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ABSTRACT

Aims. We present a multimessenger case study of the blazar GB6 J1542+6129. We examined whether its multiwavelength behavior is
consistent with neutrino production in a compact region near the central black hole or with the parsec-scale radio jet.
Methods. We performed a multimessenger analysis combining ∼17 years of Fermi-LAT γ-ray data, including a 5% adaptively binned
light curve and Bayesian block decomposition, with ∼14 years of VLBI/MOJAVE observations to derive the Doppler factor evolution
of the radio core. These were compared to the temporal properties of a suspected IceCube neutrino flare with a duration of 147+110

−25
days, enabling a direct test of spatial and causal connections between neutrino and electromagnetic emission regions.
Results. The suspected neutrino flare appears to precede a γ-ray flare and a pronounced increase in the very long baseline (VLBI)
core Doppler factor by up to ∼1 year. The duration of the post-flare γ-ray activity is comparable to that of the neutrino flare, which
in our framework is consistent with both signatures originating from a single propagating disturbance whose temporal structure is
preserved during the propagation, rather than being set by the light-crossing time of any single emission zone. The γ-ray spectral energy
distribution remains consistent in shape in the full, flare, and post-flare intervals, indicating stable particle acceleration conditions. The
temporal ordering, taken at face value, places the neutrino production site upstream of the VLBI core.
Conclusions. The observations of GB6 J1542+6129 are consistent with a disturbance-driven multi-zone scenario in which neutrinos
are produced in a compact photon-rich inner region upstream of the parsec-scale VLBI core, plausibly in the coronal region, while the
same disturbance later enhances Doppler-boosted leptonic emission when it reaches the radio core. While the data alone do not strictly
establish this scenario on a population level, they show how time-domain multi-messenger observations of a single active galactic
nucleus can localize neutrino emission relative to the parsec-scale radio jet in a particular source.

Key words. neutrinos – radiation mechanisms: non-thermal – galaxies: active – galaxies: jets – gamma rays: galaxies –
radio continuum: galaxies

1. Introduction

Since the discovery of the diffuse astrophysical neutrino flux by
IceCube (IceCube Collaboration 2013), it has become a cen-
tral challenge of multi-messenger astrophysics to identify its
sources. Active galactic nuclei (AGNs), powered by accreting
supermassive black holes, are among the promising candidates
for the production of cosmic neutrinos (e.g. Begelman et al.
1984). Their compact central regions host dense radiation fields,
while relativistic jets in radio-loud AGNs provide additional

⋆ Corresponding author: kun.emma@csfk.org

sites for particle acceleration. However, the dominant physical
conditions and locations of neutrino production within AGNs
remain unresolved. Discovery-level associations, such as with
the blazar TXS 0506+056 and the Seyfert galaxy NGC 1068,
demonstrated that radio-loud and radio-quiet AGNs can produce
detectable high-energy neutrinos (IceCube Collaboration 2018;
Abbasi et al. 2022).

Effective high-energy neutrino production is expected to
occur in compact regions close to the central black hole, where
dense radiation fields, for instance, from the accretion disk,
broad-line region, and X-ray corona, provide abundant tar-
get photons for proton–photon (pγ) interactions. Relativistic
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protons, accelerated to PeV–EeV energies by shocks, magnetic
reconnection, or shear flows in the jet base, interact with these
ambient photons predominantly via the ∆+ resonance, p + γ →
∆+ → n π+ or p π0. Charged pions decay as π+ → µ+ + νµ fol-
lowed by µ+ → e+ + νe + ν̄µ, yielding high-energy neutrinos that
each carry ∼5% of the parent proton energy, while neutral pions
decay into photon pairs (π0 → 2γ) that initiate the accompany-
ing electromagnetic cascade. In such environments, high-energy
γ rays are efficiently absorbed (Kun et al. 2021, 2023) and repro-
cessed to lower energies, while neutrinos escape unattenuated
(e.g. Stecker et al. 1991; Murase & Waxman 2016; Murase 2022).
This naturally links neutrino emission to intrinsic hard X-ray
radiation tracing compact photon fields. Observational evidence
of a hard X-ray–high-energy neutrino correlation was first estab-
lished in three Seyfert galaxies (NGC 1068, NGC 3079, and
NGC 4151) by Neronov et al. (2024) and was later extended to
a broader population including Seyferts (e.g., CGCG 420-015)
and blazars such as TXS 0506+056 and GB6 J1542+6129 (Kun
et al. 2024).

In this work, we present a multi-messenger analysis of
GB6 J1542+6129 for which we combined Fermi-LAT γ-ray vari-
ability, very long baseline interferometry (VLBI) Doppler factor
evolution, and IceCube constraints. The blazar GB6 J1542+6129
(z=0.507) is a candidate neutrino emitter. Time-integrated
searches in 10 years of IceCube data report significances for GB6
J1542+6129 of p ≈ 0.0018 (pre-trial) when using the 2008–2018
dataset, which includes partial-detector data from 2008–2011
(Aartsen et al. 2020), and p ≈ 0.0126 when restricted to the
full-detector data collected between 2011 and 2020 (Abbasi et al.
2022). The IceCube multi-flare analysis identifies a flare peaking
on 2016-12-18 with duration 147+110

−25 days at a pre-trial signifi-
cance of p ≈ 0.0021 (Abbasi et al. 2021). In these searches, GB6
J1542+6129 is the fourth strongest neutrino association in the
IceCube source list. Together with its position on the proposed
hard X-ray–neutrino luminosity relation (Kun et al. 2024), this
makes GB6 J1542+6129 a prime target for studying whether the
multi-messenger behavior of a candidate neutrino blazar is con-
sistent with neutrino production in a compact photon-rich inner
region.

2. Fermi-LAT gamma-ray light curve

We analyzed ∼17 yr of Fermi-LAT data of GB6 J1542+6129,
covering the time interval from 2008 August to 2025 June
(Abdollahi et al. 2020). Events were selected in the energy
range 100 MeV–800 GeV within a 20◦ region of interest cen-
tered on the source position. Standard quality cuts were applied,
including evclass=128 (P8R3 SOURCE class), evtype=3
(FRONT+BACK events), and a zenith angle cut at 90◦ to sup-
press contamination from the Earth limb. The analysis was per-
formed using a binned likelihood approach within the fermiPy
framework, incorporating the standard Galactic and isotropic
diffuse background models as well as cataloged point sources
in the region. The minimum detection threshold for inclusion
of new point sources in the model of the region of interest was
TS=16. Initial light curves were produced using a fixed time bin-
ning (28, 56, and 84 days), revealing significant variability but
also a fraction of low-significance (TS < 16) data points.

To obtain a statistically robust representation of the source
variability, we constructed an adaptively binned light curve fol-
lowing a constant relative flux uncertainty criterion of 5%.
In this method, the widths of the time bins are adjusted so
that each bin satisfies ∆F/F ≈ 0.05 in an initial approximate

likelihood fit, ensuring approximately uniform statistical sig-
nificance throughout the light curve. This approach maximizes
the temporal resolution during high-flux states while preserv-
ing sensitivity during low-flux periods. The uncertainties in the
flux measurements are obtained directly from the likelihood
profile and correspond to statistical (1σ) errors. The fluxes in
each bin were derived from likelihood fits assuming a power-
law spectral model, and only bins with a reliable convergence
were retained. We show the resulting Fermi-LAT γ-ray light
curve of GB6 J1542+6129 in Fig. 1. The resulting adaptively
binned light curve reveals pronounced gamma-ray flaring activ-
ity, with enhanced emission episodes following the neutrino
flare epoch.

3. Analysis of the archival VLBI data

We analyzed archival 15.368 GHz Very Long Baseline Array
(VLBA) data from the Monitoring Of Jets in Active galactic
nuclei with VLBA Experiments (MOJAVE) survey (Lister et al.
2018), covering ∼14 yr of observations of GB6 J1542+6129. The
calibrated visibility data were self-calibrated and imaged with
DIFMAP (Shepherd 1997), and the brightness distribution was
modeled with circular Gaussian components fitted to the visi-
bilities. The innermost component was identified as the VLBI
core.

For each epoch, we derived the flux density S ν, sky position,
and angular size d of the jet component. The Doppler factor of
the VLBI core δ was estimated from its brightness temperature,

Tb,VLBI = 1.22 × 1012(1 + z)
S ν

d2ν2
K. (1)

Following Readhead (1994), we adopted the equipartition value
Teq = 5 × 1010 K, which corresponds to the state in which the
energy densities of the radiating relativistic electrons and the
magnetic field are comparable. This choice was motivated by
theoretical and observational arguments: synchrotron sources
tend to evolve toward equipartition because departures from it
are energetically unfavorable and short-lived (Readhead 1994),
and statistical studies of large VLBI samples reported intrin-
sic brightness temperatures clustered close to this value when
Doppler boosting was accounted for (e.g. Homan et al. 2006;
Liodakis et al. 2018). We caution, however, that this assumption
is best motivated for the typical (long-term quiescent) brightness
and not for the flaring state. During active phases, blazar cores
can depart from equipartition toward higher intrinsic brightness
temperatures, up to the inverse-Compton limit TIC ∼ 5 × 1011 K
(Kellermann & Pauliny-Toth 1969).

We show the evolution of the Doppler factor of the VLBI
core of GB6 J1542+6129 in Fig. 1. The evolution of the Doppler
factor is characterized by moderate values (δ ∼ 1–10) in most
epochs, but exhibits a pronounced peak at epoch 2018.092,
reaching δcore = 42.6 ± 8.6 under the equipartition assump-
tion, with the core size above the minimum resolvable size. As
explained above, the peak value should therefore be regarded
as an upper limit on the Doppler factor. The uncertainties on δ
were derived via error propagation, accounting for measurement
errors on S ν and d, as well as the uncertainty introduced by the
resolution limit. We note that only a single MOJAVE epoch falls
within the flaring interval, which limits the temporal resolution
at which the Doppler-factor evolution can be reconstructed for
the whole flare.
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Fig. 1. Multi-messenger temporal evolution of the blazar GB6 J1542+6129. The orange points (left axis) show the adaptively binned Fermi-
LAT γ-ray flux (100 MeV–800 GeV), constructed with a constant 5% relative uncertainty criterion. The green lines show the Bayesian blocks
with p = 0.05. The black points (right axis) show the Doppler factor of the VLBI core derived from 15 GHz MOJAVE observations. Under the
equipartition assumption (Sect. 3), these are upper limits, indicated by downward arrows, and should not be read as direct measurements; the data
are formally consistent with a constant Doppler factor. We also note the absence of VLBI epochs between early 2016 and 2018, which prevents a
precise localization of the epoch of peak core brightness. The vertical purple line marks the central epoch of the suspected IceCube neutrino flare
(Abbasi et al. 2021), and the shaded regions indicate its central duration of 147 d (darker band) and its 1σ upper extent of 257 d (lighter band). The
observed temporal offset indicates that the neutrino emission occurs earlier than the subsequent electromagnetic activity.

4. Discussion

We combined Fermi-LAT γ-ray observations with VLBI mea-
surements of the jet structure to investigate the origin of the
high-energy emission in GB6 J1542+6129. The 5% adaptively
binned γ-ray light curve and the time evolution of the VLBI core
Doppler factor are shown in Fig. 1. The VLBI core marks the
surface where the jet becomes optically thin at the observing
frequency and is typically treated as stationary.

Changes in the brightness temperature could in principle
arise from variations in jet orientation, but the VLBI data dis-
favor this: the jet direction remains stable, with no clear outward
motion or structural evolution, and the core flux density rises
concurrently with the apparent Doppler factor. Since the total
radio emission is strongly core-dominated and the jet ridge
line is unchanged, we interpret the enhancement as a transient
brightening of the VLBI core associated with the passage of a
disturbance, reflecting some combination of enhanced Doppler
boosting, increased emissivity, and a possible intrinsic departure
from equipartition during the active state and not a geometric
viewing-angle swing.

The multi-messenger data are temporally ordered: the sus-
pected neutrino flare appears to precede the γ-ray enhancement
and the VLBI Doppler-factor peak by up to ∼1 year. We empha-
size that the available data, in particular, the limited cadence
of the MOJAVE observations of the flare, prevented us from
measuring the γ-ray–radio delay (or the neutrino–radio delay)
with precision; our argument rests on the ordering of the neu-
trino flare center relative to the peak of the electromagnetic
activity, not on a precise delay measurement. In particular, no
VLBI epochs are available between early 2016 and 2018 (Fig. 1),
so the epoch of peak core brightness is only loosely local-
ized: the implied neutrino-to-radio ordering could range from

the ∼1 yr quoted here to zero, or even to slightly negative val-
ues on the order of half a year. We therefore treat the ∼1 yr
figure as an indicative upper estimate of the ordering rather
than a measured delay. This sampling limitation specifically
applies to the neutrino-to-radio ordering. The γ-ray flare itself
is well localized to ∼2018 by the Fermi LAT light curve; the
radio peak, by contrast, is poorly localized because of the VLBI
gap and could in principle precede the γ-ray flare. We there-
fore do not claim an observed radio–γ-ray simultaneity. Rather,
in the synchrotron self-Compton picture developed below, the
radio and γ-ray enhancements are co-spatial and hence expected
to be nearly simultaneous. This is a prediction of the sce-
nario that the sparse VLBI sampling can neither confirm nor
refute.

With this caveat, the ∼1 year ordering is naturally interpreted
as the propagation time of a disturbance, for example, a trav-
eling shock, magnetic reconnection event, or plasmoid, moving
outward along the jet. By “disturbance” we mean a localized
transient enhancement in the density and/or energy of the rel-
ativistic particle population, physically realized as a traveling
shock, magnetic reconnection event, or plasmoid. At the neu-
trino production site in the compact inner region, the disturbance
need not yet be ultra-relativistic: it accelerates protons close to
the black hole, where the dense radiation fields make pγ inter-
actions efficient, and it only subsequently becomes entrained in
the fast bulk-jet flow as it propagates to parsec scales. The mildly
relativistic effective velocities inferred above are consistent with
this picture. Close to the black hole, the dense radiation fields of
the accretion disk, broad-line region, and corona provide abun-
dant target photons for pγ interactions, so a disturbance that
accelerates protons there immediately produces neutrinos, while
co-spatial GeV γ-rays are absorbed via γγ → e+e− pair produc-
tion in the same photon fields. As the disturbance propagates
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outward and the emission region becomes transparent to GeV
photons, the γ-ray flare emerges with a delay set by the light-
travel time between the opaque inner zone and the transparent
outer jet.

In this picture, the γ-ray emission seen during the flare is
the disturbance-enhanced component, produced where the prop-
agating disturbance reaches the parsec-scale radio core (e.g.
Marscher et al. 2008; Agudo et al. 2011), rather than the steady-
state inner-jet emission expected at hundreds of Schwarzschild
radii in canonical high-power blazar models (e.g. Ghisellini &
Tavecchio 2009). The radio core marks the frequency-dependent
τ ≈ 1 surface at which the jet becomes optically thin to syn-
chrotron self-absorption at 15 GHz (Blandford & Königl 1979;
Lobanov 1998). At this location, the transiently enhanced popu-
lation of relativistic electrons produces the radio flare, and part
of the same synchrotron photon field is up-scattered to GeV γ-
ray energies via the synchrotron self-Compton process. The radio
and γ-ray enhancements are therefore expected to be essentially
co-spatial, both originating at the radio core: when the region
is optically thin to the 15 GHz radio photons, it is also trans-
parent to the resulting GeV γ-rays. The spatial separation in
our scenario is thus between the upstream neutrino production
site (the compact γ-obscured inner region) and the downstream
radio or γ-ray zone at the parsec-scale core and not between the
radio and γ-ray emission themselves. Internal shocks (Sikora
et al. 1994; Spada et al. 2001) and magnetic reconnection in
magnetically dominated jets (e.g. Sironi et al. 2016; Petropoulou
et al. 2019) are both established mechanisms for producing such
disturbances.

The disturbance path ∆r, the observed delay ∆tobs, and the
disturbance velocity βshock along the jet are related by

∆tobs = (1 + z)
∆r
c

(
1
βshock

− cos θ
)
. (2)

The VLBI core at centimeter wavelengths typically sits at ∼103–
106 gravitational radii from the central black hole (Marscher
et al. 2008; Hada et al. 2011), that is, ∆r ∼ 0.025–25 pc for an
FSRQ-class blazar with MBH ∼ 5 × 108 M⊙ (e.g. Ghisellini et al.
2010; Zhang et al. 2024). Combined with ∆tobs ∼ 1 yr and a small
viewing angle θ ∼ 1/Γjet, this implies an effective disturbance
velocity βshock ∼ 0.1–1 within the geometric range. We stress
that this range is essentially unconstrained by the present data:
it only excludes a static or strongly sub-relativistic disturbance
and is consistent with any mildly to highly relativistic propa-
gation speed. A meaningful velocity constraint would require
denser VLBI sampling of the whole flare. The mere existence of
an observed delay is nonetheless informative: a strictly luminal
disturbance viewed head-on would produce no time difference
between the upstream neutrino emission and the downstream γ-
ray flare because both would propagate at the speed of light from
the same starting point.

The broadband spectral energy distributions (SEDs) during
the full observational period, the neutrino-to-jet active interval
(2016 January 16–2019 January 19), and the post-flare interval
(2019–2025) are shown in Fig. 2. All three share a common log-
parabola shape within the uncertainties on α and β, with only
the normalization rising during the flare and dropping afterward.
This is consistent with a stable emission region whose brighten-
ing reflects an increase in particle or energy density rather than
spectral evolution. The comparable neutrino and γ-ray durations
further suggest that the observed timescale traces the lifetime
of the disturbance, not the light-crossing time of a stationary
zone. After the flare, the VLBI core Doppler factor returns to its
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Fig. 2. Broadband SEDs of GB6 J1542+6129 during the full obser-
vational period (blue), during the neutrino-associated flare interval
(orange), and during the post-flare interval (green). The data points rep-
resent the Fermi-LAT measurements in logarithmic energy bins, and the
solid curves show the best-fit log-parabola models.

pre-flare baseline while the γ-ray flux settles at a systematically
lower level, indicating that the long-term emission is governed
by plasma conditions and not by boosting. This is consistent with
a partial depletion of the downstream radiating population by the
shock. The disturbance can also propagate through a precondi-
tioned jet shaped by prior activity, producing intermittent highly
nonuniform acceleration reminiscent of lightning-like processes
in turbulent plasmas (Allen et al. 2024).

5. Conclusion

We presented a multi-messenger analysis of the high-energy neu-
trino source candidate blazar GB6 J1542+6129 for which we
combined Fermi-LAT γ-ray observations, VLBI-based Doppler
factor measurements, and IceCube neutrino data (see Fig. 1).
Taken at face value, the data show a temporal ordering in which
the suspected neutrino flare precedes the subsequent electro-
magnetic activity by ∼1 year. This delay, together with the
comparable durations of the neutrino and γ-ray flares, is con-
sistent with a single propagating disturbance whose temporal
structure is preserved during transit from a compact inner emis-
sion region to the parsec-scale jet. In this picture, the delayed
γ-ray emission, closely tracked by the Doppler-factor variability,
is most naturally explained as Doppler-boosted leptonic radiation
enhanced by the passage of the disturbance, while the neutrino
emission traces hadronic processes in a compact γ-obscured
inner region.

The observations are therefore consistent with a two-zone
scenario in which a propagating disturbance produces neutrinos
upstream and subsequently generates Doppler-boosted leptonic
emission (plausibly including synchrotron self-Compton (SSC)
and external Compton) as it propagates downstream. This frame-
work naturally accommodates the observed time ordering, the
correlation between γ-ray flux and Doppler factor (Fig. 1), and
the SED stability in the activity states (Fig. 2). Combined with
the geometric scale of the corona to the VLBI core (∼0.025–
25 pc for MBH ∼ 5 × 108 M⊙), the observed delay is consistent
with a (sub)relativistic propagating disturbance, consistent with
neutrino production in the coronal region, with the disturbance
subsequently propagating outward through the inner jet to the
parsec-scale VLBI core. The hard X-ray–neutrino luminosity
relation of Kun et al. (2024), established on a broader AGN
sample, provides empirical support for an origin in inner radia-
tively efficient regions. We emphasize that given the modest
individual significance of the IceCube excess on this source
and the limited cadence of the VLBI data during the flare,
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our results constrain a scenario consistent with inner-zone neu-
trino production and disturbance-driven jet variability, but do not
establish it. GB6 J1542+6129 nevertheless illustrates how time-
domain multi-messenger observations can be used to localize the
neutrino production site within an AGN.
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