24 x 10% 7.66 x 10%° 1.45 x 10%° -0.88 + 0.66 0.66 + 2.08

58591.69 6.20 x 10%° 6.88 x 10%° 8.49 x 10%® -0.77 £0.76 -6.46 + 32.38
4743636248509810944 59526.67 8.00 x 10% 1.36 x 10*° 1.17 x 10*° 0.15+0.14 -1.38+0.7 5

59547.09 8.03 x 10%° 8.69 x 10% 1.06 x 10*° -0.83 £ 0.19 -0.47 +0.83

59379.72 237 x 10% 2.78 x 10%° 3.38 x 10%° -0.65 £ 0.58 054297

59839.07 2.82 x 10%° 2.61 x 10%° 6.20 x 10%° -1.17 £ 0.57 1.26 + 1.41

59781.46 2.46 x 10% 2.50 x 10%° 474 % 10%° -0.97 £ 0.63 0.67 +1.85
4742040410461492096 58705.72 2.27 x 10?8 3.87 x 10%® 8.66 x 10%® 0.17 +£0.22 1.1 +0.46 5

59373.10 1.64 x 10?8 3.34 x 10%® 7.71 x 10%8 0.56 & 0.26 1.184+0.5

58719.74 1.03 x 10?8 2.00 x 10%® 7.43 x 10 0.44 + 0.46 243 +£0.6

59741.04 1.37 x 10?® 1.84 x 10%® 7.67 x 10%7 -0.36 + 0.44 -3.28+5.48

59413.11 6.80 x 10*7 1.82 x 108 7.61 x 10%7 1.16 + 0.57 328 +4.73
4946938113149426944 59158.65 4.11 x 10*7 9.07 x 10*’ 1.74 x 10*® 0.74 4+ 0.08 0.7+0.19 4

59109.20 2.44 x 10%7 7.05 x 1077 1.53 x 10%® 1.32 £ 0.13 1.02 +£0.22

59040.35 1.01 x 10*7 1.96 x 10%7 1.33 x 10%7 0.44 4+ 0.34 2.02+2.06

59676.48 1.06 x 10%7 1.43 x 107 1.26 x 107 -0.36 £ 0.39 -134+227
6452221724017193216 59778.00 1.55 x 10*° 3.64 x 10%° 5.42 % 10%8 0.87 + 0.45 -5.97 +10.39 3

58667.89 1.39 x 10% 2.92 x 10%° 4.16 x 10% 0.61 £ 0.51 -0.07 £ 1.37

58958.14 1.62 x 10%° 2.69 x 10%° 4.46 x 10 0.11+0.5 0.32 + 1.36
4910693055937045888 59834.56 7.41 x 10?8 1.40 x 10% 2.70 x 10%° 0.39 + 0.44 0.72 £ 0.96 3

58949.56 5.83 x 10?8 1.35 x 10% 2.93 x 10%° 0.83+0.5 1.03 4+ 0.88

59428.56 7.81 x 10?8 1.15 x 10% 2.90 x 10%® -0.15 + 0.46 4.6+8.6
4723685987981062656 58747.57 7.91 x 10%° 231 x 10*° 3.20 x 10*° 1.34 +0.24 -0.14 £0.53 3

59739.27 4.52 x 10%° 1.02 x 10%° 2.96 x 10> 0.79 + 047 1.77 £ 0.62

59361.00 321 x 10% 6.80 x 10%° 5.93 x 10%° 0.65 + 0.59 -1.36 +2.68
6404861806838482944 59872.95 1.25 x 10 2.50 x 10*° 2.83 x 10*° 0.52 4+ 0.32 -0.67 + 1.06 2

59726.28 7.35 x 10%° 1.87 x 10*° 2.12 x 10*° 1.05 £+ 0.52 -0.68 + 1.52
6396977135940047616 59338.88 1.80 x 108 2.64 x 10?8 3.30 x 10%® -0.16 + 0.33 -0.42 +1.37 2

59393.69 8.83 x 1077 1.85 x 10%8 451 x 10%® 0.62 + 0.55 1.33 + 0.96
4979859106192681344 58594.72 3.44 x 10% 7.56 x 10?8 1.27 x 10% 0.72 £ 0.56 0.35 + 1.42 2

58808.36 2.93 x 10%® 7.16 x 10%® 5.35 x 10%7 0.96 + 0.63 -7.78 +30.45
4928347433108236416 59447.56 5.48 x 10%7 1.35 x 10%8 2.26 x 10%® 0.97 £ 0.39 0.36 + 0.85 2

58590.05 5.00 x 10%7 7.40 x 1077 1.30 x 10%® -0.14 £ 0.63 0.46 + 1.94
4726387007013852672 59507.78 5.84 x 10%7 1.67 x 103 438 x 108 1.3 +0.09 1.52 +0.13 2

58982.09 1.35 x 10*7 2.37 x 1077 1.47 x 10%7 0.23 4+ 0.49 226 +3.39
4713771622913507328 58798.28 1.02 x 10% 1.57 x 10%® 1.88 x 10%® -0.06 £ 0.21 -0.53 £0.79 2

59710.62 3.84 x 107 7.03 x 10*7 2.15 x 10%® 0.32 + 0.49 1.92 +0.72
4708842443566593536 59345.82 1.72 x 10%° 5.16 x 10°° 1.03 x 107 1.44+0.18 0.8 +0.32 2

59854.89 1.25 x 10*° 1.71 x 10%° 1.74 x 10*° -0.32 £0.39 -0.96 + 1.7
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