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Abstract

A multiwavelength study of the flat-spectrum radio quasar PKS 1441425 (z = 0.939), one of the most distant blazars
detected in the very-high-energy (VHE; E > 100 GeV) y-ray band, is presented. Using uniformly processed data from the
Markarian Multiwavelength Data Center, Fermi-LAT y-ray data are combined with Swift XRT/UVOT, NuSTAR, and
ground-based optical and infrared measurements (ASAS-SN, ZTF, Pan-STARRS, NEOWISE) to characterize the emission
from the source in different states. An adaptively binned light curve shows a prolonged high state in the y-ray band starting
around MJD 57000, including a bright y-ray flare in late January and a hard emission spectrum in April coincident with
detection of VHE photons from the source by MAGIC and VERITAS. Using simultaneous data, SEDs are constructed
for three characteristic epochs - the bright HE y-ray flare in January, the April period with MAGIC and VERITAS VHE
detections, and the quiescent states in May and June - and modeled within a one-zone external inverse-Compton framework.
The theoretical modeling is implemented using novel convolutional neural-network surrogate models which allow full
exploration of parameter space. The modeling shows that the April-June SEDs are reproduced by weak magnetic fields and
an emission region of size R ~ 10!7 cm, implying an emitting zone located beyond the broad-line region. In this regime,
photons from the dusty torus provide the dominant external field, and internal yy absorption is negligible, allowing VHE
photons to escape from the emitting region. In contrast, the January flare is best described by a more strongly magnetized
and compact emission region R ~ 10'> cm, implying a location much closer to the central black hole, where disk and
BLR radiation dominate. Under these conditions, efficient vy absorption suppresses VHE emission despite the higher GeV
flux. The results support a scenario in which the 2015 activity of PKS 1441+25 is driven primarily by the relocation and
evolution of the dissipation region along the jet rather than by changes in the underlying emission mechanism.

Keywords Blazars, Flat-spectrum radio quasars, Relativistic jets, External inverse Compton, Multiwavelength observations

Introduction

Blazars are the most extreme class of active galactic nuclei (AGNs), characterized by the presence of a relativistic
jet closely aligned with the line of sight to the observer [1]. This geometric configuration results in a strong Doppler
boosting of the non-thermal jet emission and produces fast and strong variability across the entire electromagnetic spectrum,
often on timescales ranging from months down to hours [e.g., 2-5]. Their broad-band emission, strong polarization, and
rapid multiwavelength variability make blazars excellent laboratories for studying particle acceleration, jet energetics, and
radiative processes in relativistic outflows.

Blazars are generally divided into two subclasses: flat-spectrum radio quasars (FSRQs) and BL Lacertae (BL Lac)
objects [1]. FSRQs exhibit strong, broad optical emission lines and generally have luminous accretion disks surrounded
by a dense broad-line region (BLR). In contrast, BL Lacs show weak or absent emission lines. Despite their differences,
both subclasses show a characteristic double-peaked spectral energy distribution (SED) [6]. The low-energy component,
extending from radio to optical/X-rays, is attributed to synchrotron radiation from relativistic electrons in the jet. The
origin of the high-energy (HE; E > 100 MeV) and very-high-energy (VHE; E > 100 GeV) emission is generally explained
through inverse Compton (IC) scattering. In BL Lacs, the dominant process is synchrotron self-Compton (SSC) [7-9]
process, where synchrotron photons are up-scattered by the same population of electrons. In FSRQs, external inverse
Compton (EIC) processes - where external photon fields originating from the accretion disk [10, 11], BLR [12], or dusty
torus [13] serve as seed photons for Compton scattering - is the dominant HE emission mechanism.

Observations of blazars in the VHE y-ray band are of special importance. In this range, mostly BL Lac objects are
detected, whereas only a handful of FSRQs have been observed above 100 GeV. This is because the dense external photon
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fields in FSRQs results to strong absorption of VHE photons through yy pair production. Therefore, for VHE photons to
escape, the emission region must typically be outside the BLR.

PKS 1441+25 is one of the very few FSRQs that have been successfully detected in the VHE y-ray band. MAGIC
and VERITAS reported detections during an intense flaring episode in April 2015 [14, 15], revealing emission extending
to several hundred GeV. This discovery triggered a multi-instrument observing campaign that resulted in the collection
of extensive multiwavelength data. With a redshift of z = 0.939, PKS 1441+25 is among the most distant blazars ever
detected at VHE energies. At such distances, y-rays above ~ 100 GeV experience strong attenuation due to interactions
with the extragalactic background light (EBL). Consequently, the detections by MAGIC and VERITAS not only probe the
particle-acceleration and radiative processes operating within the jet, but also allows to obtain valuable constraints on the
EBL density in the near-UV to near-IR regime [14, 15].

Given its detection in the VHE +y-ray band and the availability of extensive multiwavelength observations, PKS
1441+25 offers a unique opportunity to investigate the physical conditions that allow production of the VHE photons in the
relativistic jet and to escape from an FSRQ environment. The primary goal of this paper is to carry out a comprehensive
multiwavelength study of the source using y-ray data from the Fermi Large Area Telescope (Fermi-LAT), X-ray data from
NuSTAR, and X-ray and optical/UV data from the Neil Gehrels Swift Observatory (hereafter Swift), together with additional
optical measurements. Then through theoretical modeling of the SEDs across different periods using self-consistent
radiative models to investigate the changes in the jet of PKS 1441+25 that yielded the emission of VHE photons.

The paper is structured as follows. The data analysis is presented and discussed in Section “Data analysis”. The
theoretical modeling framework and corresponding results are described in Section “Origin of multiwavelength emission
from PKS 1441+25”. The discussion is provided in Section “Discussion”, and the conclusions are summarized in
Section “Conclusions”.

Data analysis

PKS 1441+25 was monitored across multiple wavelength bands using a combination of ground-based and space-based
instruments. The datasets employed in this study are summarized below.

Fermi-LAT y-ray data

The y-ray observations from the Fermi-LAT are used to examine the emission of PKS 1441425 in the y-ray band. The
LAT is a pair-conversion instrument operating over an energy range of 20 MeV to 300 GeV and, in its nominal survey
mode, scans the entire sky approximately every three hours. A detailed description of the Fermi-LAT instrument can be
found in [16].

The y-ray data used in this study were obtained from the Markarian Multiwavelength Data Center [MMDC; 17], which
provides uniformly processed data from the observations of the blazars bright in y-ray band. A complete description
of the analysis methodology is given in [17]; here we summarize the essential steps. The analysis follows the standard
point-source procedures implemented in the fermitools (version 2.0.8) using the PSR3_SOURCE_V3 instrument response
functions. Events with high photon probability (evclass=128 and evtype=3) were selected within a 12° region of interest
centered on the y-ray position of PKS 1441+25 (RA = 220.99°, Dec = 25.02°), covering the interval from 2008 August 4
to 2023 July 4 (MET 239667417-710178221). To reduce contamination from Earth-limb emission, events with zenith
angles greater than 90° were excluded. For the binned likelihood analysis, the model included all sources within a 17°
radius of the target, as listed in the 4FGL catalog (incremental DR3; [18]). The spectral parameters of sources located inside
the 12° region of interest were left free during the fit, whereas those outside this radius were fixed to their catalog values.
The model also incorporated the standard Galactic and isotropic diffuse components, using the most recent templates,
gll_iem_vO07 and iso_P8R3_SOURCE_V3_v1. The significance of the y-ray emission was evaluated using the test statistic
TS =2(nL, —1nLgy), where L; and Ly denote the maximum likelihoods obtained with and without the source included in
the model [19].

The y-ray variability of PKS 1441+25 was investigated using the adaptive binning technique described by [20]. Unlike
methods that divide the light curve into fixed time intervals, this approach defines time bins according to the statistical
precision of the flux. Consequently, the bins become shorter during bright states-allowing to resolve the rapid variability
-and longer during low-flux periods, ensuring sufficient photon statistics. This method enables the detection of flux changes
and the identification of distinct emission states. To construct the adaptively binned light curve for PKS 1441+25, the full
dataset was segmented into intervals for which the flux uncertainty above the optimal energy threshold Eqy = 300.2 MeV
reaches 20%. For each resulting bin, a standard unbinned likelihood analysis was performed using the same cuts described
above. Within these shorter intervals, the spectrum of PKS 1441+25 was modeled with a simple power law, which provides
an adequate representation of the y-ray emission on such timescales.
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Fig.1 Multiwavelength light curves of PKS 1441+25 from 2008 to 2023. (a) Adaptively binned Fermi-LAT flux above 300.2 MeV, with the Bayesian-
block representation of the light curve (solid line), (b) y-ray photon index, (c) Swift-XRT 2-10 keV flux, (d) X-ray photon index in the 0.3—10 keV band, (e)
Swift UVOT optical fluxes in the V (circles), B (triangles), and U (squares) filters, (f) Swift UVOT ultraviolet fluxes in the W1 (circles), M2 (triangles), and
W2 (squares) filters, (g) Optical fluxes from ASAS-SN (triangles), ZTF (points), and Pan-STARRS (pentagons), (h) NEOWISE infrared fluxes at 4.6 um
(circles) and 3.4 pm (triangles). The pronounced high state around MJD 57000 is contemporaneous across the y-ray, X-ray, optical/UV, and infrared bands.

The y-ray light curve is shown in Figure 1, panel (a). The source exhibits enhanced y-ray activity beginning around
MIJD 57000. The highest flux above 100 MeV was measured on MJD 57046.91, reaching (9.11 +1.93) x 10~7 phcm™2 57!,
During this interval, the y-ray photon index was 2.27 + 0.24. While additional periods of elevated y-ray activity are present,
this episode represents the strongest y-ray flare of PKS 1441+25 within the time range considered. The temporal evolution
of the photon index is shown in Figure 1, panel (b). The mean y-ray photon index over the entire dataset is I'mean = 2.15,
although the spectrum occasionally hardens significantly. The hardest index, 1.64 + 0.21, was observed on MJD 57182.82.
In total, 41 time bins exhibit a hard spectrum with I" < 1.9. Notably, during the period when VHE y-ray emission from PKS
1441425 was detected (20-27 April) [14, 15], the HE-band photon index remained hard (I < 2.0) for most of the time.

X-ray band
In the X-ray band, the emission from PKS 1441+25 was examined using Swift-XRT observations in the 0.3—10 keV
range and NuSTAR data covering 3—79 keV.
5
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In the Swift archive, 29 observations of PKS 1441+25 are available. These data-along with X-ray observations of all
blazars by Swift-have been uniformly processed and are made publicly accessible through MMDC. A full description of the
X-ray data analysis procedure is provided in [17]; here we summarize the steps relevant to the present work. The analysis
was performed with the Swift_xrtproc tool [21], which builds on XRTDAS and uses XSPEC and XIMAGE to implement
the standard reduction methods required for analyzing Swift-XRT data. For each observation, the tool automatically
retrieves the archival dataset, applies event cleaning and filtering, and generates calibrated Level-2 products. Source counts
are extracted from a circular region with a radius of 20 pixels (~ 47 arcsec), while the background is estimated from a
nearby source-free region with a radius of 40 pixels. To check for possible pile-up, the count rate of each observation was
inspected, and datasets exceeding 0.5 count s~! were corrected following [21]. The spectra were grouped with GRPPHA to
ensure at least one count per bin and then imported into XSPEC [22] for fitting using Cash statistics [23]. Both power-law
and log-parabola models were tested, adopting a fixed Galactic hydrogen column density of 3.11 x 10?° cm™2. From the
final spectral fits, we obtained the photon index and flux measurements in different X-ray bands for each observation.

The time evolution of the 2—10 keV X-ray flux is shown in Figure 1, panel (c). Most X-ray observations were carried
out between MJD 57000 and 58000, coinciding with the period when the source exhibited enhanced y-ray-band activity.
The highest X-ray flux, (2.00 + 0.50) x 10~!2 erg cm~2 s~!, was observed on MJD 57127.5, exceeding by a factor of 7.3
the lowest flux of (2.73 + 1.81) x 10713 erg cm™2 s~! observed on MJD 57155.3. The temporal evolution of the photon
index in the 0.3—10 keV range is presented in Figure 1, panel (d). The mean photon index is 2.05, with values spanning
from a minimum of 1.78 + 0.28 to a maximum of 2.74 + 0.34. The observed variability in the photon index-ranging from
relatively hard I" = 1.8 to distinctly soft I ~ 2.7-suggests that the X-ray band in PKS 1441+25 can probe different parts of
the broadband emission. Harder spectra are consistent with sampling the rising portion of the inverse Compton component
or the transition region between synchrotron and inverse Compton components, while softer indices shows the X-ray band
is the highest tail of the synchrotron component.

NuSTAR, operating in the 3—79 keV band with its two focal-plane modules (FPMA and FPMB), observed PKS 1441425
on 2015 April 25. The data were retrieved from MMDC, where all data from NuSTAR observations of blazars are uniformly
processed and made publicly available [17]. A detailed description of the NuSTAR data-analysis is provided in [17];
here we summarize the steps relevant to this work. The analysis was performed using the NuSTAR_Spectra pipeline [24],
which downloads the raw event files, applies standard NuSTAR calibration and screening, and produces science-ready
products through the nuproducts task. Source photons were extracted from a circular region centered on the source, while
background events were taken from an annular region centered on the same position. The radii of the extraction regions
were automatically optimized by the pipeline based on the observed count rate, ensuring adequate signal-to-noise in both
bright and faint states. The spectra from FPMA and FPMB were then imported into XSPEC [22] and fitted jointly using
both power-law and log-parabola models, with Galactic absorption included. Cash statistics [23] were adopted to determine
the best-fitting spectral parameters.

The NuSTAR observation yields a 3-10 keV flux of (7.88 + 0.32) x 1072 ergecm™2 s~! and a 10-30 keV flux of
(5.85+0.41) x 10712 erg cm™2 s~!. The spectrum is relatively soft, with a photon index of 2.18 + 0.12. This observation
coincides with a Swift-XRT observation on the same day, for which a photon index of 2.05 + 0.24 was measured. The
combined Swift and NuSTAR data therefore provide continuous coverage of the X-ray spectrum from 0.3 to 30 keV,
enabling a consistent characterization of the spectral shape across the soft and hard X-ray bands.

optical/UV band

Together with the Swift XRT observations, PKS 1441+25 was monitored in the optical (V: 500-600 nm, B: 380-500
nm, U: 300400 nm) and ultraviolet (W1: 260—400 nm, M2: 200-280 nm, W2: 180-260 nm) bands using the Ultra-
Violet/Optical Telescope [UVOT; 25] on board Swift [26]. The UVOT data are retrieved from MMDC, where all Swift
UVOT blazar observations are uniformly processed and publicly released [17]. A detailed description of the reduction
procedure is provided in [17]; here we summarize the key steps relevant to this work. The data were reduced following
the standard UVOT data analysis using HEAsoft v6.29 and the latest HEASARC CALDB. Source counts were extracted
from a 5-arcsec circular region, while the background was estimated from a nearby 20-arcsec region free of contaminating
sources. Count rates were converted into fluxes using the UVOT calibration from [27]. Extinction corrections were applied
adopting a reddening value of E(B — V) = 0.038, obtained from the Infrared Science Archive!.

In addition to the Swift UVOT observations, MMDC provides additional optical data. Specifically, V- and g-band
photometry from ASAS-SN [28] was obtained by querying the public archive within a 5-arcsecond radius around the
position of PKS 1441+25. Likewise, photometric measurements in the g, 1, and i bands from ZTF [29], as well as g, 1, 1, z,

Uhttp://irsa.ipac.caltech.edu/applications/DUST/
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and y data from Pan-STARRS [30], were retrieved using a 5-arcsecond cone search. The details of these queries, along
with the extinction-correction procedure applied to the data sets, are described in [17].

The resulting optical and UV light curves are shown in Fig. 1, panels (e)—(g). In the optical/UV bands the same
general trend seen in the y-ray and X-ray light curves is present: the source enters a brightening phase beginning around
MIJD 57000. During this interval, the Swift UVOT observations show a pronounced increase in flux, with the highest
value of (8.03 + 0.18) x 107! erg cm~? s~! measured in the U filter at MJD 57132.24. Across this active period, a large
fraction of the UVOT measured fluxes exceed 10~!2 erg cm™2 s~!. The enhanced optical activity is most evident in panel
(g), where the Pan-STARRS and ZTF data indicate that the source remained in a relatively low state prior to MJD 57000
and again after MJD 58000, while the ASAS-SN measurements show a clear brightening between MJD 57000 and 57300.
The highest flux in the ASAS-SN data is (1.05 + 0.16) x 107! erg cm™2 s~! observed at MJD 60098.35.

In addition to the optical data shown in Fig. 1, panels (e)—(g), the infrared (IR) emission of PKS 1441+25 was examined
using observations from the Near-Earth Object Wide-field Infrared Survey Explorer [NEOWISE; 31]. The NEOWISE
measurements, retrieved from MMDC [17], include only the 3.4 and 4.6m bands. Because NEOWISE obtains data in short
intervals repeated every six months, measurements separated by less than 10 days were combined using a weighted mean to
improve the temporal sampling. The resulting IR light curve is shown in Fig. 1, panel (h), which reveals that the source
entered a bright state between MJD 57000~57500. During this interval, the flux peaked at (3.23+0.02) x 10™'? erg cm ™2 57!,
while in its typical state the flux remains in the range (2.00-3.00) x 107'3 erg cm~2 s~!. These IR measurements are
particularly important because [32] demonstrated that the spectral slope between 3.4 and 4.6um provides a predictor for the
synchrotron peak frequency in blazar SEDs. Thus, variations in the IR flux and spectral slope may reflect changes in the
synchrotron component of PKS 1441+25 emission.

Origin of multiwavelength emission from PKS 1441+25

The multiwavelength light curve shown in Fig. 1 illustrates the temporal evolution of PKS 1441+25 and provides a
basis for defining distinct intervals for theoretical modeling. To increase the statistical quality of the y-ray spectra, the light
curve is segmented into intervals of approximately constant flux using the Bayesian Blocks algorithm (solid line in Fig. 1
panel a). This procedure groups observations with similar flux levels, and the resulting merged data sets yield spectra that
extend to higher energies, which is essential for robust theoretical modeling. For each Bayesian Block interval, we also
search for contemporaneous multiwavelength observations, then investigate the SEDs with contemporaneous data. Based
on this approach, the following periods were selected for detailed modeling:

* 29-30 January: a period of enhanced HE y-ray activity with simultaneous Swift coverage.

* 24 April-28 April: an interval coincident with Swift and NuSTAR observations, as well as VHE y-ray detections by
VERITAS.

* 01-15 May and 01-04 June: two intervals during which the source remained in a quiescent state across all monitored
bands.

Selecting intervals that span both active and quiescent states enables investigation of the physical changes in the jet that
give rise to emission extending into the VHE y-ray band.

Theoretical Modeling

The SEDs corresponding to the selected periods are modeled within a one-zone external inverse Compton (EIC)
framework, commonly adopted for FSRQs [10-13]. In this scenario, the low-energy component is produced by synchrotron
radiation from relativistic electrons, while the high-energy component arises from inverse Compton scattering of both
synchrotron photons (SSC) and external photon fields. The latter may include radiation from the accretion disk, photons
reprocessed in the broad-line region (BLR), and infrared emission from the dusty torus.

The modeling is performed through MMDC using the neural-network—based methodology presented in [33]. This
approach replaces computationally expensive numerical calculations with a convolutional neural network (CNN) trained on
physically motivated radiative simulations, enabling efficient and self-consistent modeling of blazar broadband emission,
including particle injection and cooling. Similar surrogate-modeling strategies for SSC scenarios and lepto-hadronic cases
are described in [34] and [35], respectively. Here, a brief description of the CNN-based method is provided, and a a full
description is provided in [33] for a full description.
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Parameter ~ 29-30Jan 2015  24-28 Apr 2015  01-15 May 2015  01-04 Jun 2015

p 2.40 +£0.52 2.41 +£0.20 233+0.29 2.38 £0.35
log Yeut 371 +1.21 494 +0.19 5.04 £0.42 441 +0.96
o 42.62 + 8.04 45.36 + 7.46 3247 +7.85 39.53 £6.97
log B 0.77 £ 0.26 -1.66 + 0.36 -1.74 + 0.50 -1.79 + 0.80
logR 15.03 +£0.91 17.10 + 0.44 17.17 £ 0.44 17.13 £ 0.52
log L. 44.98 +0.83 45.99 +0.24 45.92 + 0.56 46.08 + 0.58
log L 44.43 43.77 43.46 43.44

Table 1 Best-fit physical parameters obtained from modeling the spectral energy distributions
of PKS 1441+25 during the four different periods. For each interval, the table lists the electron
injection index p, the cutoff Lorentz factor .y, the Doppler factor &, the magnetic-field
strength B, the radius of the emitting region R, and the electron kinetic luminosity L.. The
magnetic luminosity Lg is computed from the fitted B, R, and 6.

In this model, the electrons are injected into a spherical emission region of radius R, filled with a uniform magnetic
field B. The distribution of emitting electrons follows a power law with an exponential cutoff,

24 ) (1)
Ymax

for y > Ymin, and zero otherwise. Here Q. ¢ is the normalization defined such that L. = nR262mec3 flm Y, Q(y), dy, p
is the power-law indeX, Ymin and ymax are the minimum and maximum Lorentz factors, respectively, but the electrons
may cool below yp,;,. The emission region moves with bulk Lorentz factor I and is viewed at an angle ~ 1/T, yielding a
Doppler factor 6 =~ I'. The electron interact with both internal synchrotron photons as well as external photons from (i) the
accretion disk, (ii) the BLR, and (iii) the dusty torus. The accretion disk is modeled following the standard [36] thin-disk
model. The BLR is treated as a spherical shell at

O(y) = Qeoy P exp (—

12
Ld ) , ?)

Rpig =107 cm | —————

BLR ( 10% erg s~!

reprocessing a fraction fgr g = 0.1of the disk luminosity and emitting as a black-body spectrum peaking at vg g = 2.47x10'

Hz [37]. The dusty torus is modeled as a spherical shell located at
s Ly 1/2
Rpr =25%x10"cm (———— , 3

T (1045 erg s~! ) ©)

reprocessing a fraction fpr = 0.5 of the disk luminosity and emitting a black-body spectrum peaking at vig = 3 x 10'* Hz.

In this case the model contains nine parameters p, ¥min, ¥max»> B> R, 0, Le, Lg and the mass of the central supermassive

black-hole Mpy. For very broad range of these parameters, the SEDs are computed using the SOPRANO code [38]. These

simulations form the training data set for the CNN, which learns the mapping between physical parameters and the resulting
radiative output. The trained network is then used instead of the numerical code to model the observed SEDs.

Modeling results

The CNN-based EIC, SSC, and lepto-hadronic models described above are publicly available through the MMDC data
center. The trained neural networks are interfaced with the Bayesian inference framework of MultiNest [39], enabling
efficient nested sampling and determination of the parameter sets that best describe the observed SEDs. For all fits,
MultiNest was run with 1500 active points and a tolerance of 0.4, ensuring adequate exploration of the parameter space and
convergence of the posterior distributions. Because the low-energy (radio/IR) data are sparse or unavailable for the selected
periods, we fixed the minimum Lorentz factor to ymi, = 100 during the fit. The accretion disk luminosity was fixed to
Lg =2x10% ergs™!, and the black-hole mass to My = 6.76 x 107 M. Absorption by the extragalactic background light
(EBL) is included by adopting the model of [40].

The modeled SEDs for the four activity periods are shown in Fig. 2, and the corresponding best-fit parameters are
summarized in Table 1. All intervals can be reproduced within a one-zone EIC framework, but the physical conditions
inferred from the fits vary in a systematic way across the epochs. During the quiescent period between 1-15 May (Fig.
2 left bottom panel), the SED is explained by a moderately energetic electron population with a relatively high cutoff
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Fig.2 SED of PKS 1441+25 for the four different intervals selected from the multiwavelength light curve: 29-30 January 2015, 24-28 April 2015,
01-15 May 2015, and 01-04 June 2015. Black points show the contemporaneous multiwavelength data used in each fit. The solid black curve in each
panel represents the best—fit one—zone EIC model obtained with the CNN-accelerated inference framework, while the grey curves correspond to random
posterior realizations from the MultiNest sampling.

energy, log yeu = 5.0 so that the HE tail of the synchrotron components can reach X-ray band, and a Doppler factor of
about 32.5. The magnetic field is weak log B ~ —1.7, and the emitting region is comparatively large log R ~ 17.2. These
conditions implies that the source emission is Compton-dominated, where the external radiation field efficiently boosts the
inverse-Compton component without requiring either strong magnetic fields or extremely compact emission zones can
explain the observed HE y-ray data.

In the 1-4 June interval (Fig. 2 right bottom panel), the overall SED shape remains similar but with X-ray data describing
the increasing part of tye inverse Compton component (SSC). This is case the fit yields an increase in the bulk motion of
the emitting region, with the Doppler factor rising to ~ 40. At the same time, the electron energy distribution shifts toward
slightly lower cutoff energies (log ycu =~ 4.4 versus log ycy =~ 5.0). Despite this reduction, the higher Doppler boosting
allows the inverse Compton scattering of the external photon fields to explain the HE y-ray data. The magnetic field is low
and comparable to the value estimated in modeling the SED in May, but the electron luminosity increases, suggesting that
the enhanced emission is primarily driven by a larger number of radiating electrons rather than changes in geometry or
magnetization.

The changes in the SED are observed during the flaring periods. The SED during 29-30 January (Fig. 2 left upper panel)
episode shows a different set of parameters required to explain the SED. Here, the model requires a much more compact
emitting region (with log R ~ 15) and a significantly stronger magnetic field of log B ~ 0.8. Such a configuration naturally
shifts more power into the synchrotron component and can accommodate rapid variability. The Doppler factor remains
high ~ 43, but the cutoff energy is lower and less well constrained due to the more limited X-ray coverage in this interval.
This combination of compact size and enhanced magnetization distinguishes this SED modeling from all other periods.

The SED observed during 24-28 April SED when also VHE y-ray emission were observed from PKS 1441+25 is
shown in Fig. 2 right upper panel. The emitting region size and magnetic field are similar to the quiescent state, but the
Doppler factor increases to ~ 45, and the electron luminosity is slightly higher. The cutoff energy is well determined and
close to log ycy = 4.9, producing a HE peak that extends also to VHE y-ray band. Therefore in this period the enhanced
boosting strengthens the HE component without substantial changes in the underlying magnetic or geometric conditions.

The multi-epoch modeling presented here is consistent with earlier modeling of PKS 1441+25, but it shows a more
clear picture of how the jet conditions changes in different periods. A direct comparison between the parameters obtained
here and those reported in previous modeling efforts is not possible because (i) different data sets were used, and (i) the fits
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presented here rely on Bayesian nested sampling, whereas earlier studies typically employed local minimization procedures
or even qualitative, by-eye adjustments. For example, [15] showed that during April the emission zone must have been
located well outside the BLR so the 200 GeV can escape from the region which would be otherwise be absorbed by BLR
photons. Their modeling required a relatively large emitting region and weak magnetic field, conditions similar with those
inferred from the modeling of SEDs in April, May, and June which yielded extended, low-B, Compton-dominated regions.
Similarly, [41] also showed that the April flare was associated with a hardened electron distribution and increased Compton
dominance, which was interpreted as either an increase in the bulk Lorentz factor or enhanced magnetic fields within an
emission region already located beyond the BLR.

Discussion

The multi-epoch modeling reveals clear differences in the physical conditions of the emission region across the 2015
activity periods of PKS 1441+25. In the current modeling approach the emission-region radius, R, inferred directly from
the SED fits is linked with the the distance of the emitting zone from the central black hole. Importantly, we did not impose
any prior assumption about the location of the emitting region; rather, the fits naturally converged to different values of R
for each epoch, allowing to infer the dominant external radiation fields contributing to the EIC component as well as the
possible location of the emission region.

For the three SEDs observed during April, May, and June, the modeling results in a large emission-region radii,
with log R ~ 17. Such sizes correspond to distances well beyond the radius of the BLR. For a disk luminosity of
Lq=2x10% ergs™!, the BLR is expected to extend to Rg g =~ 10'7 cm, after which the energy density of BLR photons
drops rapidly. At these larger distances, the dominant external photon field becomes the infrared radiation from the dusty
torus. The SEDs of April-June display spectral shapes that are fully consistent with this picture: the inverse-Compton peak
is bright and smooth, without signatures of y-ray attenuation, and the magnetic fields remain weak, placing the source in a
Compton-dominated regime typical of emission occurring outside the BLR. These epochs therefore support a scenario in
which the dissipation region is located beyond the BLR and interacts primarily with torus photons.

The SED during the flare in January differs from this pattern. In this epoch, the modeling shows a smaller emitting-
region radius, implying a location significantly closer to the central engine. At such distances—well inside 10'” cm-the
energy density of external fields is dominated by direct accretion-disk radiation (mostly) and its reprocessed component
from the BLR. In this case, the disk photon fields plays an important role in shaping the HE component, and the reduced
distance naturally explains the spectral differences compared to the SEDs from the other periods. In this case, although the
v-ray flux increases, the spectrum remains soft and does not extend into the VHE regime—a behavior naturally expected if
VHE photons are absorbed within the BLR, supporting a scenario in which the emission region is located inside the BLR.
The January emission zone therefore appears to represent an earlier, upstream dissipation event occurring at a location
where the disk and BLR contributions are non-negligible.

Together, these results suggest an evolution of the emitting region along the jet: a compact, magnetically stronger zone
located closer to the black hole during the January event, followed by dissipation episodes occurring farther in April-June
where the torus radiation field dominates. This interpretation is physically consistent with both the change in SED shapes
and the systematic increase in R inferred from the modeling. The smooth transition across these epochs indicates that PKS
1441+25 did not undergo a change in the emission mechanism but rather a shift in the location of the dissipation region,
naturally producing the observed differences in Compton dominance, spectral hardness, and variability properties.

This scenario is further supported by the jet energetics. The electron kinetic power, L., shows a systematic increase
for the SED obtained in January 2015 compared with the SEDs modeled for April-June. During the latter periods, L.
reaches values of order 10* erg, s™!, while the magnetic power, computed as Lg = mcR2I"?Up, remains almost an order
of magnitude lower in these three states, showing a strongly particle-dominated jet once the emission zone moves beyond
the BLR, consistent with the weak magnetic fields inferred for these epochs and suggesting that most of the radiative output
is carried by a high density of relativistic electrons rather than by magnetic energy. The January episode differs in this
respect: the compact emission region and substantially stronger magnetic field yield a magnetic power comparable to the
electron power, making the jet closer to equipartition during this early phase. Such elevated magnetization is naturally
expected if dissipation occurs close to the black hole, where the jet is still undergoing collimation and accelerating. The
transition from the moderately magnetized January state to the particle-dominated April-June states therefore shows not
just a change in emitting-region location but also a redistribution of energy within the jet as it expands and interacts with
different external radiation fields.

10

Straive Journal: 10511 Article No.: 9892 TYPESET DISK LE CP Disp.: 2026/3/18 Pages: 13 Layout: Special




309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354
355

356
357

Astrophysics

Conclusions

In this work a multiwavelength study of PKS 1441425 is presented combining Fermi-LAT vy-ray data, Swift XRT/UVOT
and NuSTAR observations, and ground-based optical and infrared photometry, all uniformly processed and accessed
through MMDC. The adaptive-binning analysis of the Fermi-LAT loight curve shows that the source entered a prolonged
high state starting around MJD 57000, during which it exhibited a major HE y-ray flare in late January and a hard spectra in
April when VHE emission from the source were observed. The X-ray, optical/UV, and IR bands show correlated brightening
over the same interval, indicating that the entire jet emission zone underwent significant changes in this period.

Dividing the y-ray light curve into intervals using Bayesian Block algorithm, SEDs from four intervals were selected
and modeled within a one-zone EIC framework using novel CNN based method. This approach allowed to efficiently
explore the parameter space and to derive posterior distributions for the physical parameters governing the emitting region.
For the three SEDs obtained in April, May, and June, the modeling yields large emission-region radii, log R ~ 17, weak
magnetic fields, and electron kinetic powers exceeding the magnetic power by almost an order of magnitude. These
conditions correspond to dissipation occurring well outside the BLR, where the energy density of BLR photons has already
declined and the infrared radiation from the dusty torus dominates the external photon field. The resulting SEDs are
strongly Compton-dominated, with smooth high-energy components extending into the VHE band during the April interval,
consistent with the detection of VHE vy rays from PKS 1441+25 and with previous single-epoch modeling of the April flare.

The January flare displays a different set of physical conditions. In this epoch the fits resulted in a smaller emission
region, log R ~ 15, and a substantially stronger magnetic field, such that the magnetic and electron powers are closer to
equipartition. At these smaller radii the dominant external fields are the direct accretion-disk radiation and its reprocessed
component in the BLR. The soft HE spectrum and the absence of VHE emission are naturally explained if the emitting
region is located inside the BLR, where y—y absorption suppresses the escape of the highest-energy photons. This is the
most likely reason why, despite the January episode being significantly brighter in the y-ray band than the later activity
periods, no VHE photons were detected.

These results support a picture in which the 2015 activity of PKS 1441+25 is a results not only a change of the emission
mechanism, but by a relocation and evolution of the dissipation region along the jet. The jet appears to transition from a
compact, near-equipartition zone at distances with the BLR close to the central source, to an extended, particle-dominated
region beyond the BLR, with the dominant external photon field changing from disk/BLR to torus radiation. This evolution
naturally accounts for the observed differences in Compton dominance, spectral hardness, and variability, and provides a
self-consistent explanation for the occurrence of VHE emission only during the April episode.

Section title of first appendix

An appendix contains supplementary information that is not an essential part of the text itself but which may be helpful
in providing a more comprehensive understanding of the research problem or it is information that is too cumbersome to be
included in the body of the paper.
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