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Abstract

The powerful jets of blazars have been historically considered as likely sites of high-energy cosmic-ray
acceleration. However, the particulars of the launched jet and the locations of leptonic and hadronic jet loading
remain unclear. In the case when leptonic and hadronic particle injection occur jointly, a temporal correlation
between synchrotron radiation and neutrino production is expected. We use a first catalog of millimeter
wavelength (95-225 GHz) blazar light curves from the Atacama Cosmology Telescope for a time-dependent
correlation with 12 yr of muon neutrino events from the IceCube South Pole Neutrino Observatory. Such
millimeter emission traces activity of the bright jet base, which is often self-absorbed at lower frequencies and
potentially gamma-ray opaque. We perform an analysis of the population, as well as analyses of individual,
selected sources. We do not observe a significant signal from the stacked population. TXS 0506056 is found as
the most significant, individual source, though this detection is not globally significant in our analysis of selected
active galactic nuclei. Our results suggest that the majority of millimeter-bright blazars are neutrino dim. In
general, it is possible that many blazars have lighter, leptonic jets, or that only selected blazars provide
exceptional conditions for neutrino production.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Neutrino astronomy (1100); Millimeter

Abbasi et al.

astronomy (1061); Radio jets (1347); High energy astrophysics (739)

1. Introduction
1.1. Blazars as High-energy Accelerators

The relativistic jets of active galactic nuclei (AGNSs), the
matter-accreting supermassive black holes at the centers of
galaxies, may act as sites of hadronic cosmic-ray acceleration
(K. Murase et al. 2012; T. Hovatta & E. Lindfors 2019). Blazar
AGNs are characterized by jets oriented within a few degrees
of the line of sight to Earth. Their Doppler-boosted emission
makes them especially bright high-energy sources, in spite of
their distance. However, the dynamics and energy budgets of
these systems are not well constrained (T. Hovatta & E. Lin-
dfors 2019). Additionally, the charged nuclei potentially
accelerated at these sources are deflected in magnetic fields
along the line of sight, degrading their directional information
(D. Allard 2012). Alternatively, high-energy neutrinos may be
produced in hadronic and photohadronic collisions along the
jet. Progress can be made by combining observations of the
radiative emission from the jet with measurements of high-
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energy neutrinos to understand the relationship between
nonthermal processes and hadronic particle interactions. This
complete multimessenger picture may ultimately allow us to
infer the underlying hadronic populations, their acceleration,
transport, and jet feeding within blazars.

The IceCube South Pole Neutrino Observatory began
data collection with a completed detector array in 2010
December. In 2013, an isotropic excess of high-energy events
was observed over the expected lower-energy atmospheric
cosmic-ray background. This was identified as an all-sky flux
of astrophysical neutrinos (M. Aartsen et al. 2013). Only in
recent years have sufficient neutrinos accumulated that a
significant signal could be identified from a small number of
the brightest, individual sources over background. While
several contributing sources have been established—emer-
ging Seyfert galaxies (R. Abbasi et al. 2022a, 2025),
emission from the Galactic Plane (R. Abbasi et al. 2023),
and selected blazar AGNs (M. Aartsen et al. 2018, 2020a;
R. Abbasi et al. 2022a)—the exact composition of the
astrophysical diffuse flux is unknown.

The first candidate neutrino source, TXS 05064056, is a
radio-bright blazar AGN (E. Kun et al. 2018). This is the
central supermassive black hole of a galaxy at redshift 0.337
(S. Paiano et al. 2018). It was first identified as a likely
neutrino source in 2017 when a ~300 TeV event was observed
from the source with low angular uncertainty, coincident with
a 6 month gamma-ray flare (Y. T. Tanaka et al. 2017;
M. G. Aartsen et al. 2018). After this multimessenger
discovery in 2017, an archival search through existing IceCube
data was performed, revealing a significant 5 month neutrino
flare beginning in 2014 (M. Aartsen et al. 2018). However,


http://astrothesaurus.org/uat/16
http://astrothesaurus.org/uat/1100
http://astrothesaurus.org/uat/1061
http://astrothesaurus.org/uat/1061
http://astrothesaurus.org/uat/1347
http://astrothesaurus.org/uat/739
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 999:98 (22pp), 2026 March 1

this earlier period is not known to have been accompanied
by an increase in either gamma-ray or radio emission. Since
then, a handful of additional blazars have begun to emerge
as individual point sources with approximate, local ~3¢
significance, including PKS 14244240 and GB6 J15424-6129
(M. Aartsen et al. 2020a). These significances reflect only the
trial of the specific source location, and not the larger trial
correction associated with testing the full source catalog of
that work.

A number of analyses have searched for neutrino emission
from the population of observed blazars. Recent correlations
with the Fermi-LAT 3FHL and 1FLE catalogs have targeted
gamma-ray-bright blazars and have generally set limits with an
integral neutrino flux less than a tenth of the total astrophysical
diffuse emission observed by IceCube (M. Huber 2019;
R. Abbasi et al. 2022b). Studies have also focused on radio-
bright blazars, some suggestive of a potential correlation with
the core or jet base (A. Plavin et al. 2020; J. Aublin &
A. Plavin 2021; T. Hovatta et al. 2021; G. Illuminati &
A. Plavin 2021; A. V. Plavin et al. 2021, 2023). A recent
IceCube analysis of 15 GHz Monitoring of Jets in AGNs with
VLBA Experiments (MOJAVE) AGNs found a small excess
from the source population at the level of 1.90 (R. Abbasi
et al. 2024). This result was consistent with a contribution to
<10% of the diffuse astrophysical flux after correcting for the
completeness of the catalog. In this work, we investigate a
potential correlation with shorter-wavelength millimeter-bla-
zar activity using data from the Atacama Cosmology
Telescope (ACT), a cosmic microwave background (CMB)
experiment that surveyed ~45% of the sky over several years
at mid- and southern latitudes.

1.2. Leptonic and Hadronic Loading of the Jet

Multiple mechanisms have been proposed for jet production
from compact, astrophysical objects. In the case of blazars,
these high powers are often attributed to the Blandford—Znajek
process (R. D. Blandford & R. L. Znajek 1977). The ionized
current flow of the accretion disk would establish a poloidal
field around the black hole. Disturbances from the external
environment may lead to disorganization of the field structure
and stray lines. As the black hole rotates, the winding of these
magnetic fields leads to helical or toroidal structures, supporting
the outflow of material from the inner parsecs as a jet stream.

The “core” of the blazar commonly refers to the radio-
opaque region near the base of the jet. Electrons in the region
of the accretion disk may be accelerated in shocks or magnetic
reconnection events (J. H. Matthews et al. 2020). These
leptonic populations are loaded into the jet, producing
synchrotron radiation. In particularly dense regions, the
electron population becomes opaque to the propagation of
low-frequency photons, absorbing them. The opacity coeffi-
cient decreases with frequency, leading to less self-absorption
at higher frequencies. As the radio core is most compact at the
base, higher frequencies become necessary to trace the
unabsorbed emission. Only at a larger radius where the jet
has propagated and expanded and the magnetic field strength
has decreased can lower-frequency radio emission free stream
(R. D. Blandford & A. Konigl 1979; A. Eckart et al. 1986;
W. J. Potter & G. Cotter 2012, 2013, 2015). Shorter-
wavelength millimeter emission is less absorbed, providing a
preferable tracer of activity from subparsec-scale regions
forming the base of the jet.

Abbasi et al.

At higher energies, radiation from both accelerated electron
and proton populations can dominate the observed spectral
energy distribution (SED). Inverse Compton scattering
should contribute in denser, kinetically dominated regions,
though X-rays and gamma-rays may also be produced by
hadronic processes (M. Petropoulou & A. Mastichiadis 2014;
M. Cerruti 2020). We note that abundant photon fields could
create a gamma-ray opaque environment, where the collision
of photons leads to pair production, cascading the observed
emission to lower MeV-energies. The gas and photon-rich
broad-line region associated with flat spectrum radio quasars
(FSRQs) may contribute to such opacity (H. T. Liu &
J. M. Bai 2006; A. T. Araudo et al. 2010).

Astrophysical neutrino production requires hadronic pro-
cesses and is primarily anticipated through two channels. In
dense regions of accelerated protons, proton—proton (p—p)
collisions may efficiently yield neutrinos through pion
production and decay. Within the bases of blazar jets, p—y
collisions may be more common, since this part of the jet acts
as a natural accelerator of protons, and both external fields of
photons and those produced within the jet are present:

7 +n 1/3time

. 1
70+ p 2/3time M

p+7—>N—>{

Notably, pion decay and neutrino production through this
channel only become efficient as the center of momentum
energy of the collision exceeds the A(1232) resonance energy
of 1.23 GeV. Details of these production scenarios can be found
in the existing literature (e.g., K. Murase & F. W. Stecker 2023).
In either case, after oscillating over the long distances between
astrophysical sources and Earth, the expected rates are
essentially equal between the three neutrino flavors.

The environment and loaded material at the base of the jet are
not well understood. If electrons and protons are loaded into the
jet together, radiation from leptonic processes might facilitate or
trace neutrino production. Still, the distance of the jet base from
the black hole, its size, opening angle, magnetic field structure,
external photon fields, and bulk Lorentz factor are not easy to
establish. As the injected proton and electron spectra are also
poorly constrained, models of the expected neutrino emission
from blazar jet flares carry large systematic uncertainties.

A correlation between gamma-ray and radio flares has been
established (L. Fuhrmann et al. 2014). The strength of the
correlation increased with radio frequency, suggesting that
millimeter emission from the core may be a good tracer of
high-energy particle production. In the case of a gamma-
opaque production zone, unabsorbed millimeter emission
would continue to provide this indicator of particle loading.

In this work, a model is considered in which the injection of
electrons and protons leads to temporally correlated synchro-
tron and neutrino flares. A proportionality is assumed between
millimeter flux density and neutrino intensity. This scenario
requires that the Compton-dominance of the emissive region at
the base of the jet allow for bright, observable radio/
millimeter flares (S. Boula et al. 2018; Z.-R. Wang et al.
2022). Additionally, sufficiently accelerated protons must be
present to interact with either radiation from within the jet or
from external fields. In this way, synchrotron radiation may act
as either a tracer or facilitator of neutrino production. While
the relationship between millimeter flux and neutrino intensity
is likely a function of time, depending on the evolution of the
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Figure 1. Map showing the spatial distribution in equatorial coordinates of the 195 blazars in the ACT catalog of millimeter-bright AGNs. The average 147 GHz flux
over the observing period is indicated by the marker color. ACT surveyed from +22° in the north to —62° in the southern hemisphere.

flaring region and individual jet environment, we adopt this
simple, fixed proportionality as a first approximation.

Our paper is organized as follows. We first present the ACT
catalog of blazars in Section 2, where we include a discussion
of TXS 0506+056 (Section 2.1), a likely blazar neutrino
source. In this section, we also describe the temporal models
constructed with the ACT light curves (Section 2.2). We
describe IceCube data acquisition and data products in
Section 3. We then proceed to describe our methodology for
searching for a millimeter—neutrino correlation and report the
results in Section 4, both with individual blazars (Section 4.1)
and with the population as a whole (Section 4.3). We discuss
our results and conclude in Section 5.

2. A First Catalog of ACT Millimeter-wavelength Blazar
Light Curves

ACT was a 6 meter telescope in the Atacama Desert of
northern Chile built to image the CMB with ~arcminute
resolution. Over its 15 yr lifetime, it observed a number of
fields spanning declinations from —62° to +22°. The first two
generations of receiver—the Millimeter Bolometric Array
Camera (2008-2010; D. S. Swetz et al. 2011) and ACTPol
(2013-2016; R. J. Thornton et al. 2016)—observed eight fields
ranging from hundreds to thousands of square degrees. In
2016, a year before the third-generation receiver, Advanced
ACTPol (AdvACT, 2017-22; S. W. Henderson et al. 2016)
was installed, and a wide, ~18,000 deg2 survey was under-
taken, covering the full decl. range and a wide range of right
ascensions that avoided the Galactic plane (S. Naess et al.
2020). The survey lasted until the observatory was decom-
missioned in 2022 September and was carried out in three
principal frequency bands: 77-112GHz (95.0 GHz),
124-172 GHz (146.9 GHz), and 182-277 GHz (225.0 GHz),
where the values in parentheses are band centers appropriate
for synchrotron radiation with spectral index, o = 0.7
(assuming a flux density, S, oc v~ ). A comparison of source

spectral indices at two frequency bands, constructed from
synchronous 95 and 147 GHz light-curve measurements and
from 147 and 225 light curves, is provided in the Appendix as
Figure 9. Throughout, we refer to these bands by their central
values of 95, 147, and 225 GHz. Two low-frequency bands,
21-32GHz and 29-48 GHz, were added in 2020; these
centimeter wavelength observations are still being character-
ized and are not included in this paper.

The ACT Collaboration has produced a first catalog of 95,
147, and 225 GHz light curves for the brightest millimeter
point sources in the ACTPol and AdvACT surveys. A paper
describing the catalog in detail is in preparation (Ma et al.
2026, in preparation), and the light curves will be publicly
released. Here, we summarize some of the basic properties of
the data. The catalog consists of 205 radio sources with mean
fluxes above 500 mJy in the 95 GHz band. This flux density
threshold results in high signal-to-noise light curves. We
primarily focus in this analysis on the 95 and 147 GHz light
curves, as these bands have significantly lower uncertainties.
Some sources are observed from 2013 onward, but data for
most sources date from 2016, when the wide-area survey
began. This first catalog also excludes observations made
during the daylight hours due to the more complex beam
and calibration properties of these data. The beam size is
approximately 1.4 at 147 GHz and the point-source positional
uncertainty is on the order of 3” (M. B. Gralla et al. 2020). All
sources have been cross-matched in the VizieR database, the
NVSS databases, or the AT20G Australia Telescope 20 GHz
survey catalog, and 195 of them are confirmed blazars
(J.J. Condon et al. 1998; F. Ochsenbein et al. 2000; T. Murphy
et al. 2010). The positions from these external catalogs are
adopted throughout this work because of their much smaller
uncertainties. Figure 1 shows a map of source position and
average millimeter flux density.

Sources were observed on a near-daily basis, but there are
gaps of up to a few months due to only night-time data being
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Figure 2. Histograms showing the amount of time each of the 195 blazars in the sample was observed, for the 95, 147, and 225 GHz bands. In each case, a vertical
line representing the median of the distribution is plotted. Each data point in a source’s light curve is assumed to represent its flux for 14 days surrounding the date it
was made on. The union of this set is expressed as its effective monitoring period. We do not expect substantial millimeter jet variability at this or shorter timescales.
ACT takes pauses that last a few months for seasonal weather conditions or other telescope maintenance. We also note that there is some spread in the total effective
monitoring period of each source. Still, these linearly interpolated light curves provide a useful characterization of source activity. The majority of sources at

147 GHz built up this effective monitoring period over 5-7 yr.

included, as well as because of inclement weather, telescope
maintenance, hardware upgrades, and seasonal visibility. As
millimeter-blazar jets exhibit strong variations on timescales of
several months to years, this sampling cadence provides an
excellent view of jet flaring activity. Distributions of source
effective monitoring periods, after binning the data by 14 days,
are shown in Figure 2. This 14 day timescale is used later on in
this work as a constant bin size to construct temporal neutrino
expectations from measurement and from interpolation.

The ACT light curves used in this paper use preliminary flux
values that have continued to be improved, including while
this paper was in review; as such, the light curves used here are
not expected to match the final published ACT light curves.
The primary updates have been to the matched filter used on
the ACT maps, which we anticipate will create a ~O(5%)
difference between the final light curves and those used in this
paper. Since our analysis fits a neutrino/millimeter flux ratio
and so relies on the relative fluxes between sources as a
function of time rather than the absolute flux values (see
Section 4), we have proceeded here with preliminary values
and do not expect the final results to change what is
reported here.

We estimate the flux completeness of the ACT AGN catalog
relative to the expected distribution of blazar sources using the
Harding—Abazajian luminosity-dependent blazar evolutionary
model (K. N. Abazajian et al. 2011; J. P. Harding &
K. N. Abazajian 2012). The fluxes of simulated source
populations are generated as a function of redshift with
FIRESONG (C. F. Tung et al. 2021). Because our analysis
assumes a constant of proportionality between average flux
density and neutrino intensity, the predicted distribution of
arbitrary-unit source fluxes in the Harding—Abazajian model
can be linearly scaled to match the measured ACT flux
densities. The ACT AGN catalog was extracted from a
footprint covering 40% of the full sky. Thus, to allow for
comparison with the ACT flux distribution, the predicted, full-
sky population distribution is scaled by a factor of 0.40. This
reduces the expected source number as a function of flux to
reflect the limited solid angle viewed by ACT. Additionally, it
is found that the resulting source number density as a function
of flux is lower than that observed by ACT. The original

Harding—Abazajian flux distribution is then scaled up by a
factor of 2.4 to match the observed ACT blazar population.
This discrepancy may be owed to assumptions in the
construction of the original Harding—Abazajian model. This
final flux distribution is shown in solid red in Figure 3. The
distribution of 195 sources used from the ACT catalog are also
shown in blue for comparison. The flux completeness of the
ACT catalog specific to its surveyed solid angle is the
integrated or summed flux of the AGNss in the catalog (the blue
distribution of Figure 3) relative to the summed flux expected
from the entire population (the red distribution). Relative to the
full-sky, we find a final flux completeness of 29%. Sources of
the ACT catalog represent this fraction of the total flux
expected from a comparable, complete, all-sky population.

2.1. TXS 0506+056 as a Millimeter Source

TXS 0506+056 is a relatively bright millimeter-wavelength
source with an average 147 GHz flux density of ~1 Jy, in the
top 27% of the considered set of blazars. ACT observations of
this source began in 2016, and include time periods prior to
and during the 2017 IceCube alert event, IceCube-170922A
(Y. T. Tanaka et al. 2017). A millimeter flare is observed
between 2019 and 2022. The light curves in the three
millimeter bands are shown in Figure 4. While TXS 0506
4056 does not peak in flux density in 2017, a spectral
hardening was noted, as seen in the “spectral index curve” of
Figure 4. Here, “hardening” describes a relative increase in the
intensity of higher-energy radiation. The spectral index is
calculated assuming a power law between the 95 and 147 GHz
flux densities.

We hypothesize that the spectrally hardened state observed
around the time of IceCube-170922A represents a relative
increase in higher-energy particle acceleration that is asso-
ciated with neutrino production. We also note the average
millimeter-spectral index of the source is exceptionally hard,
lying in the top ~5% of the spectral indices of all sources
within the catalog. Considering the per-source, time-averaged
catalog spectral indices determined from comparing 95 and
147 GHz light curves, the mean index and central 68th

percentile is 0.417013. With the construction of a time-binned
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Figure 3. Distributions indicating completeness of the ACT catalog relative to the scaled Harding—Abazajian evolutionary model. The left panel shows the entire
distribution of the model, while the right panel shows the flux range in the ACT catalog. The distribution of average ACT blazar 147 GHz flux densities is plotted on
top of the source distribution predicted by the Harding—Abazajian model, after scaling for a millimeter-to-neutrino flux proportionality, as well as adjusting for the
incomplete sky coverage of ACT (0.4) and for source number density as a function of flux; see the text for details. The ACT catalog is flux-limited by the threshold
of 500 mJy at 95 GHz that was used to select sources. While there is some slight bias in the catalog selection toward flaring, temporarily bright sources, the majority
of blazar activity occurs on few-month-to-year timescales, so a representative description of average source brightness can still be provided with ACT’s effective
monitoring period. The fraction of predicted flux from sources in the ACT catalog relative to the entire millimeter population is derived from this comparison.
Accounting for sources outside of ACT’s surveyed field, the final flux fraction or completeness associated with the ACT catalog is 29%.

light curve for each source, we consider whether both 95 and
147 GHz flux density measurements are present in a given bin,
and if so, we compute the spectral index for this time period.
The average of these measurements for each source is then
compared. If such emission is unabsorbed, the harder
synchrotron spectrum would trace a steep underlying distribu-
tion of accelerated electrons. While a direct link between the
underlying leptonic and hadronic populations would require
further simulation, efficient high-energy particle acceleration
is conducive to neutrino production.

2.2. Potential Neutrino-millimeter Temporal Correlations

We consider three temporal models for a time-dependent
correlation between millimeter and neutrino emission. In the
first model, we assume a direct correlation between the
neutrino intensity and the 147 GHz flux density. Such a model
suggests that neutrino production is always possible in
millimeter-bright sources, but is modulated by millimeter-
flaring activity. In this case, emission from the jet or particle
loading site dominates our millimeter observations. The
147 GHz band has the best live-time coverage and lowest
uncertainty of the three bands included within the ACT
catalog. These measurements are further binned into 14 day
bins and averaged to minimize uncertainty. This timescale
reflects a minimum expected period for major variations in
source intensity. We also note that the 147 GHz band is less
likely to trace self-absorbed regions than the 95 GHz band,
which also has relatively low flux uncertainties.

The second model is motivated by the expectation that
nonvariable millimeter emission from regions around the AGN
may contribute to the observed millimeter flux density without
tracing neutrino production. Specifically, cooled populations
of electrons farther down the jet may radiate and produce a
steady-state SED for the source. Extended emission from the

galaxy would also contribute to this quiescent baseline. These
components would not trace particle loading at the base of the
jet. It is therefore possible that the conditions required for
neutrino production are not available in these regions. To trace
only flaring activity from the jet base or other variable regions,
our second model consists of correlating with the 147 GHz
millimeter light curve from which its minimum value has been
subtracted, thereby assuming that there is no quiescent
neutrino emission. The minimum used for the subtraction is
obtained from the binned light curve described above. In
general, the average flux density after subtracting the flux
density minimum is roughly half that prior to the subtraction.
Finally, for the third model, we note that while TXS 0506
4056 did not show an apparent correlation between
millimeter emission and the high-energy event IceCube-
170922A, the source was in a significantly hardened state.
This spectral trend was also present during the 2014-2015
neutrino flare. RATAN-600 observations at 4.7, 8.2, 11.2,
and 22.3 GHz between 2012 and 2017 suggest a relatively
flat spectral state (V. A. Allakhverdyan et al. 2023). We
consider that this spectral hardening of the synchrotron
spectrum may trace high-energy particle injection and
neutrino production. For all sources, a similar spectral
index curve is determined from interpolated 95 and
147 GHz light curves. For each source, the top 32% of
time in which the source is in its hardest state is chosen as a
filter for the original 147 GHz light curve. This threshold is
phenomenologically motivated: it roughly selects the
gamma-ray flaring period coincident with IceCube-
170922A for TXS 0506+4-056. Neutrino emission is assumed
here to correlate with the observed flux density only during
these periods. We refer to this temporal model as the
“index-filtered” model throughout this work.
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Figure 4. Millimeter light curves and spectral index curve for TXS 05064056. On top, the red, orange, and blue data correspond to 95, 147, and 225 GHz
measurements averaged within 14 day bins. A substantial millimeter flare is observed between 2019 and 2021. On the bottom, a spectral index curve is determined
from the interpolated 95 and 147 GHz light curves with 84 day bins. A power-law relation is assumed between 95 and 147 GHz flux densities. TXS 05064056
shows a hardened state in the years surrounding the time of the IceCube ~300 TeV track event. The power-law spectral index is at an absolute value near zero during
this period, and slowly tapers off toward a value of 0.5. A spectral index of 0.5-0.7 is typical of optically thin synchrotron spectra. The timescale of this variation is
similar to that of the contemporaneous gamma-ray flare observed from the source (Y. T. Tanaka et al. 2017). The cadence of observations is representative of other

sources within the catalog.

3. An All-sky Selection of IceCube Events

The IceCube South Pole Neutrino Observatory is a cubic
kilometer of glacial ice instrumented with 5160 photosensitive
detectors. After a multiyear, staged deployment, eighty-six
2.5 km deep holes had been formed with hot water drilling by
the end of 2010. A cable carrying power and communications
hosts 60 detectors of ~17 m equal spacing per hole between
1.5 and 2.5 km in depth. Each sensor contains one downward-
facing, hemispherical photomultiplier 10 inches in diameter.
Observed photons or radiative emission associated with
particle interactions in the ice are converted to a pulse of
charge. The onboard electronics digitize triggered pulses and
send them back to a collection house above the ice. Here,
sufficient detections at multiple sensor locations satisfy a
global event trigger. Data from the potential observed particle
interaction are saved locally and communicated north via
satellite (M. Aartsen et al. 2017b).

Astrophysical neutrinos rarely interact on the path to Earth
due to their low cross section. Within the higher-density earth
and glacial ice, neutrinos interact through neutral- and
charged-current channels. While a neutrino of lower energy
exits in the neutral current interaction, the associated hadronic
cascade leaves a pointlike energy and light deposition within
the detector. Such hadronic cascades are also produced in
charged-current interactions, though the exiting charged lepton
leaves an additional radiative signature within the detector.

Muons produced in charged-current interactions travel kilo-
meter-scale distances without decaying, depositing radiation
from Cherenkov, Bremsstrahlung, pair production and photo-
nuclear interactions. The track-like signature and directionality
of these interactions makes them ideal for point-source
astronomy. Angular resolution improves with the event energy
and amount of deposited light; such events have a ~0.3°
angular uncertainty for energies in excess of 100TeV
(R. Abbasi et al. 2021).

IceCube observes a substantial background from cosmic-
ray air showers in the south. High-energy astrophysical
cosmic rays interact in the upper atmosphere, creating
showers of hadronic, leptonic, and radiative secondary
particles. Secondary muons carry a large fraction of the
primary cosmic-ray energy, and penetrate to the depth of
IceCube as a highly collimated bundle. This track-like
signature is similar to that of the individual muons produced
in charged-current neutrino interactions. Atmospheric
electron and muon neutrinos are also produced as secondary
particles. While atmospheric neutrinos form an additional
background from all directions, the dominating muon
background is reduced when observing tracks originate in
the northern hemisphere (since the Earth provides a shield
in this direction). Thus, IceCube generally has superior
sensitivity to astrophysical point sources in the northern
hemisphere relative to the southern hemisphere.
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We consider a selection of track-like events from the full
sky. Data from 2008 April through 2022 May are used in the
selection. Twelve years of these data were taken with the full
detector array, and the initial 2 yr were taken with the partially
completed detector. In the south, a set of selections are used to
remove likely atmospheric cosmic rays (R. Abbasi et al. 2021).
While this helps to improve sensitivity, a substantial back-
ground of atmospheric muons and neutrinos remains.

4. Methodology and Results

4.1. A Search for Neutrino Emission from Individual ACT
Blazars

To test the three temporal models described in Section 2.2,
direct correlation with the 147 GHz light curve, the baseline-
subtracted light curve, and periods filtered by spectral
hardness, we first utilize spatial, energy, and temporal
information to search for neutrino emission from individual
sources. Given an event of reconstructed decl. and R.A., §; and
R.A.;, respectively, or direction, X (6, RAY), angular uncer-
tainty, o;, and a point source of known position, 7;(6, R.A),
we express the spatial signal probability distribution function
(PDF) as a 2D Gaussian on a sphere:

2
1 1{xi — x;
Sspat (61, R.Aloy) = Z_%exp(_E(T) ) (2)

Notably, the angular uncertainty of reconstructed IceCube
events is at least an order of magnitude larger than localization
errors associated with a source’s cross match or the respective
instrument uncertainties.

Similarly, we define an energy signal PDF, Sepe(E;|6, ), as
a function of reconstructed event energy, E;, assuming a true
power-law neutrino energy spectrum of index < from the
source. Such a spectral shape is motivated by magnetic
reconnection and shock-driven acceleration processes. This
original power-law distribution may be parameterized as:

dN, E, Y
Vg, x [ ——] . 3
dE, e (1001ev) ®

Here, E, is the true neutrino energy. The normalization, ®,, 7,
encompasses the combined flux from both neutrinos and
antineutrinos of a single flavor. We show results throughout
this work as a function of this astrophysical, single-flavor
power-law flux at 100 TeV. To determine the observed
distribution, See.(E;|6, ), simulation is used to represent Earth
propagation and reconstruction effects for the spectrum of a
given source at decl., 6.

We also define a temporal signal PDF representing one of
each of our three models, using ACT data binned into equal
periods, averaged and normalized. This temporal signal PDF,
Stemp(f;) 1s a function of event time, #,, We note that in the
linearly interpolated and baseline-subtracted models, for time
periods prior to the initial ACT observation and for periods
after the last ACT observation, a constant value is assumed.
Specifically, the average source flux density or average
baseline-subtracted flux density is used for extrapolation. This
assumption is equivalent to performing a joint time-indepen-
dent analysis for these periods, where the observed duration
provides an accurate representation of average millimeter
intensity.

Abbasi et al.

Finally, for each of the temporal, spatial, and energy PDFs,
we define complementary background PDFs: Biepp(2),
Byec1.(6), and Bepe (E;|6;). This background component repre-
sents events of atmospheric origin and any uncorrelated
astrophysical events from alternate source populations. The
temporal and spatial background PDFs, Biemp(#;) and Bgec.(6;)
assume a constant rate of atmospheric background specific to
each decl. band. This rate is also assumed constant as a
function of R.A., as represented by a factor of 1/(27). The
energy background PDF, B....(E;|6;), expresses the spectral
shape of the background as a function of event decl. These
three PDFs are estimated directly from data.

With N total events in the data selection, the likelihood of n;
astrophysical neutrinos of spectral index, ~, originating from
the source is

N
L(ng, v) = H I:% : Stemp(ti) : Sspat((si’ R.A.; |oy)-
i=1

ng 1
Sener(Eiw’ 7) + ( - NS) ' Z : Btemp(ti)‘

Baec (0i) * Bener (Eil6)]. “4)

The likelihood test statistic, TS, can then be evaluated as a
function of the likelihood-maximizing, best-fit signal para-
meters, 7i; and 4:

TS = 2[InL(n; = A, y=4) — InL(ny = 0)]. 5)

Evaluation of this unbinned likelihood ratio follows from
previous work (J. Braun et al. 2008). As event rates are
essentially constant as a function of R.A., randomizing data in
this dimension allows us to characterize search sensitivity
subject to the dominating background component. We
determine best-fit signal values for an ensemble of such event
realizations. In practice, we optimize ny over a range of
sampled ~-values. As a final step, the L-BFGS-B optimization
routine is used for a multidimensional fit (R. H. Byrd et al.
1995; C. Zhu et al. 1997; J. Morales & J. Nocedal 2011).

We inject signals of varied strength from simulations to
determine search sensitivity and discovery potential flux.
Given an astrophysical neutrino spectrum of specific spectral
shape, the 90% sensitivity flux indicates the signal intensity
at which the test-statistic distribution of an injected signal
exceeds the median of the background test-statistic distribu-
tion 90% of the time. Similarly, the 50 discovery potential
corresponds to the intensity at which the test-statistic
distribution exceeds five standard deviations of the back-
ground test-statistic distribution 50% of the time. Lastly,
90% confidence-limit upper limits may also be set by
determining the flux intensity at which the test-statistic
distribution exceeds the best-fit test statistic 90% of the time.
In this work, we characterize our search sensitivities,
discovery potentials, and upper limits by the corresponding
flux level at 100 TeV, @, 5, assuming a specific spectral
index, 7. In order to simplify the calculation of confidence
intervals (as shown in Figure 5), we assume that the
background test-statistic distribution is chi-squared distrib-
uted based on Wilks’ theorem (S. S. Wilks 1938).

In our analysis of individual sources, we focus on only a
subset of the most promising objects in order not to dilute a
potential significant result with additional trials, as explained
further in this section. We first compare the relative expected
neutrino fluence to the sensitivity flux for all 195 sources for



THE ASTROPHYSICAL JOURNAL, 999:98 (22pp), 2026 March 1

-log1o(Piocar)
0 1 2
[ 1
A | | |
6.5 __ s8.3% TXS 0506+056
_ -=— 955% v Best Fit
o 6.0 — —
()
=)
S 5.5 =
[
5.0 — =
| | | |
76.5 77.0 77.5 78.0
R.A. [deg.]
-log1o(Piocar)
0 1

6.5 I I I

Dec. [deg.]

77.0 77.5
R.A. [deg.]

78.0

Abbasi et al.

—2A log(A)

5 10 15
- —
|
S
21073 -
>
©
— 1072 —
-
@)
B~ —_— 68.3%
1077 -— 955%  —
%“ Y% Best Fit
\2‘ 1 -9 I I
g 10 1 2 3

Spectral Index, y
—2A log(A)
5 15

10

1073

1072

1077

107°

dN,/dE,, 1 TeV [TeV-! cm—2]

Spectral Index, y

Figure S. Positional and spectral scans of the IceCube TXS 05064056 excess. Here, a positional and spectral scan of the TXS 05064056 source location is shown in
the top row, assuming correlation with the linearly interpolated 147 GHz light curve and in the bottom row for the baseline-subtracted 147 GHz light curve. On the
left, the source likelihood is maximized as a function of assumed source R.A. and decl. The negative logarithm of the local p-value is plotted for each point. The
known location of TXS 0506+056 is shown as an orange cross. On the right, the source likelihood is profiled as a function of signal intensity and power-law spectral
index, ~. The logarithmic ratio between the best-fit likelihood and the likelihood of the selected signal parameters, A, is plotted. The best-fit locations for these spatial
and energy signal parameters are pictured with a red star. The ~0.25° offset between the location of TXS 0506+056 and the best fit is comparable to the level of
uncertainty expected for our highest-energy track events. The 95.5% and 68.3% confidence regions are also shown, drawn from Wilks’ theorem assuming 2 degrees

of freedom.

each of the three temporal models. This fluence is proportional
to the expected, model-dependent millimeter fluence, equiva-
lent to the time-integrated millimeter flux density. An
astrophysical neutrino spectrum of v = 2.0 is assumed in all
cases. This choice reflects the hard spectrum of candidate
neutrino source, TXS 0506+056.

While an exact neutrino flux is not predicted for individual
sources, we assume that the integrated millimeter fluence gives
a description of relative neutrino intensity between different
sources under a specific model. In this way, the ratio between
the integrated millimeter model fluence and the required
astrophysical neutrino flux for sensitivity can act as a statistic

10

to rank the relevancy of each source. This statistic is expressed
as:

Effective Weight
_Model Dependent Average Flux

(6)

Source Sensitivity

After ranking the sources under each model assumption, we
select the set of sources with at least 10% the weight of the
most highly ranked source for analysis. The sensitivities of all
individual and selected sources are shown for a correlation
with the linearly interpolated 147 GHz light curve and with the
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Figure 6. The sensitivity and discovery potential fluxes of IceCube searches for individual ACT blazars. Here, we show search sensitivity fluxes and 5o discovery
potential fluxes for each individual source under two temporal model assumptions, a linear-interpolation of the light curve, and a spectral-index-based filtering. The
plotted flux level represents a single-flavor contribution from both neutrinos and antineutrinos. An injected power-law signal following an index of 2.0 is used. The
stronger background rejection associated with index filtering corresponds to lower sensitivity and discovery potential fluxes. Sources indicated in red pass the criteria
for analysis. At negative declinations, events originating from the southern sky have poorer sensitivity due to the large background of atmospheric cosmic-ray
muons. Sensitivity also worsens with increasing decl. in the north, where attenuation within the Earth diminishes the number of observed events, especially for
neutrino energies beyond 100 TeV.

Table 1
Summary of Results from the Individual-source Searches
Search Source Name Local Significance Post-trials Significance g A $90%,7—2.0 D90%,y—2.5
Linear-Interp. TXS 0506-+056 2.560 0.80 9.94 2.06 20.08 50.13
Linear-Interp. 5BZB J0006-0623 2.070 11.29 4.00 21.84 44.72
Shifted TXS 0506-+056 2420 9.35 2.04 18.85 46.56
Shifted SBZU J1415+1320 2380 20.76 2.44 20.64 50.60

Note. Here, we provide best-fit results for sources of significance in excess of 20 from the three catalog searches performed. Only under the linearly interpolated and
baseline-subtracted models are such signals found. Results of the most significant source of each temporal model are bolded. The best-fit results are provided for
these sources with upper limits for power-law spectral indices of 2.0 and 2.5, as well as the local significance, and a final post-trials significance reflecting all sources
tested under all temporal hypotheses. Upper limits are presented in the form, dN,,/dE, (100 TeV) = ¢ggq X 1072 GeV ' cm™2. The rate of a single-flavor flux,
including both neutrinos and antineutrinos, is represented.

index-filtered light curve in Figure 6. This selection reduces signal parameters for each source and temporal model are
the ultimate trials factor associated with the search. The final presented along with upper limits. There is a substantial
set of 45 sources selected for analysis based on any temporal correlation between the results of the linearly interpolated and
model, their millimeter fluences, and sky coordinates are listed baseline-subtracted models.

in Table 3 within the Appendix. Totals of 33, 42, and 27 In all searches, TXS 05064056 is the most significant
sources are selected for the linearly interpolated, baseline- source. We note that this result is likely driven by correlation
subtracted, and index-filtered models, respectively. Results with the known neutrino flare in 2014. In our analysis, this

particular to each temporal model are described in the

: . flare would have occurred during an earlier period prior to
following section.

ACT observations, where an average flux density was
. o o assumed. This neutrino flare is actually known to have taken
4.2. Neutrino Emission from Individual ACT Blazars place during a radio-quiet state, as established by observations
The results of the analysis for each temporal model are from RATAN-600 (V. A. Allakhverdyan et al. 2023).
reported within the Appendix in Tables 4, 5, and 6. Sources Additionally, the TXS 0506+056 alert event, IceCube-

with excesses Corresponding to a minimum 2o local 170922A, arrived during the millimeter-quiet state observed
significance are highlighted in Table 1. The final trials- by ACT. We provide in Figure 7 a comparison of spatial and
corrected p-value, taking into account all sources and all tested energy neutrino event weights with the ACT millimeter light
models, is provided for the most significant excess. The best-fit curves. It is worth noting that there is no clear increase in

11
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Figure 7. Events contributing to the TXS 05064056 excess. Here, we provide neutrino event energy and spatial weight in black as a function of time for events
within 175 of TXS 0506-+056. Correlation with the linearly interpolated 147 GHz light curve (green line) is assumed. Prior to ACT observations, we extrapolate the
mean 147 GHz flux. The raw ACT data for 95, 147, and 225 GHz are plotted for reference. The linearly interpolated 147 GHz light curve is also plotted with
extrapolated coverage extended to periods before and after ACT observation. The alert event, IC-170922A, is indicated with a dashed line. An excess of events
around 57000 MJD is also visible, corresponding to the 2014-2015 flare. There is not an obvious correlation between the millimeter flux density flare from 2019 to

2021 and any neutrino activity.

neutrino emission correlated with the observed millimeter flare
between 2019 and 2021. We include likelihood scans of the
spatial excess and spectral parameters of the source under the
linearly interpolated and baseline-subtracted temporal models
in Figure 5.

Two other sources are observed in excess of a 20 local
significance. The first, J141541320, is a BL Lacertae object
(BL Lac object) with potential evidence for gravitational
lensing of the jet (H. K. Vedantham et al. 2017a, 2017b). The
second, 5SBZB J0006-0623, is a low-synchrotron-peaked BL
Lac object (B. Kapanadze et al. 2020). We note that such
excesses are neither significant nor unexpected given the
number of trials performed in this analysis. After a correction
for the number of trials, the global significance of the
individual-source search is reduced to 0.8¢.

4.3. A Search for Neutrino Emission from the ACT Blazar
Population

We also search for a combined signal from the entire
population of ACT blazar AGNSs. In the event that individual
sources are too faint to be observed, the cumulative emission
may form a significant signal. A relative neutrino intensity is
assumed between all sources, proportional to the integrated
fluence expected for a specific temporal model. Additionally, a
global neutrino spectrum is assumed for all sources, consisting
of a power law following an index of ~.

For a source population of size, Ny., we generalize an
event’s signal PDF to allow associations with all locations:

Spop((si» R~A~iv E,', ti)
Zyiﬁwj . R(é» 'Y) : Stemp,j(ti) ° Sspul‘j(éi» R~A4i» 0’,') : Sener,j(Eil(s'» 'Y)
Siw - R(8j, ) '

(N

Here, Sqpai; and Seper; are the spatial signal and energy PDFs of
the jth source, and w; is a physically motivated weight
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controlling the relative amount of signal expected from a given
source; in this case, w; is the time-integrated fluence from a
specific temporal model. As detector effective area also varies
as a function of source decl. and neutrino energy, an additional
weight is required to express this varying source acceptance,

The log-likelihood may then take the modified form

N
In(Lpop(ss 7)) = > In [%  Spop(8is RA; , Ei, 1)

i=1
U

1
+1 = = Bemp(t) - —
( N) temp() b

: Bdecl.(éi) : Bener(Eiléi)]' (8)

4.4. Neutrino Emission from the ACT Blazar Population

We test each of three temporal models to search for
emission from the set of 195 mm blazars. No significant signal
is found under any model assumption, and we place upper
limits. The best-fit results, local, and trials-corrected signifi-
cances are reported in Table 2. After correcting for our three
trials, the global significance of the test is 0.250. Fluxes and
upper limits determined from this stacked analysis reflect only
the combined contributions of sources within the ACT catalog.
As the ACT catalog flux completeness has been determined,
dividing such results by this factor will provide corresponding
fluxes and limits from a complete, all-sky population of
comparable blazars. These quantities are shown for compar-
ison with previous measurements of the all-sky astrophysical
diffuse neutrino flux in Figure 8. Including this correction for
the geometric and redshift completeness of the ACT catalog,
such a completeness-corrected population of blazars is
constrained to around 5% of the diffuse flux under the models
assumed in this work.
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Table 2
Summary of Results from the Stacked Population Searches
Search TS Pre-trials p-value Post-trials p-value D90%,—2.0 D90%,1—2.5
Linear-Interp. 0.01 0.64 441 9.10
Shifted 0.00 1.0 4.13 8.13
Index-Filtered 2.16 0.14 0.25 3.26 9.94

Note. In this table, we summarize the analysis results and significances for the three tested temporal models. Upper limits are presented in the form,
dN,/dE, (100 TeV) = ¢ggg, X 107" GeV~! ecm™2. The most significant result comes from the index-filtered search (in bold). However, this mild excess is in-part
related to the TXS 05064056 alert event, which was included within the search. A significant result is not found from this stacked population of millimeter-bright

blazars.

Energy ranges shown in Figure 8 represent the 90%
sensitive energy range of each presented temporal model and
spectral index combination. A typical sensitive energy range
for this analysis extends from 1 TeV to 10 PeV. The sensitivity
depends on the energy spectra of the source population, source
locations, and time variability, among other characteristics,
and we determine this sensitivity using simulations. To
understand the dependence on energy, we adjust the lower or
upper energy bound of injected source events upward or
downward, respectively. When a 5% increase to the model
sensitivity is determined for both the incremented lower and
upper energy limits, this range is adopted as the sensitive
energy range. Notably, these limits are fully derived from
simulation, and the quoted energy ranges do not conflict with
or relate to those resulting from recent analyses of the diffuse
neutrino flux (M. G. Aartsen et al. 2020; R. Abbasi et al.
2022c).

5. Discussion and Conclusions
5.1. A Millimeter-correlated Neutrino Flux

Our analysis of individual millimeter-bright blazars and of
the stacked population has not revealed a significant signal
from the source class. While three sources, TXS 05064056,
5BZB J0006-0623, and 5BZU J1415+1320, exceed a local
significance of 20, after a trials correction, the result of this
individual-source search is only significant at a level of 0.8¢.
Considering the entire population, neutrino production among
blazars following a spectral index of 2.5 is not correlated with
millimeter-synchrotron activity at a level of ~5% of the all-
sky astrophysical neutrino flux. We note that previous analyses
of public data conflict with this result. Specifically, a
correlation with radio-bright blazar cores has been suggested
(A. Plavin et al. 2020; T. Hovatta et al. 2021; A. V. Plavin
et al. 2021, 2023). These analyses have generally focused on
correlations with available, longer-wavelength radio emission,
and have proposed that a superior tracer of time-dependent
neutrino production would come from the unabsorbed
millimeter wavelengths (A. Plavin et al. 2020). The ACT
millimeter-blazar catalog allows for this improved analysis of
less-absorbed millimeter activity. The increased IceCube data
live-time and the improved analysis methods of this work
utilize event observables (reconstructed energy, direction, and
time) to provide a maximally sensitive search. As these
millimeter wavelengths are generally accepted as a preferred
tracer of radio—millimeter-synchrotron activity from the blazar
core, it is more likely that radio—millimeter-blazar emission is
not an important tracer of neutrino production.

A neutrino cascade interaction of ~225TeV in energy was
observed by the Baikal Gigaton Volume Detector (Baikal-GVD)
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from the vicinity of TXS 05064056 in 2021 April. Due to large
spatial uncertainties, the event was not significantly correlated.
However, the arrival of the event during a radio flare from TXS
05064056 was noted as potential evidence in favor of radio-
correlated neutrino production (V. A. Allakhverdyan et al. 2023).
We do not see any indication of new neutrino emission from the
source during its observed mm flare from 2019-2021. Neutrino
emission from TXS 0506+056 does not appear to trace its
synchrotron intensity.

While this work has constrained a general contribution from
synchrotron-bright blazars, such synchrotron flares may trace
or even facilitate neutrino production for a subset of sources.
This relationship depends highly on the injected electron and
proton populations, Compton-dominance of the injection zone,
and whether the region is sufficiently magnetically dominated
such that the energy output in synchrotron is significantly
detected over the steady-state SED. Modeling of these flares
may require treatment of each individual blazar and its unique
jet and loading conditions. Based on this work, we can
only infer that the general synchrotron-bright flare is either
proton-light or does not offer conditions for efficient neutrino
production. We have also placed upper limits on some
of the brightest individual millimeter blazars, like 3C 273
(5BZQ J1229+4-0203). Future follow-ups will benefit greatly
from the continued monitoring of blazar millimeter light
curves with the Simons Observatory (P. Ade et al. 2019;
M. Abitbol et al. 2025).

5.2. Blazars as Neutrino Sources

While we find no evidence for a neutrino correlation with
blazar-synchrotron activity, blazars are still expected to
contribute as an astrophysical neutrino source class. Blazars
offer some of the most powerful jets in the Universe, sources
of accelerated electrons and protons, and fields of target
photons (T. Hovatta & E. Lindfors 2019).

The sources TXS 05064056, PKS 1424+240, and GB6
J1542+6129 have been associated with excesses of astro-
physical neutrinos and share similar radiative spectral features.
Specifically, they have hard, bright synchrotron spectra with a
high peak in the optical or UV range. While traditionally
classified as BL Lac objects, recent work has suggested broad-
line regions, emitting regions within 1 pc of the central black
hole, may be present. The broad optical emission lines
expected from these zones would be subdominant to the
bright synchrotron spectra. These photon and gas fields appear
boosted in the frame of the jet, creating targets for potential
p-gamma and p—p collisions. The combination of high
acceleration powers for both electrons and protons and these
boosted photon populations might make this specific class of
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Figure 8. Upper limits on a neutrino flux from the stacked population of 195 ACT blazars, corrected for completeness of the population and shown for comparison
with the observed high-energy diffuse neutrino flux. Here, we show upper limits from the three stacked analyses performed, assuming neutrino spectra of indices 2.0
and 2.5. It should be noted that the upper limits for the linearly interpolated and baseline-subtracted models for a spectral index of 2.0 are nearly overlapping. The
flux intensity represents the cumulative flux from the stacked population, corrected to represent a complete set of sources. Note that 90% sensitive energy ranges are
shown. The purple butterfly band is taken from a recent measurement of the all-sky diffuse tau and electron flux and is shown for comparison (M. G. Aartsen
et al. 2020). Similarly, green data points are taken from an analysis of track-like events originating from the northern hemisphere (R. Abbasi et al. 2022c). All
pictured fluxes represent a single-flavor flux including both neutrinos and antineutrinos.

“masquerading BL Lac objects” efficient neutrino emitters
(P. Padovani et al. 2019, 2022).

Alternate modeling has also proposed a supermassive black
hole binary system as an explanation for the TXS 0506-+056
jet activity (O. de Bruijn et al. 2020; J. B. Tjus et al. 2022). A
precessing jet can be linked to the binary motion, ultimately
modulating the intensity of observed neutrinos. If this model
correctly explained neutrino emission in 2014-2015 and in
2017, a new flare would have been expected between 2019 and
2021, when the millimeter brightness increases (see Figure 4).
Such activity is not observed in the most recent IceCube data.

More specialized modeling and selections may be required
to detect neutrino emission from blazars and to probe specific
production scenarios. The presence of a coronal target photon
field, high-peaked synchrotron spectra, broad lines, or other
sources of target photons may indicate an efficient production
environment. Selections based on these observable properties
of the jet may have sensitivity to emission from a subset of
blazars and are still viable. Alternatively, an excess of gamma-
rays from the Bethe Heitler process or pion decay may indicate
the presence of proton populations. In general, difficulty in
forming these selections comes from either a lack of knowl-
edge about relative proton and electron distributions or about
target photon fields. Still, it is this model development and
testing that will help to constrain these physical quantities like
proton luminosity in future work.
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Appendix
Additional Source Information and Results

In this appendix we provide measurements of source spectral
indices compared synchronously between two frequency bands
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Figure 9. A comparison of synchronous spectral index measurements between
the 95 and 147 GHz and the 147 and 225 GHz frequency bands. In this
comparison, we have constructed 84 day binned light curves for each of the
95, 147, and 225 GHz frequency bands. At each time period where an index
comparison between the indices of both the 95-147 GHz and the
147-225 GHz frequency bands was possible, we have plotted the corresp-
onding value as a function of index, «, again following the S, o v~
convention. The gray, dashed line represents an equivalent index between the
two frequency bands. We find that the distribution of spectral indices does not
lie along the diagonal. Instead, a softer (more likely unabsorbed)
147-225 GHz spectral index corresponds to a slightly harder (more likely to
be absorbed) 95-147 GHz spectral index.

(Figure 9). We also provide complete tables of the ACT
sources used for individual searches (Table 3), as well as the list
of sources selected for each of the linearly interpolated,
baseline-subtracted, and index-filtered individual searches
(Tables 4, 5, and 6, respectively).
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Table 3
ACT Sources Unblinded in Individual IceCube Searches
Source Name Blazar Class Average 147 GHz Flux Density R.A. Decl.
dy) (deg) (deg)

5BZQ J1229+0203 FSRQ 7.67 187.28 2.05
5BZQ J2232+1143 FSRQ 3.63 338.15 11.73
5BZB J0854+2006 BL Lac 3.60 133.70 20.11
5BZU J1058+4-0133 BCU 3.41 164.62 1.57
5BZQ J1833-2103 FSRQ 3.14 278.42 —21.06
5BZQ J0423-0120 FSRQ 2.77 65.82 —1.34
5BZU J0433+4-0521 BCU 2.54 68.30 5.35
5BZB J0006-0623 BL Lac 2.44 1.56 —6.39
5BZU J0725-0054 BCU 2.36 111.46 —-0.92
5BZQ J1743-0350 FSRQ 2.18 266.00 —3.83
5BZB J1751+0939 BL Lac 2.01 267.89 9.65
5BZQ J1549+40237 FSRQ 1.94 237.37 2.62
5BZQ J0510+1800 FSRQ 1.93 77.51 18.01
5BZQ J0739+40137 FSRQ 1.67 114.83 1.62
5BZQ J2229-0832 FSRQ 1.64 337.42 —8.55
5BZQ J2148+4-0657 FSRQ 1.57 327.02 6.96
5BZQ J0501-0159 FSRQ 1.57 75.30 —1.99
5BZQ J1504+41029 FSRQ 1.54 226.10 10.49
5BZQ J01084-0135 FSRQ 1.46 17.16 1.58
5BZQ J0224+4-0659 FSRQ 1.23 36.12 6.99
5BZQ J21014-0341 FSRQ 1.16 315.41 3.69
5BZQ J213640041 FSRQ 1.15 324.16 0.70
5BZB J0831+0429 BL Lac 1.13 127.95 4.49
5BZQ J0339-0146 FSRQ 1.10 54.88 —1.78
5BZQ J21234-0535 FSRQ 1.08 320.94 5.59
5BZB J0238+1636 BL Lac 1.08 39.66 16.62
5BZB J2134-0153 BL Lac 1.06 323.54 —1.89
5BZQ J05324-0732 FSRQ 1.05 83.16 7.55
5BZQ J0750+41231 FSRQ 1.01 117.72 12.52
5BZB J0509+0541 BL Lac 0.99 77.36 5.69
5BZQ J2225-0457 FSRQ 0.91 336.45 —4.95
5BZQ J2218-0335 FSRQ 0.89 334.72 —-3.59
5BZB J0825+0309 BL Lac 0.87 126.46 3.16
5BZQ J2301-0158 FSRQ 0.85 345.28 —-1.97
5BZB J0217+0837 BL Lac 0.83 34.32 8.62
5BZQ J2323-0317 FSRQ 0.77 350.88 —3.28
5BZQ J1224+4-2122 FSRQ 0.74 186.23 21.38
5BZQ J021740144 FSRQ 0.70 34.45 1.75
5BZQ J12244-0330 FSRQ 0.66 186.22 3.51
5BZQ J1222+0413 FSRQ 0.63 185.59 4.22
5BZU J14154+1320 BCU 0.58 214.00 13.34
5BZQ 1232740940 FSRQ 0.56 351.89 9.67
5BZQ J1028-0236 FSRQ 0.52 157.14 —2.62
5BZB J0811+0146 BL Lac 0.48 122.86 1.78
5BZQ J0839+0104 FSRQ 0.46 129.96 1.07

Note. Here, we provide information on the combined set of blazars analyzed as individual sources. The BZCAT name, classification, average 147 GHz flux density,
and equatorial coordinates are provided. Here, “BCU” (blazar class unknown) is taken to represent those sources classified with “blazar uncertain type.” Source
coordinates are adopted from either the VizieR database, the NVSS databases, or the AT20G Australia Telescope 20 GHz survey catalog through a cross-match
process with ACT localizations. We note that the source, TXS 05064056, is listed as SBZB J0509+0541 in this table and Tables 4, 5, and 6. Each source is tested
under at least one temporal assumption—linear-interpolation, baseline-subtraction, or index filtering.
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Table 4
ACT Sources Selected for Linearly Interpolated Individual Searches
Source Name Model Rank (Linearly Interpolated) —log1o(Procar) i A $90%,y—2.0 D90%,y—2.5
5SBZQ J1229+0203 1.00 0.65 4.01 22 8.59 22.93
SBZU J10584-0133 0.47 0.00 0.00 4.00 5.05 11.99
5BZQ J0423-0120 043 0.21 2.81 4.00 4.8 11.61
SBZQ J2232+1143 0.38 0.53 1.04 1.48 9.61 24.66
5BZU J0725-0054 0.34 0.64 15.79 4.00 791 20.55
SBZQ J1743-0350 0.31 0.32 0.65 4.00 5.83 13.50
SBZB J08544-2006 0.30 0.35 3.36 2.63 9.90 20.30
5BZU J04334-0521 0.29 0.58 16.80 3.87 9.67 24.50
SBZQ J1549+0237 0.25 0.25 1.50 3.87 5.71 14.25
5BZQ J0501-0159 0.23 0.49 12.96 4.00 6.75 17.55
SBZB J0006-0623 0.23 1.74 11.29 4.00 21.84 44.72
SBZB J1751+40939 0.23 0.33 3.08 2.68 7.61 17.07
SBZQ J0739+0137 0.21 0.51 2.73 2.09 8.02 18.83
5BZQ J0108+0135 0.20 0.20 0.75 3.06 5.23 12.45
SBZQ 1214840657 0.19 0.00 0.00 4.00 5.53 16.42
SBZQ J0510+1800 0.17 0.00 0.00 3.25 6.93 18.33
SBZQ J15044-1029 0.17 0.61 8.88 2.52 10.16 24.77
5SBZB J2134-0153 0.16 0.44 10.78 2.95 6.39 16.25
SBZQ J0339-0146 0.15 0.52 10.48 4.00 7.62 18.57
SBZQ J2136+-0041 0.15 0.80 18.36 3.75 9.52 22.88
5BZQ J2101+0341 0.15 0.00 0.00 4.00 5.37 13.14
5BZQ J02244-0659 0.14 0.00 0.00 3.00 7.16 15.93
SBZB J0831+0429 0.14 0.58 13.25 2.80 8.74 21.60
SBZQ J2123+0535 0.13 0.00 0.00 4.00 6.03 13.24
SBZQ J2301-0158 0.13 0.00 0.00 3.00 4.97 12.42
5BZQ J05324-0732 0.12 0.00 0.00 4.00 6.83 17.87
SBZQ J2229-0832 0.12 0.00 0.00 3.00 11.08 17.90
5BZQ J2218-0335 0.12 0.37 2.27 4.00 6.54 13.92
SBZB J0509+0541 0.12 242 9.94 2.06 20.08 50.13
SBZB 1082540309 0.12 0.79 20.31 3.25 9.72 24.28
SBZQ J2225-0457 0.11 0.00 0.0 2.25 5.47 14.27
SBZQ J2323-0317 0.11 0.30 3.31 331 5.44 13.67
5BZQ J0750+1231 0.10 0.86 21.47 3.22 13.19 34.06

Note. In this table, we report best-fit results and 90% upper limits for sources tested with the linearly interpolated temporal model. This model reflects the assumption
that neutrino flux increases proportional to its millimeter flux density. The two sources in excess of 2o are bolded within the table. Sources are listed in order of their
model rank. The effective source weight statistic is determined from the model-dependent average flux and search sensitivity. This model rank is reported as a
relative fraction of the maximum source statistic for this set. The negative logarithm of the local p-value of the search and best-fit signal parameters, 7, and 7, are
reported. Lastly, upper limits are provided for an assumed neutrino spectrum of index 2.0 and 2.5. Here, upper limits are presented in the form,
dN,/dE, (100 TeV) = ¢gpq, X 1072 GeV ! cm 2, and represent the rate of neutrinos and antineutrinos of a single flavor.
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Table 5
ACT Sources Selected for Baseline-subtracted Individual Searches
Source Name Model Rank (Baseline-subtracted) —logio(Procal) 7 A D90%,—2.0 D90%,y—2.5
5BZQ J1229+40203 1.00 0.71 3.62 2.14 8.78 21.27
5BZQ J0423-0120 0.83 0.22 3.26 4.00 4.76 11.30
5BZQ J2232+1143 0.69 0.48 0.96 1.49 8.72 22.91
5BZU J1058+0133 0.56 0.24 1.99 4.00 4.97 12.11
5BZU J0433-+0521 0.43 0.61 16.77 3.89 9.69 24.48
5BZB J0854+-2006 0.42 0.40 5.46 2.77 10.59 21.93
5BZQ J1743-0350 0.42 0.00 0.00 4.00 5.22 12.79
5BZQ J0739+0137 0.38 0.48 2.44 2.08 7.52 16.76
5BZB J0006-0623 0.32 1.22 8.27 4.00 17.24 34.04
5BZQ J1504+1029 0.31 0.66 9.44 2.52 10.36 25.24
5BZU J0725-0054 0.31 0.62 14.03 4.00 7.78 19.74
5BZQ JO108+0135 0.29 0.34 4.68 3.09 5.51 12.87
5BZQ J1549+0237 0.28 0.26 1.23 4.00 5.59 13.04
5BZQ J0501-0159 0.27 0.46 11.49 4.00 6.36 16.75
5BZB J0831+0429 0.27 0.62 13.77 2.78 9.02 22.26
5BZQ J0339-0146 0.26 0.60 11.39 4.00 8.24 19.69
5BZB J17514+0939 0.23 0.33 2.74 2.65 7.35 16.65
5BZQ J2301-0158 0.20 0.00 0.00 3.00 4.98 12.14
5BZQ J051041800 0.20 0.00 0.00 3.25 6.69 18.84
5BZB J0825+4-0309 0.19 0.78 19.82 3.30 9.61 23.76
5BZB J0509+0541 0.19 2.21 9.35 2.04 18.85 46.56
5BZQ J02244-0659 0.18 0.21 0.32 3.25 6.82 15.07
5BZQ J2148+4-0657 0.17 0.00 0.00 4.00 6.02 16.17
5BZB J0238+1636 0.16 0.25 3.17 3.97 8.96 17.63
5BZQ J2218-0335 0.15 0.47 3.56 4.00 7.12 15.26
5BZQ J12244-0330 0.15 0.00 0.00 3.00 6.41 14.82
5BZQ J21014-0341 0.14 0.00 0.00 4.00 542 12.92
5BZQ J2229-0832 0.14 0.00 0.00 3.00 11.03 16.77
5BZQ J1028-0236 0.14 0.00 0.00 4.00 5.10 11.40
5BZQ J021740144 0.13 0.00 0.00 4.00 5.93 14.07
5BZQ J2323-0317 0.13 0.00 0.00 3.25 543 12.51
5BZB J2134-0153 0.12 0.42 8.55 2.78 6.11 15.08
5BZQ J05324-0732 0.12 0.00 0.00 4.00 6.58 16.38
5BZU J1415+1320 0.12 2.00 20.76 2.44 20.64 50.60
5BZQ J1224+42122 0.12 0.00 0.00 4.00 7.52 18.94
5BZQ J2327+0940 0.12 0.00 0.00 4.00 7.03 16.79
5BZB J0811+0146 0.12 1.48 31.86 3.97 13.39 33.64
5BZB J0217+0837 0.11 0.00 0.00 4.00 6.68 15.91
5BZQ J122240413 0.11 0.00 0.00 2.75 6.59 12.31
5BZQ J0839-+0104 0.11 0.00 0.00 3.75 5.36 13.57
5BZQ J1833-2103 0.10 0.29 0.72 1.97 34.52 53.07
5BZQ J0750+41231 0.10 0.68 15.23 3.05 11.68 28.64

Note. In this table, we report best-fit results and 90% upper limits for sources tested with the baseline-subtracted temporal model. This model reflects the assumption
that a source’s neutrino flux increases in proportion with variability of the source beyond its quiescent state. Emission from extended regions beyond the blazar core
are expected to contribute a steady-state millimeter flux. To correlate only with activity or particle injection at the variable jet base, the observed flux density
minimum is taken to reflect this steady-state emission and is subtracted. The two sources in excess of 2¢ are bolded within the table. As described in Table 4, the
source name, ranking, local p-value, best-fit signal parameters, and wupper limits are provided. Upper limits are provided in the form,
dN,/dE, (100 TeV) = ¢ggq, X 1072 Gev ' cm™2, and represent the rate of neutrinos and antineutrinos of a single flavor.
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Table 6
ACT Sources Selected for Index-filtered Individual Searches
Source Name Model Rank (Index-filtered) —logio(Procal) i A D90%,7—2.0 D90%,y—2.5
5BZQ J1229+40203 1.00 0.98 1.63 1.93 6.84 14.42
5BZU J1058+-0133 0.48 0.00 0.00 4.00 2.72 6.76
5BZQ J2232+1143 0.43 0.00 0.00 2.25 3.93 8.44
5BZB J0006-0623 0.32 043 1.65 242 5.18 10.48
5BZU J0725-0054 0.31 0.95 8.07 4.00 5.00 11.76
5BZQ J1549+4-0237 0.29 0.00 0.00 4.00 3.09 6.36
5BZQ J1743-0350 0.26 0.00 0.00 4.00 2.52 5.35
5BZB J0854+2006 0.26 1.48 15.75 4.00 11.54 23.65
5BZU J0433-+0521 0.21 1.18 10.82 4.00 6.43 13.94
5BZQ JO108+0135 0.20 0.00 0.00 3.25 2.90 6.48
5BZQ J0501-0159 0.20 0.00 0.00 4.00 2.86 5.98
5BZQ J1504+1029 0.20 0.47 2.40 3.49 4.95 10.33
5BZQ J0423-0120 0.17 0.71 3.88 4.00 3.88 8.17
5BZQ J0739+0137 0.16 0.00 0.00 4.00 2.73 6.33
5BZB J17514+0939 0.16 1.29 6.55 2.63 8.39 19.42
5BZQ J2301-0158 0.13 0.27 0.98 3.50 2.39 5.30
5BZQ J0339-0146 0.13 0.76 4.36 4.00 4.52 9.22
5BZQ J2148+4-0657 0.13 1.00 0.00 4.00 3.34 6.68
5BZQ J2323-0317 0.12 0.00 0.00 2.50 2.79 6.29
5BZQ J2136+0041 0.12 0.58 4.41 3.34 4.01 9.38
5BZQ J21014-0341 0.12 1.18 11.74 4.00 6.82 16.51
5BZQ J0224+4-0659 0.12 0.46 3.64 4.00 3.37 8.08
5BZB J0831+0429 0.11 0.39 3.19 4.00 3.81 9.10
5BZB J2134-0153 0.11 0.33 2.22 4.00 2.70 4.88
5BZQ J0510+41800 0.11 0.65 4.92 2.99 6.03 11.63
5BZQ J2218-0335 0.11 0.51 1.82 4.00 3.60 7.88
5BZB J0825+0309 0.10 1.06 11.14 4.00 6.12 14.93

Note. Here, results for sources analyzed with the index-filtered temporal model are reported. Best-fit results and 90% upper limits are provided. As TXS 05064056
shows millimeter-spectral hardening during the period of the IC-170922A alert event, we consider hardened states for other sources within the catalog. Specifically, we
choose to correlate with the top 32% of hardened activity. Emission following the 147 GHz flux density is assumed only during this period, while no neutrino emission is
assumed during other periods. As described for Table 4, the source name, ranking, local p-value, best-fit signal parameters, and upper limits are provided. Upper-limit
fluxes are presented in the form, dN,,/dE, (100 TeV) = ¢ggq, X 1072 Gev ' em ™2, and represent the rate of neutrinos and antineutrinos of a single flavor.
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