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Abstract

X-ray observations are essential for understanding the multimessenger emission mechanisms of active galactic
nuclei (AGN). Blazars, a subset of AGN whose X-ray emission predominantly originates from relativistic jets,
have been proposed as promising high-energy neutrino sources. In this work, we study the candidate neutrino-
emitting blazar 5BZB J0630-2406, which has been observed over multiple epochs with the XMM-Newton,
NuSTAR, Neil Gehrels Swift-XRT, and eROSITA observatories. Analysis of the X-ray spectra in the
2.0–10.0 keV band shows significant variability, with high-flux states adhering to a power-law model indicative of
jet emission. However, during low-flux states, the spectrum reveals an additional component in hard X-rays,
indicating a transition from jet-dominated to multicomponent X-ray emission, possibly associated with hadronic
processes. To investigate this spectral evolution, we tested various models and found it to be consistent with
coronal emission or photoionized absorption processes typically observed in obscured AGN. The identification of
the X-ray spectral variability in 5BZB J0630-2406, combined with its potential for neutrino production, opens
new perspectives in multimessenger astrophysics of blazars, highlighting the synergies between the mechanisms
of the jet and the nuclear environment.

Unified Astronomy Thesaurus concepts: Quasars (1319); Active galactic nuclei (16); Neutrino astronomy (1100);
Non-thermal radiation sources (1119)

1. Introduction

Active galactic nuclei (AGN) are prime targets for multi-
wavelength observations due to their variable emission, which
spans the entire electromagnetic spectrum, from radio
wavelengths to -rays. Among them, blazars host powerful
relativistic jets pointing toward Earth, which boost their
emissions. The emission processes in blazars can be explained
by leptonic and lepto-hadronic models. In leptonic models, the
spectral energy distribution (SED) of blazars is primarily
explained by synchrotron radiation and inverse Compton
scattering by relativistic electrons. Lepto-hadronic models
suggest that hadrons are accelerated along with leptons,
leading to processes such as pion production and synchrotron
radiation from secondary particles (K. Mannheim 1993). A
natural product of these secondary interactions are neutrinos.
In lepto-hadronic scenarios, neutrinos may originate in an
optically thick environment where the suppression of -ray
emission at the highest energies (E GeV–TeV) due to self-
absorption could lead to an enhanced flux in the soft-to-hard
X-ray range (M. Petropoulou et al. 2015, 2020; K. Murase
et al. 2016; A. Reimer et al. 2019; F. Oikonomou et al. 2021).

Observations in X-rays provide crucial insights into the
underlying physical processes, while also having the potential
to distinguish between leptonic and hadronic emission
scenarios (e.g., H. Zhang et al. 2019).
A case study highlighting the potential distinction between

scenarios is presented by the blazar 5BZB J0630-2406, where
previous attempts to model the observed electromagnetic
emission using conventional leptonic models have encountered
challenges (M. Ackermann et al. 2016). The object recently
gained further interest following the proposed association with
an IceCube neutrino hotspot, over 2008–2015, and inclusion
among the sample of candidate “PeVatron blazars” (S. Buson
et al. 2022a, 2022b, 2023, the last hereafter Paper I). With a
redshift constraint of 1.239 z 1.33 (M. S. Shaw et al.
2013; M. Lainez et al. 2023), it has been historically classified
as a BL Lacertae (BL Lac) object due to its featureless optical
spectrum and high synchrotron peak, with sy 1015Hz.
These blazars generally lack strong radiation fields, and their
SED is well described by a simple one-zone leptonic model,
i.e., a synchrotron self-Compton model. However, the analysis
of its quasi-simultaneous multiwavelength SED revealed that
5BZB J0630-2406 is intrinsically a “high-power blue flat
spectrum radio quasar” (G. Ghisellini et al. 2012), also know
as a “masquerading BL Lac” (P. Padovani et al. 2019). It hosts
a standard accretion disk and broad-line region (BLR),
including a powerful jet and radiatively efficient accretion
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(L LEdd 1.02, LBLR LEdd 5.79 10 4, A. Azzollini
et al. 2025, hereafter Paper PI) with similarities to other
candidate neutrino-emitter blazars such as TXS 0506 056, the
first high-energy neutrino source detected by IceCube
(IceCube Collaboration et al. 2018; P. Padovani et al. 2019).

Previous attempts to model the SED showed that a pure self-
synchrotron model, which is generally used for BL Lac objects,
faces challenges in adequately reproducing the broadband SED
(M. Ackermann et al. 2016). In an attempt to improve the fit,
external-Compton models, which are typically applied to flat-
spectrum radio quasars, were also tested but failed to provide a
satisfactory representation of the SED, with the X-ray data
displaying the largest deviation from the model. The authors
found that the only option to model the SED with conventional
leptonic models was to remove the X-ray points from the fits
and assign them to an additional, unmodeled component. In our
previous work, the SED has been modeled using both leptonic
and lepto-hadronic scenarios, suggesting that the hadronic
component is subdominant except in the X-ray and MeV bands
(G. Fichet de Clairfontaine et al. 2023, hereafter Paper TI). The
analysis of the simultaneous XMM-Newton and NuSTAR
spectra provided evidence (at 3 ) of a break in the X-ray
band, which is challenging to reproduce by purely leptonic
models. On the other hand, the break in the X-ray band,
assuming lepto-hadronic models, could be interpreted as
secondaries from the hadronic cascade, i.e., synchrotron
emission from leptonic pairs generated via Bethe–Heitler pair
production.

Motivated by the observed break in the X-ray spectrum, and
its multimessenger implications (e.g., neutrino production), we
systematically studied archival X-ray observations along with
newly granted Swift-XRT NuSTAR observations of 5BZB J0630-
2406, to further investigate the nature of the X-ray emission in this
blazar.

This paper is structured as follows: in Section 2, we describe
the data sets used for our analysis, including the specific
reduction procedures for each instrument. In Section 3, we
present a detailed investigation of the X-ray spectral proper-
ties, testing both simple power-law and more complex models
across all epochs. We then address the consistency of
outcomes across different epochs with tests performed in
Section 4. The observed X-ray spectral and variability
properties are summarized in Section 5, while their physical

origin is tested in Section 6. Then we put the findings into the
broader context of neutrino multimessenger astrophysics in
Section 7. Finally, multimessenger implications and conclu-
sions are presented in Section 8.

2. X-Ray Data Analysis

In this section, we present the X-ray observations and
analysis of data available from Swift-XRT, XMM-Newton,
NuSTAR, and eROSITA. Observations available for four
different epochs are referenced throughout the paper as
summarized in Table 1.
We anticipate that epoch T2 (a) offers the highest-quality

data set from the statistical point of view, encompassing
simultaneous observations performed with XMM-Newton,
NuSTAR, and Swift-XRT, which were analyzed in our
previous study (Paper TI). Additionally, epoch T4 includes a
joint observation with NuSTAR and Swift-XRT, while the
remaining observations encompass data from Swift-XRT or
eROSITA. The light curve displaying intrinsic fluxes for all
epochs is presented in Figure 1.

2.1. Swift-XRT

Swift-XRT data (N. Gehrels et al. 2004) were processed
using FTOOLS (v0.13.7) within the HEASOFT package (v6.32)

for analyzing FITS files. For Swift observations, the Swift-
XRT data were collected in photon counting mode. Event files
were calibrated and cleaned by applying standard filtering
criteria with the task, using the latest
calibration files available in the Swift CALDB distributed by
HEASARC. For spectrum extraction, we considered events in
the 0.3–10.0 keV energy range using the tool. After
visually inspecting the images to center the extraction region at
the coordinates of the optical counterpart, we extracted the
source signal within a circular region of radius 20 pixels
( 47 ), covering 90% of the XRT point-source function. For
the background spectrum, an annular region centered on the
source with an inner radius of 40 pixels ( 1.5) and an outer
radius of 80 pixels ( 3.1) was used.
Following standard analysis procedures, we created both the

exposure maps and the ancillary (ARF) files using the
and tasks, respectively. For targets

with multiple visits, such as T1 (a) and T1 (b), we then

Table 1
Summary of Observational Epochs with Corresponding Modified Julian Date (MJD), Calendar Date, Exposure Time (Expo.), and Instruments Used

Epoch MJD Date Expo. ObsID Instruments

(ks)

T1 (a) 54867 2009-02-05 5.3 00038384 Swift-XRT

T1 (b) 55382 2010-07-05 4.0 00040857 Swift-XRT

T1 (c) 55541 2010-12-11 1.3 00041690001 Swift-XRT

T2 (a) 56948 2014-10-18 2.3 00080776001 Swift-XRT

9.0 0740820401 XMM-Newton

66.6 60001140002 NuSTAR

T2 (b) 56970 2014-11-09 5.0 00091900001 Swift-XRT

T3 58948 2020-04-09 0.2 1eRASS J063136.5-240950 eROSITA

T4 (a) 60477 2024-06-01 3.2 00041690002 Swift-XRT

T4 (b) 60462 2024-06-05 1.7 00041690003 Swift-XRT

T4 (c) 60476 2024-06-15 3.5 00097520002 Swift-XRT

18.9 61060004001 NuSTAR

T4 (d) 60490 2024-06-29 5.0 00041690004 Swift-XRT
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observation is 3.5 times shorter than during T2 (a). We
address this limitation in Section 4.2.

The best-fit parameters for an absorbed power-law model
are listed in Table 4, and the corresponding spectra are shown
in Figure 6. The fit statistic values are close to the degrees of
freedom, indicating that the model describes the data well
within the limits of statistical uncertainties. The epoch with
joint Swift-XRT NuSTAR observations allowed us to con-
strain NH,ISM, leading to consistent results with previous
measurements. During this new observation at T4, we
observed a hardening of the spectrum, suggesting a potential
change in the spectral shape. We tested for the presence of a
spectral break assuming a broken power-law model. No
significant improvement in the model is found when modeling
a broken power law or any other multicomponent models used,
e.g., log-parabola, even though the source was in a similar flux
state to that in T2, where this behavior was first observed. The
lack of evidence for a spectral break, especially during T4 (c)

where NuSTAR data are available to constrain the hard X-ray
band, will be addressed in the next section.

4. Further Consistency Tests on the Additional X-Ray
Component

4.1. Splitting the T2 a Data

To further test the presence of an additional component in
the X-ray spectrum as observed during T2 (a), we analyzed
subsets of the joint XMM-Newton and NuSTAR data, dividing
the observations into two groups containing approximately
half of the data from each mission. Spectral analyses of these
subsets confirmed the presence of a break, with significance
levels of 2 and 3 in the two groups, respectively.
Furthermore, the best-fit parameters obtained from the subsets
were fully consistent with those derived from the full T2 (a)

data set. The persistence of the break across both subsets
supports its genuineness.

4.2. Impact of Limited Statistics in T4

Despite the target being in a comparable flux state during T4
and T2 epochs, and the joint Swift–NuSTAR observation at T4

(c) providing hard X-ray coverage, no clear additional
component in the X-ray emission is detected in T4. We
performed a joint analysis of the observations during T2 (a)

and T4. The results demonstrate that the break remains
statistically significant at 3.2 . Notably, the T2 (a) observa-
tions contribute approximately 70% of the total statistical
weight, indicating that the lack of a clear break in T4 is likely
due to insufficient data quality rather than an intrinsic absence
of the feature. This finding reinforces the idea that the
observed spectral break is a robust characteristic of the source,
while highlighting the critical role of sufficient high-quality
data for detecting such features.

4.3. Simulations with Exposure as of T4 Epoch

We use the XSPEC command to simulate spectra
and assess the likelihood that an additional component is also
present during the T4 epoch but remains undetected due to
insufficient statistics. We produced 104 simulated spectra for
both the Swift and NuSTAR data sets, utilizing the response
files from the actual T4 observations. For the XRT data, as
shown in Figure 1, no significant variability was detected
within the Swift-XRT energy range during the T4 timeframe,
therefore we combined all XRT observations taken in 2024 to
create a single spectrum with a total XRT exposure time of
13.5 ks. We ensured that all simulated XRT spectra had
consistent exposure times for both the background and the
signal to replicate the combined observation. For the NuSTAR
data, we maintained the original exposure times from the
actual observations. To generate the simulated spectra, we
used as reference the best-fit broken power-law model from T2
(a), 1 3.36, 2 2.63, and Ebreak 2.6 keV, and
renormalized the flux to match the observed flux values
during T4. We fitted both a power-law model and a broken
power-law model to each simulated spectrum to infer the
C-stat for each case. To account for the different responses

between the XRT and FPM cameras, we included a normal-
ization constant in the model, as we did in the actual
observations. The parameter space for the photon index
ranged from [1.5, 5.0] for the soft energies and from [ 2.0,
5.0] for the hard energy range with a break energy between
[0.01, 20.0] keV. The remaining model parameters were
allowed to vary freely during the fitting process. Throughout
this process, we also kept track of whether the fits not only
improved the C-statistic but also reliably recovered the input
parameters, ensuring the results were not skewed by parameter
degeneracies.
After running the simulations, we excluded trials that

showed parameter values truncated at the boundaries, leaving
us with a total of 9.2 103 valid simulations. The median
values of the best-fit parameter distributions recovered are as
follows: PWL 3.08 0.16, indicating the photon index of
the power-law model; =

+
3.431 0.29

0.34, representing the photon

index before the spectral break; =
+

2.352 0.29

0.49, representing
the photon index after the spectral break; and Ebreak 3.3
1.8 keV, which denotes the energy at which the spectral break
occurs. These values are consistent with the best-fit parameters
used in the simulated spectra as reference from the T2 epoch,
properly recovering the expected spectral characteristics.
Our objective is to determine the likelihood of recovering

the spectral break at a confidence level equal to or higher than
3 , by fitting the data with a broken power-law model.
To assess the significance of the break, we measured the

Table 4
Best-fit Parameters from Analysis of the X-Ray Observations during T4

Instrument Swift Swift

Swift–

NuSTAR Swift

Epoch T4 (a) T4 (b) T4 (c) T4 (d)

Rate (XRT) 3.5 0.4 3.1 0.4 4.0 0.3 3.2 0.3

Rate

(FPMA FPMB) 0.8 0.1

CXRT-FPMA 0.5+0.2
0.3

CXRT-FPMB 0.6+0.2
0.4

NH,ISM 5.5a 4.1+3.3
3.9 3.1+1.6

1.8 5.5a

+
3.25 0.20

0.21 +
3.18 0.52

0.56 +
2.71 0.19

0.20 +
3.17 0.17

0.17

Norm +
5.5 0.5

0.5 +
6.4 1.5

2.0 +
7.4 1.0

1.1 +
5.1 0.4

0.4

F2.0 10.0 keV 2.6+0.6
0.8 3.2+1.3

2.2 7.0+0.6
0.6 2.6+0.5

0.6

C-stat. dof 88.1 81 37.7 43 272.1 285 105.4 111

Note. The units of NH,ISM are 1021 cm 2, the normalization is in units of

10 4 photons keV 1 cm 2, rates are in units of 10 2 counts per second, and

the intrinsic flux in the 2.0–10.0 keV range is in units of 10 13 erg s 1 cm 2.
a
Value that was frozen during the fitting process.
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simple power law. This result is expected, as
primarily models the hard portion of the spectrum, causing a
softening effect on the primary power-law component. In the
fit, the photon index of the component reaches its
upper limit, corona 2.5, due to the reliance of the model on
previously generated tables limited to 1.1 2.5. Addi-
tionally, the reflection strength parameter, R, was found to be
notably large (R 20), resulting in the reflection dominating
the emission above 2 keV. However, such a high value of R
suggests that this model may not provide a physically reliable
description of the data, as it implies an unrealistically
dominant reflection component. While studies of Seyfert 2
galaxies, such as those by S. Marchesi et al. (2022) and
A. Pizzetti et al. (2022), effectively constrain the reflection
parameter occurring on nuclear scales at the core of the AGN,
this scenario is less plausible for a blazar like 5BZB
J0630-2406.

For the T2 (a) epoch, results closely resemble those obtained
for the T2 (b) data. The spectral fit yields a reflection strength
parameter in the range R 0.2–20 and a coronal photon index
of corona 2.5. Additionally, the recovered jet spectral index
of jet 3.5 is consistent with a two-component scenario for
the observed X-ray SED.

This model provides a statistically significant improvement
over a simple power-law fit, with a preference at the 3
level. While this scenario remains intriguing in the context of
high-energy neutrino production, the inferred reflection
strength and coronal properties remain somewhat difficult to
reconcile with the expected physical conditions of the source.

6.3. Model C: Nonrelativistic Ionized Reflection

We tested ionized reflection in the accretion disk illuminated
by the corona using the model from the
package (T. Dauser et al. 2016). The model
simulates nonrelativistic reflection from an ionized accretion
disk. The model we employed consists of a power-law
component to account for the primary radiation from the jet,
combined with reflected emission from a corona situated
directly above the disk. This setup typically represents
reflection from regions further from the central compact
object, where general relativistic effects are minimal.

Given the characteristics of the source, we fixed the disk
inclination at 5 , and set the cutoff energy of the coronal
emissions to Ecut 200 keV with the metal abundances fixed
to solar values, similarly to model B. We assume that there are
no contributions from the direct component irradiating the disk
by setting the reflective fraction R 1. According to the
best-fit model, the soft X-ray band is dominated by emission
from the jet, while the excess above 2 keV is attributed to
reflection from the corona, which exhibits a harder photon
index than the jet.

Applied to the T2 (a) spectrum, the ionized reflection model
C provides a statistically significant improvement ( 3 ) over
the power-law one. The recovered photon index for the coronal

emission is =
+

2.62corona 0.39

0.31, with a high ionization para-
meter for the disk (log 3). The latter is consistent with
values commonly found in AGN with radiatively efficient
accretion (D. R. Ballantyne et al. 2011), as expected for
5BZB J0630-2406 (Paper PI). While this model successfully
describes the data, it presents certain challenges given that the
inferred coronal photon index is toward softer values than the

typical ones observed in Seyfert galaxies, where such spectral
properties are well constrained.

6.4. Model D: Ionized Absorption from Jet–Cloud/Star
Interaction

An alternative scenario for the spectral properties observed
in T2 (b) is that the emission of the jet is absorbed by
intervening material, such as a cloud or a star. To model it, we
used the absorption component, which is often used
in obscured AGN. This model reproduces the effect of an
ionized absorber, covering the source completely (i.e., covered
fraction of 100%) and intercepting the primary continuum
along the line of sight. We fixed the redshift of the absorber to
that of the blazar. The results suggest a heavily obscured
medium, with a high column density of NH,cloud 1024 cm 2,
and a well constrained ionization state of the cloud. Testing for
partial covering absorption in this scenario indicates that it is
consistent with fully absorbing the source along our line of
sight.
Applying this scenario to epoch T2 (a), the best-fit model

suggests a partially absorbed jet, with about 50%–65% of the
emission absorbed, a dense interfering medium with NH,cloud

1024 cm 2, along with a jet photon index of jet 3.4 and a
high ionization state. Although the ionization parameter is not
well constrained, this model provides a statistical improvement
of 3.4 compared to the power-law one.

6.5. Summary of Alternative Models

To assess the plausibility of the physical interpretations
explored, we compared each alternative model to the null
hypothesis in which the X-ray spectrum is entirely produced
by emission from the jet. As shown in Table 5, all tested
models show a statistically significant improvement over the
null case above 2 .
While model A results in less statistical improvement than

the other models, the X-ray spectrum can still be well
described by a two-component power-law model across
different epochs, e.g., T2 (a). Considering that this model
relies on the fewest assumptions, it serves as a natural baseline
among the tested scenarios. On the other hand, both models B
and C offer greater statistical improvements. However, the
increased number of free parameters indicates that the data are
not sufficient to confidently constrain key quantities such as
the spectral index of the coronal continuum or the reflection
fraction. This limits our ability to robustly interpret these
models despite their statistical advantage.
Finally, the scenario explored in model D provides the best

fit to the data while successfully recovering the main physical
parameters. Additionally, as explained in Section 6.4, the
consistency of some recovered values with independent
measurements in AGN makes this scenario noteworthy.

7. Multimessenger Implications and Potential Neutrino
Connection

Following the identification of 5BZB J0630-2406 as a
potential neutrino source, in our previous study we carried
out a lepto-hadronic modeling of the quasi-simultaneous blazar
SED focused on T2 (a). Within that model, the additional
component in X-rays has been interpreted as the presence of a
hadronic contribution in the jet, possibly from Bethe–Heitler
processes or a mix of leptonic and hadronic components
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(Paper TI). In such environments, within regions of lower
ambient matter density, neutrinos are expected to originate
from p interactions, leading to harder neutrino spectra at
energies 100 TeV (e.g., TXS 0506 056; /dN dE E

2.0,
C. D. Dermer et al. 2014; A. Reimer et al. 2019).

The spectral variability observed in X-rays and the presence
of an additional X-ray spectral component across multiple
observations of low jet activity, close in time, suggest changes
in the underlying emission mechanisms during 2008–2015.
This period coincides with the timeline during which IceCube
observations revealed a neutrino hotspot from the direction of
5BZB J0630-2406, opening new interesting prospects in the
potential blazar neutrino connection. The previous section
presented alternative explanations for the observed X-ray
spectral properties. Among those explored, models B and C
lead to coronal properties in tension with typically observed
values. We further discuss implications of models A and D,
which appear as plausible physical scenarios.

7.1. Implications for Coronal Component

The presence of a coronal emission component, as
suggested by model A, prompts similarities to hadronic
scenarios proposed for NGC 1068, a Seyfert galaxy proposed
as a neutrino emitter (IceCube Collaboration et al. 2022). In
such sources, which lack powerful jets, high-energy protons
may be accelerated near the black hole (e.g., via stochastic
acceleration or magnetic reconnection) and interact with the
dense coronal photon field and surrounding matter near the
black hole (K. Murase et al. 2020, 2016, 2024; A. Kheirandish
et al. 2021; D. F. G. Fiorillo et al. 2024; D. Karavola et al.
2024). These interactions can produce detectable neutrino
fluxes around the TeV range, characterized by a steep neutrino
spectral index (for NGC 1068, a power-law fit to the
observations shows /dN dE E

3.3). In such environments,
interactions dominate over p processes as the dense

photon field in the X-ray to soft -ray regime significantly
increases the opacity for high-energy -rays through pair
production. The high optical depth suppresses the escape
of -rays, effectively making p interactions less efficient than
pp processes. Consequently, these interactions predominantly
emit radiation that is detectable primarily within the hard
X-ray to soft -ray spectral range. Building on this, A. Nero-
nov et al. (2024) propose a direct proportionality between the
intrinsic hard X-ray luminosity and neutrino flux, particularly
in Compton-thick sources, suggesting a linear scaling between
these two messengers. This is less likely the case for blazars,
where the X-ray band is dominated by the nonthermal
emission of the powerful jet (see also E. Kun et al. 2024).

The transitional spectral properties observed in 5BZB J06
30-2406 offer a unique opportunity to investigate the coronal
component in a blazar and may serve as a bridge for
understanding neutrino production mechanisms in both Seyfert
galaxies and blazars. D. F. G. Fiorillo et al. (2025) revisited the
corona hypothesis for neutrino production in TXS 0506 056,
demonstrating that while magnetic reconnection can accelerate
protons to tens of PeV, the resulting coronal neutrino emission
remains insufficient to account for the observed IceCube
spectrum. For TXS 0506 056, the estimated steady X-ray
coronal luminosity ranges from Lcorona 4 1043 erg s 1 to
Lcorona 4 1044 erg s 1. This is about an order of magnitude
lower than what we find for 5BZB J0630-2406. Based on
model A, the inferred coronal luminosity during the low-

activity state reaches Lcorona 5 1045 erg s 1, while in
the high-activity state, considering the measured 2–10 keV
integrated flux as an upper bound, it could increase up to
Lcorona 5 1046 erg s 1. As shown in recent studies (e.g.,
A. Neronov et al. 2025) we conclude that, for this blazar, the
corona remains an interesting perspective to be explored as
potential contributor to its neutrino emission.

7.2. Implications for Jet–Cloud/Star Interaction

In systems such as Seyfert galaxies, the general interpreta-
tion is that X-ray emission originates from the corona close to
the SMBH, making variable clouds likely to interact with it. In
blazars, any obscuration is more likely to occur on much larger
spatial scales, involving the jet or external environments rather
than the nuclear regions. The intervening material could be an
ionized cloud, e.g., of the BLR or a star (W. Bednarek &
R. J. Protheroe 1997; A. Dar & A. Laor 1997; A. T. Araudo
et al. 2010, 2013). While the rate for such interactions to occur
in blazars is expected to be some tens per month but remains
unconstrained, the typical jet–cloud interaction timescales are
of the order of hours (S. del Palacio et al. 2019). Therefore,
one would not necessarily expect to observe the same
phenomena across different epochs of years-long observations.
Jet–cloud star interaction scenarios have been explored in

studies on neutrino emission from blazars (e.g., K. Wang et al.
2022). Our derived gas column density for 5BZB J0630-2406
is consistent with the values (NH,cloud 1024 cm 2

) required
for neutrino production in models proposing jet–BLR cloud
interactions, as suggested for TXS 0506 056 (R.-Y. Liu et al.
2019). Such a scenario could potentially explain the neutrino
hotspot associated with 5BZB J0630-2406.

8. Conclusion

In this study, we have conducted a comprehensive analysis
of the X-ray emission properties of the blazar 5BZB J0630-
2406, utilizing data from XMM-Newton, NuSTAR, Swift, and
eROSITA across different epochs. Our analysis highlights the
transitional X-ray properties of 5BZB J0630-2406, with key
findings:

1. The X-ray spectra of 5BZB J0630-2406 show significant
variability in the 2.0–10.0 keV band. During higher flux
states, the spectra adhere to a power-law model
consistent with nonthermal jet emissions. In contrast,
lower flux states reveal an additional spectral component,
suggesting the potential contribution from coronal
emission, jet–cloud star interaction or other hadronic
components.

2. The spectral evolution is observed during the timeframe
when an IceCube neutrino hotspot is associated with
5BZB J0630-2406 (2008–2015, Paper I). Possible phy-
sical scenarios suggest a correlation between X-ray
variability and variability in neutrino emission. Thus,
regardless of the underlying mechanism behind the
additional component, the X-ray flare observed in 2011
may mark a phase of enhanced neutrino production,
favoring the detection of this blazar during these early
years of operation of IceCube.

3. Simulations were performed to estimate the exposure
required to confirm or rule out the additional spectral
component. We showed that joint observations with
XMM-Newton (33 ks) and NuSTAR (80 ks) would
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reliably detect or rule out the additional component in the
spectrum at high statistical significance ( 5 ). Such
observations would provide crucial insights into whether
the component is a transient phenomenon or an intrinsic
property of the blazar.

4. The detection of spectral changes in the X-ray band in
5BZB J0630-2406 offers a new perspective for studying
neutrino production in blazars, and possibly distinguish-
ing between hadronic mechanisms. If the neutrino
spectrum of 5BZB J0630-2406 follows a harder spec-
trum ( /dN dE E

2), this would favor p interactions
within the jet, while a softer neutrino spectrum would
suggest a common coronal origin as in the similar soft
emission from NGC 1068.

Facilities: Swift, XMM, NuSTAR, eROSITA, IceCube.
Software: ASTROPY (Astropy Collaboration et al. 2013,

2018), TOPCAT (M. B. Taylor 2005).
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