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Despite the growing number of high-energy neutrinos (TeV–PeV) detected by IceCube, their
astrophysical origins remain largely unidentified. Recent observations have linked a few tidal disruption
events (TDEs) to the production of high-energy neutrino emission, all of which display dust-reprocessed
infrared flares, indicating a dust- and gas-rich environment. By cross-matching the neutrino events and a
sample of mid-infrared outbursts in nearby galaxies with transient radio flares, we uncover an optically
obscured TDE candidate, SDSS J151345.75þ 311125.2, which shows both spatial and temporal
coincidence with the sub-PeV neutrino event IC170514B. Using a standard equipartition analysis of
the synchrotron spectral evolution spanning 605 days post mid-infrared discovery, we find a little evolution
in the radio-emitting region, with a kinetic energy up to 1051 erg, depending on the outflow geometry and
shock acceleration efficiency assumed. High-resolution European VLBI Network imaging reveals a
compact radio emission that is unresolved at a scale of < 2.1 pc, with a brightness temperature of
Tb > 5 × 106 K, suggesting that the observed late-time radio emission might originate from the interaction
between a decelerating outflow and a dense circumnuclear medium. If the association is genuine, the
neutrino production is possibly related to the acceleration of protons through pp collisions during the
outflow expanding process, implying that the outflow-cloud interaction could provide a physical site with a
high-density environment for producing the sub-PeV neutrinos. Such a scenario can be tested with future
identifications of radio transients coincident with high-energy neutrinos.

DOI: 10.1103/j8g9-f6hh

I. INTRODUCTION

High-energy (> 100 TeV) neutrinos is a smoking-gun
signature of hadronic reaction and, therefore, traces the
origin, acceleration, and propagation processes of high-
energy cosmic rays. In 2013, the IceCube Neutrino
Observatory detected a diffuse astrophysical neutrino flux
above 30 TeV for the first time, which opens a new era for
multimessenger astronomy and astroparticle physics [1,2].
During continuous operation of the IceCube detector for
more than 10 years, the increasing number of high-energy
neutrino events is collected (e.g., [3,4]). Despite extensive

searches for neutrino excesses over the background across
multiple astrophysical source classes (e.g., [5–10]), IceCube
has yet to reach conclusive evidence of identifying a
dominant source.
To date, only a few candidates of high-energy neutrino

emission were tentatively confirmed with strong evidence
by IceCube Collaboration, including the blazar TXS
0506þ 056 [11], the nearby Seyfert galaxy NGC 1068
[12], and the Galactic plane [13]. Recently, an optical tidal
disruption event (TDE) AT2019dsg discovered by the
Zwicky Transient Facility (ZTF) was found to be in spatial
and temporal coincidence with the high-energy neutrino
IC191001A [14]. Almost at the same time, another TDE
candidate in ZTF, AT2019fdr, was uncovered as a prom-
ising neutrino source, though occurring in an active galactic
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nucleus (AGN) [15]. The distinctive property of the two
neutrino-coincident ZTF sources is the delayed infrared
(IR) flare, likely originating from the reprocessed dust
emission of central outburst [16]. These findings motivate a
systematic search for neutrino emission from TDEs with
similar dust echoes, resulting in three more events, includ-
ing two dust-obscured TDEs that are faint in optical band
[17,18]. When the match criteria are set loosely, for
example TDEs located slightly beyond the 90% error
region of the corresponding neutrinos or neutrino events
with a lower signalness are considered, another two TDE
candidates, AT2021lwx [19] and ATLAS17jrp [20], are
pointed out to coincide potentially with the high-energy
neutrino IC220405B and a candidate neutrino flare,
respectively.
While it appears that the efficiency of high-energy

neutrino production in TDEs and related accretion flares
from supermassive black holes (SMBHs) is high compared
to nonflaring AGN [18], the detailed physical mechanisms
are far from clear. Theoretically, it has been speculated that
a relativistic jet has the advantage of providing the
sufficient power for particle acceleration, and an early
study has suggested that high-energy neutrinos could be
produced via the pγ interactions in the jet environment of
TDEs [21]. The jet model was carefully studied in
subsequent works [22–27]. However, no convincing jet
activity has been detected in the neutrino-coincident TDEs.
Since the detection of the AT2019dsg-IC191001A asso-
ciation, other different scenarios are further proposed to
produce neutrino emission and multiband electromagnetic
radiation. These involve accretion disks and tidal stream
interactions [28], hot coronae [29,30], off-axis or choked
jetted models [31–34], subrelativistic wind [15,35], out-
flow-cloud interactions [36,37], and a model without a
specific acceleration site [38,39].
The shared characteristic of all the seven high-energy

neutrino-associated events (candidates) mentioned above
is the elevated infrared emission, suggesting a dust- and
gas-rich environment in these TDEs. Both observations
and numerical simulations suggest that wide-angle, ultra-
fast outflow is an essential or even ubiquitous component
in TDEs (e.g., [40–45]). When the outflow collides with
gaseous clouds surrounding TDEs, electrons can be
effectively accelerated within a bow shock, which in turn
produces nonthermal synchrotron emission at radio wave-
lengths [46,47]. Meanwhile, the protons can be accelerated
up to several tens of PeV, therein simultaneously by
diffusive shock acceleration processes, in which the
high-energy neutrino emission is generated [37]. Inter-
estingly, among the first three neutrino association TDEs
(AT2019dsg, AT2019fdr, and AT2019aalc) [14,15,18,48],
two exhibit variable (transient) radio emission during the
period of neutrino arrival. Within the framework of the
outflow-cloud interaction scenario in TDEs, it is reason-
able to infer that we can detect more high-energy neutrino

events accompanied by radio and infrared emissions, if
there are timely and sensitive radio observations.
In this work, we collect a sample of nuclear accretion

flares with both dust echoes and transient radio emission
and investigate their correlation with high-energy neutri-
nos. Our search uncovers a new obscured radio-emitting
TDE candidate, which coincides with a ∼0.2 PeV neutrino
event, IC170514B.

II. SAMPLE AND SELECTION

We construct a sample that includes both radio and IR
flares by searching for radio transients in the sample of mid-
infrared outbursts in nearby galaxies (MIRONG) [49].
MIRONG were built by cross-matching the mid-IR out-
bursts with the low-redshift (z < 0.35) Sloan Digital Sky
Survey (SDSS) spectroscopic galaxies, using the data from
Wide-field Infrared Survey Explorer (WISE) [50] and its
new mission, the Near-Earth Object WISE (NEOWISE)
[51], up to the end of 2018. Among a total of 137 sources in
the MIRONG sample, 26 were classified as Seyfert I and 23
were classified as Seyfert II. In this work, we focus mainly
on the sample consisting of TDE candidates, and thus
exclude 49 Seyfert galaxies from our following analysis.
This will help to avoid confusion by the AGN emission
when discussing the potential association of TDEs with
neutrinos, as AGNs could display flux and spectroscopic
evolution properties mimicking TDEs [52,53]. This leaves a
sample of 88 MIRONG galaxies. For radio observations, on
one hand, we used public data based on the Very Large
Array Sky Survey (VLASS) [54]. VLASS is a multi-epoch
S-band (2–4 GHz) all-sky survey program, which was
initiated in 2017. At the time of writing, the complete
datasets from the first two epochs and partial data from the
ongoing third phase are publicly available. On the other
hand, we conducted follow-up observations of 35 MIR
outbursts in the MIRONG sample using the Karl G. Jansky
Very Large Array (VLA) at L (1–2 GHz), C (4–8 GHz), and
X (8–12 GHz) bands. Our selection of MIR outbursts for
VLA observations is based mainly on those having optical
spectroscopic follow-up observations, totaling 54 galaxies
[55]. In [55], we find that 22 out of 54 galaxies show
emission-line variations, among which at least 60% could
be interpreted as due to TDEs. Note that galaxies that were
detected in the Faint Images of the Radio Sky at Twenty cm
(FIRST) survey are also excluded in our sample for VLA
observations.
A portion of these data has been analyzed and presented

in [56]. The radio transients were selected based on two
criteria: (i) nondetections (3σ upper limits) in earlier epochs
followed by detections in subsequent epochs, and (ii) a flux
density increase by a factor of ≥ 1.5 in at least one radio
band. Further details of the selection and studies of radio
evolution properties will be presented elsewhere, as they are
beyond the scope of the current work. A final sample of nine
MIR outbursts with transient radio emission (MIR-radio
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transients) was assembled and will be analyzed in the
subsequent sections.
The recently issued IceCube Event Catalog of Alert

Tracks (ICECAT-1) [4] contains 275 probable astrophysi-
cal neutrino track events detected between May 2011 and
December 2020. ICECAT-1 documents the arrival times,
reconstructed energies, directional coordinates, spatial
uncertainties, and probabilities of astrophysical origin
for neutrino events. Neutrino alerts are categorized into
gold and bronze channels, corresponding to candidates
with 50% and 30% probabilities of astrophysical origin,
respectively. In addition, since 2016 the General
Coordinates Network (GCN) reported real-time alerts of
high-energy (> 100 TeV) tracklike neutrinos, and updated
the positions and errors of previous events in ICECAT-1
when applicable.
In this work, we selected the gold-type neutrino events

from ICECAT-1 (to ensure the best signalness) between
2014 and 2018, which overlaps the period of the MIRONG
sample’s data collection (spanning ∼5 years). We consid-
ered only neutrinos with positional errors less than 200 arc-
min [17], including a total of 44 events. We used the 90%
containment region of gold-type neutrino events as our
spatial matching area for identifying correlated MIR-radio
transients. The infrared light curves have been constructed
at six-month intervals in WISE’s W1 (3.4 μm) and W2
(4.6 μm) bands since observations in 2014. For the VLASS
observations at S-band, the cadence is ∼32 months over
three epochs covering a period from 2017 to 2024, while the
cadence of our dedicated VLA radio follow-up observations
is ∼1–2 years on average. Given the better sampling in the
MIR light curves, the temporal matching required that the
MIR peak flux in at least one band lies within a 0.5 year
window before or after the time of neutrino detection. Our

selection of the 0.5 year matching window corresponds to
the minimum observing cadence of the WISE survey, and
we tested that changing this to a longer time window would
not affect the matching results. Our analysis revealed that
the MIR-radio transient SDSS J151345.75þ 311125.2
(hereafter J1513þ 3111) at redshift z ¼ 0.07181 is tem-
porally coincident with the high-energy neutrino event
IC170514B, which was detected by IceCube on 14 May
2017 (MJD ¼ 57; 887.3), with an energy of ∼174 TeV and
a signalness of about 55%. While the arrival of neutrinos
displays a delay relative to the peak time of mid-infrared
emission by ∼109 days (Fig. 1, right), the time delay is less
than the minimum observing cadence of the mid-infrared
light curve. Therefore, we consider that there is a temporal
coincidence between J1513þ 3111 and IC170514B.
On the other hand, the best-fit position of IC170514B
was given to be RightAscensionðR:A:Þ ¼ 227°:37þ1°:23

−1°:1 ,
DeclinationðDecl:Þ ¼ 30°:65þ1°:4

−0°:99 (J2000), with an angular
separation of only 1.07° from J1513þ 3111 (Fig. 1, left),
suggesting that both are possibly spatially coincident as
well. Note that no correlation analysis with IceCat-2 [57]
was performed because the full data release is not yet
available, and further correlation studies with IceCat-2 are
required to confirm the neutrino coincidence.
VLASS covers a large cumulative area of 33; 885 deg2.

Compared to VLASS, the smaller footprint of MIRONG
galaxies implies that their overlapping region is effectively
determined by the SDSS coverage area, which is used to
calculate the probability of coincidence with neutrino
events. The area of the SDSS footprint (ΩSDSS) and the
total 90% containment region of the neutrinos in the
IceCube catalog we used (ΩIceCube) are 9376 deg2 and
289.58 deg2, respectively. We estimated that the density

FIG. 1. Left panel: localization of J1513þ 3111 and IC170514B. The blue rectangle shows the 90% CL containment region of
IC170514B. Right panel: the mid-infrared light curves of J1513þ 3111 observed by WISE. The vertical dashed line marks the arrival
time of the matched high-energy neutrino event IC170514B, which delayed the peak of mid-infrared emission by ∼109 days.
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of MIR-radio transients (ρs) is ns=ΩSDSS=Ts ¼ 1.9 ×
10−4 deg−2 yr−1, where ns ¼ 9 is the number of MIR-radio
transients and Ts ¼ 5 yr is the time period of the MIR peak
covered by the MIRONG sample (between 2014 and 2018).
Since we matched the MIR-radio transients with neutrinos
by requiring their intervals be �0.5 yr, the matching time
window is thus 1 yr. In this case, the expectation value (λ)
for the number of random matches is ρs ×Ωeff ¼ 0.013,
where Ωeff ≈ ΩIceCube ×

ΩSDSS
4π is the effective 90% contain-

ment area of 44 gold neutrino events in the SDSS footprint.
Finally, the Poisson probability of observing at least one
match can be calculated as P ðX ≥ 1Þ ¼ 1 − e−λ ≈ 0.013.
We then calculated the significance of the spatial and

temporal coincidence of MIR-radio sources with the
IceCube tracklike neutrinos using simulations. The sensi-
tivity of IceCube is dependent on the declination and the
energy of the source (i.e., the spectrum) [58]. We first
created randomized samples by keeping the original
declinations of all 44 gold-type neutrinos while shuffling
their R.A. coordinates. The arrival time of neutrinos in
ICECAT-1 was preserved in our simulations since the time
of neutrino arrivals is random and has negligible impact on
our results. For each simulation, we obtained a count
number n of MIR-radio sources that matched with the
neutrino events both spatially and temporally, following the
methodology described in Sec. II. The chance probability is
calculated as the ratio between the number of the simu-
lations that have n ≥ 1 and the total number of simulations.
From 30,000 Monte Carlo realizations, this approach
results in a matching probability of ∼0.015. An alternative

estimation was performed by randomly redistributing the
MIR-radio transients within SDSS survey footprints while
keeping neutrino positions fixed. This yielded a chance
probability of ∼0.011 for coincident matches. In both cases,
the chance probability for coincident matches from simu-
lations is well consistent with the Poisson probability,
corresponding to a significance for the association at a level
of ∼99%.

III. ANALYSIS AND RESULTS

A. Flaring properties of J1513 + 3111

We first examine the multiwavelength electromagnetic
radiation properties of J1513þ 3111 during the period of
high-energy neutrinos’ arrival. Figure 1 (right) presents the
WISE light curves up to 5 July 2023. It shows that the MIR
emission peaked on 24 January 2017 (MJD ¼ 57; 778),
preceding the neutrino arrival by 109 days. In comparison
to the two neutrino-associated TDEs from the MIRONG
sample [17], J1513þ 3111 also exhibits a larger variability
amplitude (ΔW2 ¼ 0.6) and a higher apparent luminosity
(W2 ¼ 12.09). Table I compiles all the radio data from both
archival and our own follow-up observations. Details of
data reduction and flux measurements can be found in the
Appendix.
It can be seen that J1513þ 3111 was undetected in

archival FIRST observations, with a 3σ upper limit on the
peak flux of 0.387 mJy. J1513þ 3111was later detected by
VLASS epoch I at 3 GHz (on 3 October 2017), 142 days
after the arrival of the neutrino event. There is a slight flux

TABLE I. Summary of the radio observations of J1513þ 3111. The peak flux density observed by FIRST is the 3σ upper limit.

Observatory Project Date Phasea (days) ν (GHz) Fν
b (mJy=beam) Beam Size (arcsec × arcsec)(deg)

FIRST 1994 June 5 −8073 1.4 ≤ 0.387 � � �
GMRT 37_132 2019 Nov 11 1217 1.25 0.632� 0.036 3.49 × 1.60 (78.72)

VLA 18B-086 2018 Nov 18 859 5 1.158� 0.033 3.45 × 3.09 (89.10)
2018 Nov 18 859 6 0.937� 0.016 2.76 × 2.57 (−75.56)

20A-128 2020 July 5 1454 5.5 0.536� 0.027 0.99 × 0.91 (−34.43)
2020 July 15 1464 1.5 0.685� 0.080 3.24 × 3.01 (−52.85)

21A-146 2021 Aug 15 1860 5.5 0.419� 0.022 3.75 × 3.06 (81.96)

EVN ES091 2020 June 11 1430 1.6 0.445� 0.045 19.10 × 8.40 (89)c

2020 June 16 1435 4.9 0.380� 0.036 3.61 × 1.58 (6.9)c

VLA VLASS1 2017 Oct 3 448 3 0.555� 0.047 3.67 × 2.31 (74.62)
VLASS2 2020 Oct 9 1550 3 0.681� 0.104 2.50 × 2.36 (−79.46)
VLASS3 2023 Jan 22 2385 3 0.591� 0.077 3.41 × 2.34 (−78.42)

ASKAP AS110 2021 Jan 1 1634 1.4 1.327� 0.073 19.50 × 8.00 (11.82)

ASKAP 2019 Apr 21 1013 0.9 0.888� 0.068 25.08 × 10.52 (18.81)
2024 Jan 1 2729 0.9 1.001� 0.055 24.80 × 11.20 (−4.46)

aThe phases are measured in days relative to MIR discovery.
bThe flux errors are calculated as the sum in quadrature of map rms and calibration uncertainty that is assumed to be 5% of the flux

density.
cThe deconvolved beam sizes of the European VLBI Network (EVN) are given in units of milliarcsecond, while the remaining

observations are presented in clean beam sizes with arcsec units.
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brightening in VLASS epoch II, followed by a decline in
epoch III. More interestingly, the follow-up VLA obser-
vations between 18 November 2018 (MJD 58440) and 15
August 2021 (MJD 59441) revealed a steady flux decline at
∼5.5 GHz, by a factor of ∼2.5, which can be seen in Fig. 2
(right). Note that the flux variability is likely intrinsic, as
the source is clearly detected at a high signal-to-noise ratio
of ≳20 with small flux errors. In addition, the flux
variability cannot be attributed to the resolution effect,
as the first and last VLA observations have similar spatial
resolution. To further test the significance of variability in
the light curve at 5.5 GHz differing from a constant (Fig. 2,
right), we performed χ2 analysis, and found that the radio
flux is variable at a confidence level of > 99.99%, which is
statistically significant.
Due to the lack of a known optical counterpart to the

MIR flare in public surveys, such as the Asteroid
Terrestrial-impact Last Alert System [59], the contempora-
neous optical flaring emission of J1513þ 3111 may be
either obscured or intrinsically faint.
In the higher-energy range, J1513þ 3111 was unde-

tected in archival x-ray observations. Chandra observations
on 6 December 2008 provided a 3σ flux upper limit of
1.47 × 10−14 erg s−1 cm−2. Five years post–neutrino detec-
tion, the Swift-XRT observations between 15 and 25 March
in 2022 did not detect the source either, with a 3σ flux upper
limit of 5.51 × 10−13 erg s−1 cm−2 in the 0.3–10 keV band.
Since these x-ray observations did not cover the neutrino
flaring period, it is not clear whether the x-ray emission has
brightened or not. High-energy neutrino emission is usually
accompanied by gamma-rays from electromagnetic cascade

process. We also checked the Fermi-LAT data of J1513þ
3111 over the time interval that includes 300 days of
observations before the arrival time of IC170514B.
Following the standard analysis thread [60], it is found
that there is no significant gamma-ray emission in this time
interval. We adjusted the time interval and chopped the
gamma-ray light curve into a two-month time bin, with the
duration of 600 days centered around the neutrino arrival
time. No gamma-ray emission was detected either. The
upper limit energy flux at photon energies between
100 MeV and 800 GeV was estimated for a period of
300 days with a photon power-law index Γ ¼ −2, which is
1.05 × 10−12 erg cm−2 s−1 at a 95% confidence level (CL),
consistent with results in [18].

B. Radio SED and morphology analysis

Given the apparent radio flux variability, we investigated
the temporal evolution of the radio spectral energy distri-
bution (SED) with the synchrotron emission model in the
context of an outflow–circumnuclear medium (CNM)
interaction scenario. The shock generated therein acceler-
ates the electrons and produces the transient radio synchro-
tron emission [61,62], as observed in J1513þ 3111. This
model has been widely used to fit the radio emission from
TDEs in which either a relativistic jet or a nonrelativistic
outflow has been launched (e.g., [63–65]). With the
measurements of synchrotron self-absorption frequency,
νa, and flux, Fν;a, from the radio SED, we can estimate
the size of the radio-emitting region and its minimal energy
assuming that the electron and magnetic field energy
densities are in equipartition [66]. This is important for

FIG. 2. Left panel: radio SED and its evolution over three epochs, using the data taken from VLA, GMRT, and EVN observations. For
the nondetections, the corresponding 3σ upper limits on flux density are shown. Data for the three epochs are represented by magenta
diamonds (epoch I), blue triangles (epoch II), and orange squares (epoch III). The color-coded lines represent the best fit to each SED
from our MCMC modeling analysis, which are the model realizations on a basis of 500 random samples from the MCMC chains. Right
panel: the radio flux density evolution of J1513þ 3111 at 5.5 GHz. To better illustrate the transient nature of the radio emission, we
show the 3σ upper limit on the preflare radio flux at 1.4 GHz from the FIRST survey (Table I), but with an arbitrary time relative to the
MIR discovery.

DUST-OBSCURED RADIO-EMITTING TIDAL DISRUPTION … PHYS. REV. D 113, 043046 (2026)

043046-5



further exploring the relation between the radio-emitting
outflow and the neutrino production site (Sec. IV).
As shown in Fig. 2 (left), the radio SED of J1513þ 3111

was constructed in 1.25–6 GHz over three epochs covering
an evolution period of ∼600 days. For the first epoch
(November 2018), we divided the C-band VLA observa-
tions into two sub-band radio photometry centered at 5 GHz
and 6 GHz, respectively, in order to better characterize the
SED. In addition, due to the lack of low-frequency
observations in 2018, we took the data obtained from
Giant Metrewave Radio Telescope (GMRT) in November
2019 to construct the radio SED in 1.25–6 GHz. Although
the VLA and GMRT observations were not performed
quasisimultaneously, the impact of potential intra-epoch
flux variability is small, as the GMRT flux is consistent with
that observed by the VLA (in July 2020) at similar
frequencies, indicating a slow evolution in the radio SED
at low frequency (≲1 GHz) spanning ∼1 year. We tested
that if the flux at 1.3 GHz is lower by a factor of 1.5 due
to the actual SED evolution at earlier phases, the changes on
the derived SED parameters are only at a level of 11%–14%.
This would not affect the results from the further analysis of
SED evolution. For the second and third epochs, the radio
SED was constructed using the quasisimultaneous obser-
vations at 1.5–5.5 GHz in June 2020 and July 2020,
respectively (Table I).
Note that the flux density observed by the VLA in July

2020 is about 1.41 and 1.54 times the flux density at
1.6 GHz and 4.9 GHz obtained with the EVN, respectively.
Rapid flux variability is very unlikely for such a short
timescale, as the separation between the VLA and EVN
observations is less than one month. Extended radio
emission from nuclear outflow or jets is a natural explan-
ation of the missing flux in the EVN images. Therefore, we
excluded the EVN data from the following analysis of radio
SED evolution, which displays a gradual shift to a lower
peak flux density and frequency from the first to the
third epoch.
We fitted the SEDs with synchrotron emission models

developed by [67], assuming νm ≪ νa ≪ νc, where νm is
the characteristic synchrotron frequency of the emitting
electrons with the least energy, νa is the self-absorption
frequency, and νc is the synchrotron cooling frequency. This
is possible, as our radio observations were performed at

relatively late times (δt > 1000 days), in which νm
decreases more rapidly than νa due to the adiabatic
evolution of the shock. The model SED is given by

Fν ¼ F0

��
ν

νm

�
2

e−s1ðν=νmÞ2=3 þ
�

ν

νm

�
5=2

�

×

�
1þ

�
ν

νa

�
−s2ðβ1−β2Þ�−1=s2

: ð1Þ

Here, F0 is the flux normalization at νm (the synchrotron
minimum frequency), and p is the spectral index of the
power-law distribution of relativistic electrons. s represents
the smoothing parameter, where s1 ¼ 3.44p − 1.41 and
s2 ¼ 1.47 − 0.21p. The spectral indices β1 and β2 corre-
spond to the optically thick and thin regimes, respectively,
with β1 ¼ 5=2 and β2 ¼ −ðp − 1Þ=2. The synchrotron
emission spectrum is characterized by four parameters,
F0, νm, νa, and p. Owning to the limited data points
especially at high frequencies (> 10 GHz), the spectral
index of the electron power-law distribution is fixed to p ¼
3 (e.g., [68]). Using a Markov chain Monte Carlo (MCMC)
technique (PYTHON module emcee [69]), we can determine
the best-fitting results of synchrotron model parameters and
uncertainties. In Fig. 2 (left), we show the SED models that
provide a reasonable fit to the data. Figure 5 shows the
posterior distribution of the peak frequency νp and the peak
flux density Fν;p, and the results are shown in Table II.
We find that both Fν;p and νp decrease steadily with

time, from 1.43 mJy and 2.86 GHz to 0.87 mJy and
2.36 GHz, respectively.
With the inferred values of Fν;p and νp, we can further

adopt an equipartition analysis to derive the radius of the
radio-emitting region (Req) and the nonthermal energy
(Eeq) using the scaling relations outlined in [66],

Eeq ¼ Ee þ EB

¼ 1.3 × 1048 × 21.8−
2ðpþ1Þ
13þ2p ð525p−1χ2−pe Þ 11

13þ2p

×

�
Fpeak

1 mJy

�14þ3p
13þ2p

�
dL

1028 cm

�2ð3pþ14Þ
13þ2p

�
νpeak

10 GHz

�
−1

× ð1þ zÞ−27þ5p
13þ2p f

−3ðpþ1Þ
13þ2p

A f
2ðpþ1Þ
13þ2p

V 4
11

13þ2perg; ð2Þ

TABLE II. Fitted parameters of the synchrotron model for J513þ 3111.

Epoch δt (days) νp (GHz) Fν;p (mJy) logReq (cm) logE (erg)

Spherical I 859 2.86þ0.08
−0.07 1.43þ0.05

−0.05 16.99þ0.01
−0.01 49.65þ0.02

−0.02
fA ¼ 1; fV ¼ 4=3;Γ ¼ 1 III 1454 2.36þ0.16

−0.15 0.87þ0.05
−0.05 16.98þ0.03

−0.03 49.47þ0.05
−0.05

Conical I 859 2.86þ0.07
−0.08 1.43þ0.05

−0.05 17.41þ0.01
−0.01 49.84þ0.02

−0.02
fA ¼ 0.13; fV ¼ 0.178;Γ ¼ 1 III 1454 2.36þ0.16

−0.15 0.87þ0.05
−0.05 17.40þ0.03

−0.03 49.66þ0.05
−0.05
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Req ¼ 1 × 1017ð21.8 × 525p−1Þ 1
13þ2pχ

2−p
13þ2p
e

�
Fpeak

1 mJy

� 6þp
13þ2p

×

�
dL

1028 cm

�2ðpþ6Þ
13þ2p

�
νpeak

10 GHz

�
−1
ð1þ zÞ−19þ3p

13þ2p

× f
− 5þp
13þ2p

A f
− 1
13þ2p

V 4
1

13þ2pcm; ð3Þ

where dL is the luminosity distance (≈324 Mpc) at
z ¼ 0.0718, while fA and fV are the area and volume
filling factors [66], respectively. Ee and EB are the energy
in relativistic electrons and magnetic field, and the total
energy is minimized with respect to R at Req, with EB ¼
ð6=11ÞEe [66]. The factor χe is expressed as ðp−2p−1Þϵe

mp

me
,

whereme andmp correspond to the mass of the electron and
the proton, respectively. We can further correct the energy
and radius for the system being out of equipartition using
the following formulas:

R ¼ Reqϵ
ð1=17Þ; ð4Þ

E ¼ Eeq½ð11=17Þϵð−6=17Þ þ ð6=17Þϵð11=17Þ�; ð5Þ

where ϵ ¼ ϵB
ϵe

11
6
. We assume that the fraction of the total

energy carried by the relativistic electrons and the magnetic
field is ϵe ¼ 0.1 and ϵB ¼ 10−3, respectively. In this case,
the actual radius R corresponding to the minimum energy
deviates from Req by a multiplicative factor of 0.79, and the
total nonthermal energy E is greater than Eeq by a
multiplicative factor of 2.68.
Following the procedures described in [70], we provide

constraints for two different geometries, a spherical radi-
ative zone with geometric factors fA ¼ 1 and fV ¼ 4=3,
and a mildly collimated conical zone with a half-opening
angle of ϕ ¼ 30° and geometric factors fA ¼ 0.13
and fV ¼ 0.178. For the spherical outflow, we find the
equipartition radius in epochs I and III is similar
(Req ≈ 1 × 1017 cm), indicating no remarkable temporal
evolution in the radio-emitting region spanning
∼600 days. If assuming a freely coasting outflow before
our first detection of the radio emission (δt ¼ 859 days),
we can place a lower limit on the outflow velocity of
v > 0.04 c. The minimal energy of the outflow, that can
explain the observed radio emission based on the equi-
partition analysis, decreases slightly from E ≈ 4.4 ×
1049 erg to E ≈ 2.9 × 1049 erg over the same period. If
assuming the mildly collimated conical outflow, the radius
and outflow energy would be higher by a factor of ∼0.4
and 0.2 dex, but the evolution properties remain similar.
On the other hand, we tested that if p ¼ 2.5 or ϵB ¼

10−2 is assumed, the minimal equipartition energy (Eeq)
will decrease by ∼0.5 dex or ∼0.3 dex, while the
equipartition radius (Req) remains unchanged, which does

not significantly affect the inferred properties of the radio-
emitting region and outflow. Based on the assumed value
of ϵe, we estimate the shock energy to be Es ¼
Ee=ϵe ∼ a few × 1050 erg. The efficiency of electron
acceleration in shocks is generally lower than that of
protons, and theoretical studies indicate that the proton
acceleration efficiency in a nonrelativistic shock can reach
up to 10–20% at most [71]. Therefore, a value of ϵe ¼ 0.1
may be largely overestimated and the shock energy may be
higher than the above estimate. On the other hand, only a
fraction of the outflow’s kinetic energy is transferred to the
shock, which is ∼10%, as found in simulations [72].
Consequently, a conservative estimate suggests that the
outflow kinetic energy could be at least 1051 erg, which is
comparable to that inferred from simulations [72].
As shown in Fig. 3, the EVN detects a compact source

in the final cleaned image (R:A: ¼ 15∶13∶45.760167,
Decl: ¼ þ31∶11∶25.057642), which has a deconvolved
size of 3.61 mas ×1.58 mas at 4.93 GHz. To further
investigate whether the source is resolved or not, we used
the task Modelfit in DIFMAP to fit the radio emission
component, but found no additional emission components
in the residual map. Therefore, J1513þ 3111 remains
compact and unresolved at the resolution of the EVN
observation, with an upper limit on its size of < 2.1 pc,
well consistent with the constraints on the radio source size
from the radio spectral analysis. The brightness temperature
of the compact radio emission can be estimated as

Tb ¼ 1.8 × 109ð1þ zÞ
�

Sν
1 mJy

��
ν

1 GHz

�
−2

×

�
θ1θ2

1 mas2

�
−1

K; ð6Þ

FIG. 3. EVN image of J1513þ 3111 at 4.93 GHz, with a
deconvolved size of 3.61 mas ×1.58 mas. At the mas scale,
J1513þ 3111 remains compact with no significant extended
emission. The gray-filled ellipse in the right corner represents the
shape of the beam.
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where Sν is the peak flux density in unit of mJy at the
observing frequency ν in GHz, while θ1 and θ2 are the fitted
full width at half maximum of the major and minor axes of
the Gaussian component in units of milliarcseconds. Using
the deconvolved size (θ) derived from the EVN image, we
obtained a brightness temperature of ∼5.0 × 106 K. Note
that the parsec-scale structure of J1513 is compact and not
resolved with the EVN. Hence, only the upper limit on the
source size can be constrained, and the brightness temper-
ature should be considered as a lower limit. The Tb limit
significantly exceeds the brightness temperature threshold
of the normal star formation process (typically ≲105 K),
suggesting that the EVN component in J1513þ 3111 is of
nonthermal origin.

IV. DISCUSSION

A. Is J1513 + 3111 an obscured TDE?

The host galaxy of J1513þ 3111 can be classified as
composite according to the line ratios of narrow emission
lines in the pre-outburst SDSS spectrum [16]. The transient
position, as measured from our high-resolution EVN
observations, shows a spatial offset of only 57.68 milliarc-
seconds from the host optical centroid. This corresponds to
a physical offset of ∼79 pc at the redshift of J1513þ 3111,
making it consistent with a nuclear origin. In addition, the
x-ray luminosity before MIR outburst is less than
1.85 × 1041 erg s−1. The combined optical and x-ray prop-
erties suggest that the galaxy exhibits little or weak AGN
activity. The follow-up optical spectral observations after
the MIR flare [55] reveal transient broad Hα and Hβ
emission lines that faded with time. They also reveal
transient He II 4846 and Bowen N III broad emission lines
and iron coronal narrow emission lines. These features are
commonly observed in TDEs [73,74]. The MIR light
curves in Fig. 1 show a rise to peak over ∼197 days, then
fading 0.5 mag over 729 days, settling into a plateau of
1257 days, followed by another decay to the preflare level
at t ≈ 1986 days after the peak emission. The MIR flare in
J1513þ 3111 can be classified as due to a TDE candidate
with a probability of 86% by [75], because the MIR color
was initially blue and then turned red rapidly. Indeed, the
temporal evolution properties of MIR emission are com-
parable to other TDEs securely identified via multiwave-
length follow-up observations (e.g., [14,76]). The
integrated energy radiated in MIR (host subtracted) is
∼1.8 × 1051 erg, which is also comparable to the energy
observed in most TDEs [77]. On the other hand, the black
hole mass can be estimated to be ∼5 × 106M⊙ [49], which
is typical to optical TDEs discovered by ZTF [78].
Therefore, all these observational facts point to that
J1513þ 3111 is likely an obscured TDE, and the pos-
sibility of an AGN outburst seems disfavored.

B. Neutrino production: pγ Process

In the context of a TDE, we discuss possible scenarios to
account for the high-energy neutrino emission in J1513þ
3111 if the association is genuine. Winter and Lunardini
[38] constructed a detailed time-dependent quasi-isotropic
neutrino production model (pγ interaction) for three ZTF
optical TDEs, including AT2019dsg, AT2019fdr, and
AT2019aalc. Common to these three events, J1513þ
3111 also shows an elevated dust echo emission in infrared,
which could act naturally as the target photons required for
the pγ process.
However, by fitting a blackbody model to the MIR

emission in the peak for J1513þ 3111 with the dust
absorption coefficient considered, we found a MIR lumi-
nosity of 1.9 × 1043 erg s−1, the dust temperature of
∼1000 K or kT ≈ 0.1 eV, and a radius of ∼0.13 pc or 4 ×
1017 cm [49]. Assuming the infrared photons are emitted
from a spherical surface at a distance of 0.13 pc, the number
density of these infrared photons is nIR ∼ 2 × 109 cm−3.
The optical depth for photo-meson processes is
τpγ ¼ σpγnIR × 0.13 pc ∼ 0.1, given that the pγ cross
section σpγ ∼ 10−28 cm2 [79]. In addition, in the pγ
process, the energy of the resulting neutrino is roughly
5% that of the primary protons. For an observed neutrino,
the energy of the target photons for the neutrino’s primary
proton is approximately Eph ≃ 7 eVðEν=PeVÞ−1 [if con-
sidering head-on collisions, the target photon energy is
4 eV ðEν=PeVÞ−1]. The energy of protons undergoing pγ
reactions with these infrared photons is 1000 PeV. The
resulting neutrino energies are predominantly in tens of
PeV, which, however, does not match the observed neutrino
energy of sub-PeV. It thus implies that pγ interaction at the
location of the dust-emitting region may not be favored for
J1513þ 3111. However, such a scenario can be tested with
future studies of the coincidence between MIR flares and
neutrinos with even higher energies, such as observations
by KM3NeT [80]. This will help to further constrain the
physical process of proton acceleration and interactions in
the regime of ∼1000 PeV.
On the other hand, for a sub-PeV neutrino, the corre-

sponding energy of its primary proton is typically in the
range of a few to several tens of PeV. The target photons for
these protons are ultraviolet photons with energies of
several tens of electron volts (hereafter, we adopt
Eph ≥ 20 eV). For J1513þ 3111, we assume that the peak
UV luminosity is comparable to that reprocessed in MIR by
dust, which is ≈1043 erg s−1. The number density of UV
photons is then nUV ∼ 5 × 106 cm−3½LðEph ≥ 20 eVÞ=
1043 erg s−1�ðr=0.13 pcÞ−2. The corresponding optical
depth is τpγ ¼ σpγnUV × 0.13 pc ∼ 10−4, suggesting that
pγ interactions (with UV photons as the target) at the
location of the dust-emitting region are also inefficient. The
pγ interaction with UV photons may become efficient at
the scale of the inner accretion disk (on the order of
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10−5 pc), since the optical depth of the interaction is
inversely proportional to the distance from the reaction
site to the black hole. Although it cannot be completely
ruled out, this scenario is potentially unrelated to the
infrared echo and is difficult to reconcile with the signifi-
cant time delay of the neutrino’s arrival by > 100 days
(Sec. II).

C. Neutrino production: pp Process in the context
of outflow-cloud interaction

Given the detections of remarkable dust echo and broad
emission lines in the optical spectra during the decline
phase, gaseous clouds could exist in the circumnuclear
region of J1513þ 3111. This motivates alternative scenar-
ios that invoke pp interaction in the outflow-cloud model
from TDEs to explain the production of neutrinos [37].
Both observations and numerical simulations suggest that
TDEs can launch powerful outflow, which can propagate
into the surrounding clouds if present, driving the bow
shock to accelerate electrons and protons to relativistic
energies efficiently. Shocked electrons in the magnetic field
emit the synchrotron emission in the radio band [46], while
cosmic-ray proton interaction with medium in clouds
accounts for the high-energy neutrino and gamma-ray
emissions [37]. This framework predicts the potential
detections of flares across multiple messengers: neutrinos,
transient radio emission, infrared echo, and gamma-rays (if
not absorbed in the source).
Following the outflow-cloud interaction model for

AT2019dsg [37], we assume that for J1513þ 3111, a
similar process occurs in the broad-line region located at
dozens of light-days (∼0.01 pc) from the SMBH, as
suggested by the optical reverberation mapping observa-
tions of AGNs (e.g., [81]). In this scenario, the high-energy
protons can be efficiently accelerated up to tens of PeV [37].
We further assume that the total energy carried by the high-
energy protons is 1051 erg, which is 1 order of magnitude
higher than that of the relativistic electrons (Sec. III B), and
their spectrum follows a power distribution, dN=dEp ∝
E−p
p (Ep < 10 PeV), with an index of p ¼ 1.5. Under these

assumptions, the total amount of protons with 2 PeV <
Ep < 10 PeV is ≃8 × 1046, and these protons are expected
to be responsible for producing sub-PeV neutrinos in the
0.1–0.5 PeV range. The inelastic collision cross section for
such high-energy protons is about 60 mb [82]. If clouds
possess a high column density exceeding 1025 cm−2, such
as the Compton-thick clouds invoked to explain the fast x-
ray occurlation event in AGNs [83,84], or if a strong and
turbulent magnetic field of about 1 Gauss [37] threading the
cloud traps protons, resulting in an effective column density
increased to greater than 1025 cm−2 (PeV proton’s diffusion
path within the cloud before escape can far exceed the
cloud’s size, thereby greatly boosting the effective column
density), the optical depth for these PeV protons is

τpp ¼ NHσpp > 0.6. This suggests that most of these
protons are expected to undergo pp collisions and produce
neutrinos. Note that even if the clouds have a column
density of a few times 1024 cm−2, the optical depth for pp
collisions would be τpp ≳ 0.1, and the neutrino production
can still be efficient. For J1513þ 3111, the effective area of
IceCube is Aeff ≃ 100 m2 in the energy range of 0.1–
0.5 PeV [85], and thus the expected value of detected
neutrinos is approximately 8 × 1046=ð4πd2LÞ × Aeff ≃ 0.01.
Interestingly, by assuming that the outflow has a velocity of
v ∼ 0.05 c, as constrained from the modeling of the radio
SED evolution (Sec. III B), we estimated that the outflow
will travel by t ¼ dc=v ≈ 240 days to reach the clouds at
∼0.01 pc. Considering the fact that the light traveling time
for the dust-reprocessed IR emission is much shorter,
typically tens of days, this suggests that the high-energy
neutrino signal, if produced by the outflow-cloud interac-
tion, will display a delay of∼200 days relative to the time of
the IR outburst, which is comparable to what is observed
for J1513þ 3111 (Fig. 1, right). Meanwhile, for these
2–10 PeV protons, the target photons required for the pγ
reactions must exceed ∼20 eV. The number density of
such target photons at the location of the broad-line region
is approximately nUV ∼ 1 × 109 cm−3½LðEph ≥ 20 eVÞ=
1043 erg s−1�ðr=0.01 pcÞ−2. We estimate that the optical
depth is τpγ ≃ nUVσpγ × 0.01 pc ≃ 0.003, suggesting that
no more than 1% of the PeV protons are likely to participate
in the pγ process, and the pp process may dominate the
sub-PeV neutrino’s production.
In addition, pp collisions inevitably produce gamma-

rays from π0 decay. According to calculations by [37],
gamma-ray photons with energies above 1 TeVare strongly
absorbed by the extragalactic background before reaching
the observer. For gamma-ray photons with energies below
TeV, they are primarily produced by primary protons with
energies below ∼10 TeV. According to the assumed
population of relativistic protons, the total energy of these
protons is 3 × 1049 erg. Therefore, the total gamma-ray
energy is a few times 1048 erg (taking 3 × 1048 erg for
example). On the other hand, it can be assumed that most
relativistic protons, trapped within the BLR clouds,
undergo pp collisions over a timescale of one month.
Under these assumptions, we derived that the gamma-ray
luminosity is 1 × 1042 erg s−1, and the corresponding flux
is 1 × 10−13 erg cm−2 s−1, which is much lower than the
Fermi-LAT limit. This is consistent with the nondetection
of gamma-rays.

D. Implications for future observations

In Fig. 4, we plot the radio light curve of J1513þ 3111
relative to the time of neutrino arrival, as well as a
comparison to the two neutrino-associated ZTF TDEs with
variable radio emission. Thanks to its relatively well-
sampled radio light curve (at ≈5–6 GHz), AT2019dsg
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displays an interesting coincidence between the radio flux
peak and the neutrino arrival time, with little time delay
(Δt < three days). Owing to the absence of early radio
observations, the peak of the radio light curve for J1513þ
3111 cannot be constrained, but its luminosity should be
much higher than that of AT2019dsg. For AT2019aalc,
although the neutrino event appears to arrive in the rising
phase of radio emission, as observed by VLASS over three
epochs, the radio flare’s properties (e.g., peak time and
flux) remain unconstrained due to insufficient cadence in
the radio observations. Due to the sparse sampling, we
cannot use the radio light curve to further argue for the
relation between the neutrino production site and the radio-
emitting outflow in J1513þ 3111.
In the future, the next-generation neutrino detectors with

better angular resolution, such as the Giant Radio Array for
Neutrino Detection [87], IceCube-Gen2 [88], and KM3NeT
[89], will identify more high-energy neutrinos. Meanwhile,
the Square Kilometre Array (SKA), the world’s largest radio
telescope operating across 50 MHz–15 GHz, will provide
unprecedented angular resolution, survey speed, and sensi-
tivity [90]. In combination with the data from the optical
time-domain surveys conducted by the Wide Field Survey
Telescope [91] and the Large Synoptic Survey Telescope
[92], the IR observations by the Near-Earth Object Surveyor
Mission [93], and the x-ray surveys by Einstein Probe [94],
we will detect a growing population of TDEs with well-
sampled multiwavelength light curves covering the critical
rise to peak phase down to a cadence of hours to days. These
multiwavelength datasets are important for a more uniform

search for the spatial and temporal coincidence of TDEs
with high-energy neutrinos, allowing for promising multi-
messenger studies to establish the TDEs as a source of
neutrinos and pin down the dominant mechanisms produc-
ing neutrinos [30,32,37,38].

V. CONCLUSION

Our systematic search for radio transients in the
MIRONG sample using the data from VLASS and dedi-
cated VLA follow-up observations revealed that the TDE
candidate J1513þ 3111 is spatially and temporally coinci-
dent with the track-type high-energy neutrino event
IC170514B (∼170 TeV), with a chance probability as
low as ∼1.1%. We analyzed the radio flux and SED
evolution properties, based on the data obtained from
VLA and GMRT observations, over two epochs spanning
605 days post–MIR discovery. With a standard equipartition
analysis, we found that the size of the radio-emitting region
remained little changed (Req ∼ 1017 cm), while the shock
energy (a few 1050 erg) decreased by a factor of ∼1.5.
High-resolution EVN imaging revealed a compact radio

emission unresolved at a scale of < 2.1 pc, with a bright-
ness temperature of Tb > 5 × 106 K, suggesting that the
transient radio emission was likely originating from the
interaction between a TDE outflow and a dense circum-
nuclear medium. J1513þ 3111 was the second TDE-
neutrino association event (after AT2019dsg), for which
the transient radio emission was robustly detected. Our
results highlight the role of the TDE outflow-cloud inter-
action in producing the neutrino emission that is possibly
related to the acceleration of protons through pp collisions.
We plan a systematic search for TDE-like transients within
the VLASS catalog, aiming to uncover additional neutrino-
linked radio-emitting TDEs and further test theoretical
models.
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APPENDIX A: RADIO OBSERVATIONS
AND DATA REDUCTION

1. VLA

To further study the origin and evolution of the radio
emission, we conducted follow-up observations of J1513þ
3111 over three epochs using the VLA in C- and L-bands,
centered at 5.5 GHz and 1.5 GHz, respectively. C-band
observations were performed in C configuration on 18
November 2018 (project code: 18B-086), 15 August 2021
(project code: 21A-146), and the B configuration on 5 July
2020 (project code: 20A-128), while the L-band was
conducted on 5 July 2020. All the observations were
phase-calibrated using the calibrator J1513þ 2338, and
3C 286 was used for bandpass and flux density calibration.
The data were calibrated through the standard VLA
calibration pipeline (version 2023.1.0.124) and analyzed
with the Common Astronomy Software Applications
(CASA, version 6.5.4 [96]). For the calibrated measurement
set (MS), we applied additional flagging to channels
affected by radio frequency interference (RFI) and split
to sub-MS from groups of the spectral windows. The
reduced data were imaged using the CLEAN algorithm with

Briggs weighting and ROBUST parameter of 0. We used
the IMFIT task in CASA to fit the radio emission component
with a two-dimensional elliptical Gaussian model to
determine the position, peak, and integrated flux density,
as listed in Table I.

2. GMRT

J1513þ 3111 was observed with the GMRT at band 5
(central frequency of 1.25 GHz) on 11 November 2019
(project code: 37_132). Flux calibration was conducted with
3C286, whereas the nearby bright source 1602þ 334 was
also used to determine the complex gain solutions. The data
from the GMRT observations were reduced using CASA

(version 5.6.1) following standard threads and a pipeline
adapted from the CAsa Pipeline-cum-Toolkit for Upgraded
Giant Metrewave Radio Telescope data REduction [97]. We
began our reduction by flagging known bad channels, and
the remaining RFI was flagged with the flagdata task
using the clip and tfcrop modes. We ran the task TCLEAN

with the options of the multiscale multifrequency synthesis
[98] deconvolver, two Taylor terms (nterms ¼ 2), and W-
Projection [99] to accurately model the wide bandwidth and
the noncoplanar field of view of GMRT.

3. EVN

The EVN observations were carried out on 11 and 16
June 2020 at central frequencies of 1.66 GHz and 4.93 GHz,
respectively (project code: ES091). Data from some indi-
vidual telescopes were first temporarily stored at the station
due to network problems and transferred to JIVE via the
internet within two weeks after the end of the observations.
The observations were performed in phase-reference mode
by rapidly switching the telescopes between the target and a
nearby bright calibrator (J1522þ 3144). The phase errors in
the visibility data caused by the atmosphere can be solved
by observing the bright phase-reference calibrator and
applying the solutions to the target source. The phase-
reference cycle was 5 min (3.5 min on the target and 1.5 min
on the calibrator) during a total of 4.5 h and 3.0 h at
1.66 GHz and 4.93 GHz, respectively. We used the NRAO
AIPS software to calibrate the amplitudes and phases of the
visibility data, following the standard procedure from the
AIPS Cookbook [100]. The calibrated data were imported
into the Caltech DIFMAP package [101] for imaging and
model fitting.

APPENDIX B: FIT THE RADIO SED USING
THE SYNCHROTRON MODEL

Figure 5 shows the posterior distribution of the param-
eters peak frequency νp and peak flux density at Fν;p,
obtained by fitting the synchrotron spectrum to the
observed radio SED (Fig. 2, left).
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APPENDIX C: BLACKBODY FITS
TO THE INFRARED SED

We used the blackbody model to fit the SED at the peak
of the MIR emission, which can constrain the blackbody
temperature Tbb and blackbody radius Rbb, as the black-
body emission has only two free parameters,

Lν ¼ πBνðTbbÞ × 4πR2
bb: ðC1Þ

Using the MCMC sampler EMCEE [69], we obtained
the best-fitting results of Tbb, Rbb, and IR SED,

which are presented in Fig. 6. For J1513þ 3111,
we found the blackbody temperature is Tbb ∼ 1200 K
or kT ≈ 0.1 eV and the blackbody radius is Rbb ∼ 0.04 pc
or 1 × 1017 cm, which are consistent with the results
in [16]. Note that the real dust emission might not
be a perfect blackbody, and the absorption coefficient
should be considered. In this case, we found a blackbody
temperature of ∼1000 K or kT ≈ 0.1 eV, and radius of
∼0.13 pc or 4 × 1017 cm, which have been used in our
calculations of the pγ interaction efficiency for IR
photons.

FIG. 5. Posterior distribution of the parameters spectral peak frequency νp and flux density at Fν;p, obtained by fitting the synchrotron
spectrum to the observed radio SED. The dashed lines represent the 68% quantile intervals.

FIG. 6. Left panel: the IR SED observed at the peak of MIR emission (the epoch of luminosity maximum at WISE W2-band). The
solid line represents the best-fit blackbody model, and the shaded region denotes the 1σ error range of model realizations in MCMC
fittings. Right panel: posterior distribution of the parameters blackbody temperature Tbb and blackbody radius Rbb, obtained by fitting
the blackbody model to the data at the peak of MIR emission. The dashed lines represent the 68% quantile intervals.

TIANYAO ZHOU et al. PHYS. REV. D 113, 043046 (2026)

043046-12



[1] IceCube Collaboration, Science 342, 1242856 (2013).
[2] M. G. Aartsen, M. Ackermann, J. Adams, J. A. Aguilar, M.

Ahlers, M. Ahrens, D. Altmann, T. Anderson, C.
Arguelles, T. C. Arlen et al., Phys. Rev. Lett. 113,
101101 (2014).

[3] R. Abbasi, M. Ackermann, J. Adams, J. A. Aguilar, M.
Ahlers, M. Ahrens, J. M. Alameddine, C. Alispach, A. A.
Alves, Jr., N. M. Amin et al., Astrophys. J. 928, 50 (2022).

[4] R. Abbasi, M. Ackermann, J. Adams, S. K. Agarwalla,
J. A. Aguilar, M. Ahlers, J. M. Alameddine, N. M. Amin,
K. Andeen, G. Anton et al., Astrophys. J. Suppl. Ser. 269,
25 (2023).

[5] M. G. Aartsen, K. Abraham, M. Ackermann, J. Adams,
J. A. Aguilar, M. Ahlers, M. Ahrens, D. Altmann, K.
Andeen, T. Anderson et al., Astrophys. J. 835, 151 (2017).

[6] F.-K. Peng and X.-Y. Wang, Astrophys. J. 835, 269 (2017).
[7] R. Abbasi, M. Ackermann, J. Adams, J. A. Aguilar, M.

Ahlers, M. Ahrens, C. Alispach, A. A. Alves, N. M. Amin,
R. An et al., Astrophys. J. 926, 59 (2022).

[8] R. Abbasi, M. Ackermann, J. Adams, J. A. Aguilar, M.
Ahlers, M. Ahrens, J. M. Alameddine, C. Alispach, A. A.
Alves, N. M. Amin et al., Phys. Rev. D 106, 022005
(2022).

[9] R. Abbasi, M. Ackermann, J. Adams, S. K. Agarwalla,
J. A. Aguilar, M. Ahlers, J. M. Alameddine, N. M. Amin,
K. Andeen, G. Anton et al., Astrophys. J. Lett. 949, L12
(2023).

[10] M.-X. Lu, Y.-F. Liang, X.-G. Wang, and X.-R. Ouyang,
Astrophys. J. 990, 18 (2025).

[11] M. G. Aartsen, M. Ackermann, J. Adams, J. A. Aguilar, M.
Ahlers, M. Ahrens, I. Al Samarai, D. Altmann, K. Andeen
et al. (IceCube Collaboration), Science 361, eaat1378
(2018).

[12] R. Abbasi, M. Ackermann, J. Adams, J. A. Aguilar, M.
Ahlers, M. Ahrens, J. M. Alameddine, C. Alispach, A. A.
Alves, Jr. et al. (IceCube Collaboration), Science 378, 538
(2022).

[13] R. Abbasi, M. Ackermann, J. Adams, J. A. Aguilar, M.
Ahlers, M. Ahrens, J. M. Alameddine, A. A. Alves, N. M.
Amin et al. (Icecube Collaboration), Science 380, 1338
(2023).

[14] R. Stein, S. van Velzen, M. Kowalski, A. Franckowiak,
S. Gezari, J. C. A. Miller-Jones, S. Frederick, I. Sfaradi,
M. F. Bietenholz, A. Horesh et al., Nat. Astron. 5, 510
(2021).

[15] S. Reusch, R. Stein, M. Kowalski, S. van Velzen, A.
Franckowiak, C. Lunardini, K. Murase, W. Winter, J. C. A.
Miller-Jones, M.M. Kasliwal et al., Phys. Rev. Lett. 128,
221101 (2022).

[16] N. Jiang, T. Wang, L. Dou, X. Shu, X. Hu, H. Liu, Y.
Wang, L. Yan, Z. Sheng, C. Yang et al., Astrophys. J.
Suppl. Ser. 252, 32 (2021).

[17] N. Jiang, Z. Zhou, J. Zhu, Y. Wang, and T. Wang,
Astrophys. J. Lett. 953, L12 (2023).

[18] S. van Velzen, R. Stein, M. Gilfanov, M. Kowalski, K.
Hayasaki, S. Reusch, Y. Yao, S. Garrappa, A.
Franckowiak, S. Gezari et al., Mon. Not. R. Astron.
Soc. 529, 2559 (2024).

[19] C. Yuan, W. Winter, and C. Lunardini, Astrophys. J. 969,
136 (2024).

[20] R.-L. Li, C. Yuan, H.-N. He, Y. Wang, B.-Y. Zhu, Y.-F.
Liang, N. Jiang, and D.-M. Wei, arXiv:2411.06440.

[21] X.-Y. Wang, R.-Y. Liu, Z.-G. Dai, and K. S. Cheng, Phys.
Rev. D 84, 081301 (2011).

[22] X.-Y. Wang and R.-Y. Liu, Phys. Rev. D 93, 083005
(2016).

[23] L. Dai and K. Fang, Mon. Not. R. Astron. Soc. 469, 1354
(2017).

[24] C. Lunardini and W. Winter, Phys. Rev. D 95, 123001
(2017).

[25] N. Senno, K. Murase, and P. Mészáros, Astrophys. J. 838,
3 (2017).

[26] D. Biehl, D. Boncioli, C. Lunardini, and W. Winter, Sci.
Rep. 8, 10828 (2018).
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