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ABSTRACT

We report on multiwavelength target-of-opportunity observations of the blazar PKS 0735+178, lo-
cated 2.2° away from the best-fit position of the IceCube neutrino event IceCube-211208A detected
on December 8, 2021. The source was in a high-flux state in the optical, ultraviolet, X-ray, and GeV
~y-ray bands around the time of the neutrino event, exhibiting daily variability in the soft X-ray flux.
The X-ray data from Swift-XRT and NuSTAR characterize the transition between the low-energy and
high-energy components of the broadband spectral energy distribution (SED), and the v-ray data from
Fermi-LAT, VERITAS, and H.E.S.S. require a spectral cut-off near 100 GeV. Both X-ray and ~-ray
measurements provide strong constraints on the leptonic and hadronic models. We analytically explore
a synchrotron self-Compton model, an external Compton model, and a lepto-hadronic model. Models
that are entirely based on internal photon fields face serious difficulties in matching the observed SED.
The existence of an external photon field in the source would instead explain the observed 7-ray spec-
tral cut-off in both leptonic and lepto-hadronic models and allow a proton jet power that marginally
agrees with the Eddington limit in the lepto-hadronic model. We show a numerical lepto-hadronic
model with external target photons that reproduces the observed SED and is reasonably consistent
with the neutrino event despite requiring a high jet power.
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1. INTRODUCTION

The IceCube Neutrino Observatory has detected a dif-
fuse flux of astrophysical neutrinos (Aartsen et al. 2013),
whose isotropic distribution of arrival directions sug-
gests an extragalactic origin, but has not firmly iden-
tified any neutrino point sources to date despite strong
evidence of TeV neutrino emission from a nearby active
galaxy NGC 1068 (Aartsen et al. 2020; Abbasi et al.
2022). A number of extragalactic sources are proposed
as candidates for high-energy neutrino emitters, includ-
ing clusters of galaxies, active galactic nuclei (including
blazars), starburst galaxies, v-ray bursts, supernovae,
and tidal disruption events (e.g., Kurahashi et al. 2022).
Any detection of a TeV — PeV neutrino-emitting source
will directly constrain the century-old puzzle of the ori-
gin of cosmic rays (e.g., Mészdros 2017), as these neu-
trinos must be produced by hadronic cosmic-ray inter-
actions.

Hadronic cosmic-ray interactions produce not only
neutrinos but also y-rays (from neutral pion decays)
and X-rays (from synchrotron radiation and cascading
of the secondary electrons/positrons). Observations at
~v-ray and X-ray bands are therefore critical for stud-
ies of neutrinos and cosmic rays. An important type
of source that exhibits strong and highly variable y-ray
and X-ray emission is blazars, a subclass of active galac-
tic nuclei with relativistic jets pointing towards Earth.
High-energy emission from blazars can be produced by
either leptonic (via inverse-Compton scattering of rel-
ativistic electrons) or hadronic interactions (Bottcher
et al. 2013), rendering electromagnetic observations, by
themselves, generally insufficient to probe the origin of
cosmic rays.

A more efficient approach to identify astrophysical
neutrino and ultra-high-energy cosmic-ray sources is
through multi-messenger observations of correlated neu-
trino and ~-ray events. High-power ~-ray blazars are
disfavored as the dominant origin of the observed Ice-
Cube neutrinos (e.g., Aartsen et al. 2017), but individ-
ual flaring blazars still provide promising opportunities
for the identification of neutrino emitters (e.g., Murase
et al. 2018). Because of their highly variable nature,
blazars can undergo strong flaring episodes during which
an accompanying IceCube neutrino signal would stand
out from the background. Besides, pre-selecting the
time window of a blazar flare also mitigates the look-
elsewhere effect associated with a blind point-source
search in the entire neutrino data set (see e.g., Abbasi
et al. 2021), further improving the sensitivity of these
searches.

The first evidence for a candidate TeV-PeV ex-
tragalactic neutrino source involved the ~-ray blazar
TXS 0506+056. The coincident detection of the neu-
trino event, IceCube-170922A, and the temporally corre-
lated ~y-ray flaring activity from TXS 0506+056 in 2017
(Aartsen et al. 2018a), combined with an excess of 1345
muon-neutrino events observed between 2014 and 2015
by IceCube (Aartsen et al. 2018b), suggested a possi-
ble association of the neutrino emission with the blazar.
The lack of y-ray counterpart during the neutrino flare
in 2014-2015 and the low ~-ray flux seen by Fermi-LAT
from NGC 1068 compared to the neutrino flux (Abbasi
et al. 2022), however, suggest that ~-rays may be ab-
sorbed in a dense radiation field that acts as an efficient
target for neutrino production through photohadronic
processes. Therefore, it is still unclear whether or not
astrophysical neutrinos are associated with blazars and
blazar flares. Further multi-messenger data on other
candidate sources are important to understand the con-
ditions and mechanisms for potential neutrino emission
from blazars.

A recent opportunity to explore the connection be-
tween neutrinos and high-energy blazars came with the
announcement of the neutrino event IceCube-211208A
(IceCube Collaboration 2021) detected by IceCube as a
track-like event with an energy E, =~ 171 TeV and a
50.2% probability of being astrophysical origin ' on De-
cember 8, 2021. The gamma-ray blazar PKS 0735+178
(redshift z = 0.45) is located immediately outside of the
90% error region (2.13°; statistical error only) for the
neutrino event, 2.2° away from the best-fit position. Ad-
ditionally, the Baikal-GVD experiment detected a high-
energy neutrino candidate event with an energy E, ~ 43
TeV (Dzhilkibaev et al. 2021) approximately four hours
after the IceCube event, about 4.7° (with an estimated
68% containment point spread function of 8.1°) from
the position of PKS 0735+170. KM3NeT neutrino de-
tectors found one up-going muon neutrino candidate
(~18 TeV) on December 15 in spatial coincidence with
PKS 07354178 with a p-value of 0.14 (Filippini et al.
2022). The Baksan Underground Scintillation Telescope
reported the observation of a GeV neutrino candidate
event four days before IceCube-211208A (Petkov et al.
2021). Multiwavelength observations of PKS 0735+178
revealed flaring states in the radio band (Kadler et al.
2021), optical band (Zhirkov et al. 2021), X-ray band
(Santander & Buson 2021; D’Ammando 2021; Feng et al.
2021), and GeV ~4-ray band (Garrappa et al. 2021),
which are potentially associated with the neutrino event

! https://gen.gsfc.nasa.gov/notices_.amon_g_b/136015_21306805.
amon
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IceCube-211208A. To follow up, we triggered NuSTAR
observations and provided precise measurements on De-
cember 11 and 13, 2021 of the X-ray spectrum that
was found to be harder than that seen with Swift-XRT
(Feng et al. 2021). In addition, the imaging atmospheric
Cherenkov telescopes (IACTSs) the Very Energetic Radi-
ation Imaging Telescope Array System (VERITAS) and
the High Energy Stereoscopic System (H.E.S.S.) per-
formed target-of-opportunity (ToO) observations that
yielded upper limits above 100 GeV.

Recently, Sahakyan et al. (2022) explored the connec-
tion between PKS 07354178 and IceCube-211208A and
reported on Fermi-LAT, Swift, and optical observations
of the blazar. They compared a proton-synchrotron
model and two lepto-hadronic models to explain the
spectral energy distribution (SED) of the source and
found that a lepto-hadronic model with PeV protons
(proton luminosity about three times the Eddington lu-
minosity) interacting with an external target photon
field yielded the highest neutrino rate (0.067 neutrinos
in three weeks). A similar study including NuSTAR
data was carried out by Prince et al. (2023), who argued
through numerical modeling that neutrino production is
insufficient without external photons, assuming the neu-
trino event and the photons are associated.

In this work, we report on multiwavelength obser-
vations of the blazar PKS 0735+178, including those
from NuSTAR, VERITAS, and H.E.S.S., contemporane-
ous with the IceCube astrophysical neutrino candidate
IceCube-211208A. Since the blazar is outside of the 90%
error region of the IceCube event by ~ 0.1°, and there
are a large number of y-ray blazars that exhibit strong
flares, it is uncertain whether or not there is an associ-
ation between the flaring events across the electromag-
netic spectrum and the neutrino event. We interpret
the broadband SED of the source in the context of both
leptonic and lepto-hadronic models, and discuss whether
the neutrino event could originate from the blazar.

2. OBSERVATIONS AND DATA ANALYSIS
2.1. VERITAS

VERITAS is an array of four IACTs located in south-
ern Arizona (31°40’30"N 110°57°07"W, 1.3 km a.s.l;
Park 2016). It is capable of detecting y-rays with ener-
gies from 85 GeV to >30 TeV, with an energy resolution
of ~15% (at 1 TeV) and a point spread function of ~0.1°
(68% containment at 1 TeV). A point source of 1% the
Crab Nebula flux is detectable by VERITAS at a sta-
tistical significance of five standard deviations (5 o) in
~25 hours.

Independently of the IceCube trigger, the blazar
PKS 07354178 was previously observed by VERITAS

between December 2010 and February 2011 for 5.2
hours. The source was not detected and a differen-
tial flux upper limit at 99% confidence level (C. L.) of
9 x 1072 cm™2 s7! TeV ™! at 260 GeV was derived
(Archambault et al. 2016).

In response to the IceCube and multiwavelength
alerts, VERITAS collected about 20 hours of quality-
selected data on PKS 07354178 between December 9,
2021, and January 8, 2022, at an average zenith angle of
20.2°. Observations were performed using the standard
“wobble” observation mode (Fomin et al. 1994) with a
0.5° offset. The source was not significantly detected. A
statistical significance of 3.4 o on the excess was derived
using events within a 0.1° region around the source. The
integral flux upper limit above 220 GeV, which is the
highest energy threshold among these observations, is
2.55 x 10712 em =2 571 at 99% C. L. assuming a power-
law spectrum with a photon index of 3 (following Rolke
et al. 2005).

The new VERITAS data were analyzed using the soft-
ware described in Cogan (2008), with a shower-image
template maximum-likelihood reconstruction method
and cuts optimized for lower-energy ~-ray events (see
e.g. Christiansen 2017), and independently confirmed
with another analysis software described in Maier
& Holder (2017). Two nearby Fermi-LAT sources
4FGL J0738.44+1539 and 4FGL J0743.14+1713 were ex-
cluded from the background estimation with an exclu-
sion radius of 0.3°.

2.2. HE.S.S.

Located in the Khomas Highland of Namibia
(23°16'18” South, 16°30'00” East), at an elevation of
1800 m above sea level, H.E.S.S. is the only IACT array
in the Southern Hemisphere (Aharonian, F. et al. 2006).
It consists of four 12-m telescopes (CT1-4) placed in a
square with a side length of 120 m, a field-of-view (FoV)
of 5°. A fifth 28 m telescope (CT5) (Bolmont et al. 2014)
was added in 2012 at the center, but it is not used in
this analysis.

Since 2012, H.E.S.S. has conducted a Neutrino-ToO
program searching for spatial and temporal correlations
between neutrinos and very-high-energy y-ray emission.
Triggered by the ToO alert from IceCube on December
8, 2021, H.E.S.S. observed in the direction of IceCube-
211208A for a total of 16 h from December 8 to 15,
2021, at an average zenith angle of 42.2°.0Only 3.8 h of
data were selected based on strict criteria on weather
conditions and instrumental status. Observations were
performed in wobble mode at an offset from the center
of the camera of 0.5° (Aharonian et al. 2006).
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The data were analyzed using the method described
in de Naurois & Rolland (2009) with standard gamma-
hadron separation and event selection cuts. A circular
region of interest (RoI) of 0.1° centered on the position
of PKS 07354178 was defined, and two regions of 0.25°
radius around the nearby sources 4FGL J0738.44+1539
and 4FGL J0743.14+1713 were excluded from the back-
ground estimation. The background was determined
using the standard “reflected background” technique
(Berge et al. 2007). The results were validated by a
second analysis which uses an independent event cali-
bration and reconstruction (Parsons & Hinton 2014).

No significant ~7-ray excess above the expected
background was detected from the direction of
PKS 0735+178. The integral flux upper limit at 99%
C. L. in the energy range between 0.1 TeV and 10 TeV
is 1.82 x 107" cm~2 s7! assuming a power-law spec-
trum with a photon index of 3 (following Rolke et al.
2005). For the upper limit calculations, the minimum
energy was chosen as the energy where the effective area
reaches 10% of its maximum value, while the maximum
energy was chosen such that the number of background
events Norr > 10.

2.3. Fermi-LAT

The Large Area Telescope (LAT) onboard the Fermi-
LAT satellite is a pair-conversion y-ray telescope sensi-
tive to vy-rays with energies from ~20 MeV to >300 GeV
from a > 2 sr FoV (Atwood et al. 2009).

A binned likelihood analysis was performed for the
Fermi-LAT data using the Fermi Science Tools version
11-05-03 ' and FermiPy version 1.0.1 2 (Wood et al.
2017) in conjunction with the latest PASS 8 instrument
response functions (Atwood et al. 2013). Photon events
were selected from an energy range between 100 MeV
and 300 GeV and a Rol of radius 15° centered on the
location of PKS 0735+178, within a maximum zenith
angle of 90°. A spatial binning of 0.1° pixel ™' and four
logarithmic energy bins per decade were used. The ini-
tial model consisted of all sources within 20° of the cen-
ter of the Rol, based on the spatial positions obtained
from the 4FGL Data Release 2 (4FGL-DR2; Abdollahi
et al. 2020) catalog, and the templates for isotropic and
Galactic diffuse emission, iso.P8R3_SOURCE_V2_v1.txt
and gll_iem_v07.fits, respectively. An iterative optimiza-
tion of the model was performed, removing weak sources
with a TS < 10 and searching for any additional point
sources (TS > 10) not accounted for in the 4FGL-DR2
catalog at each iteration.

L http://fermi.gsfc.nasa.gov/ssc/data/analysis/software
2 http://fermipy.readthedocs.io

PKS 0735+178 is included in the 4FGL catalog as
4FGL J0738.1+1742, with a peak energy Fpeax =~
(2.1 £0.3) GeV in the vF, representation estimated
from the preferred log-parabola model dN/dE =
No (E/Ey,) " P10eE/Eo) "where E is the energy scale,
E is the energy, a+3log(E/Ey) is the energy-dependent
photon index, and Ny is the normalization. In this
work, the Fermi-LAT spectrum of the source between
December 1 and 28, 2021 was fit with a log-parabola
model with Fj, fixed at 1.54 GeV. The best-fit parame-
ters are Ny = (1.95 £+ 0.16) x 107" MeV~! em=2 571,
a = 2.03+0.05, and 8 = 0.04 + 0.03, yielding the best-
fit peak energy as Epcax =~ 0.7 GeV and its 1-0 C. L.
interval as roughly 200 MeV — 2.5 GeV. The uncertain-
ties are statistical only. Monthly and daily binned light
curves between 100 MeV and 300 GeV were made from
likelihood analyses freezing the spectral curvature pa-
rameters a and ( while leaving the normalization free.

To check for GeV spectral variability, we conducted
a likelihood analysis with daily bins between December
1 and 28, 2021, leaving o and ( free. The best-fit val-
ues for o and 8 are consistent with being constant with
probabilities (p-values) of 0.55 and 0.88, respectively.
The curvature parameter, 3, is poorly constrained in
the daily spectra due to limited statistics and is con-
sistent with 0. On Dec 10 and 13, 2021, the best-fit «
values are 2.30 + 0.32 and 2.07 + 0.19, respectively, in
agreement with the average value 2.03 £ 0.05 used for
modeling.

2.4. NuSTAR

NuSTAR is a hard X-ray space telescope consisting
of two co-aligned optics and two focal plane detectors
(FPMA and FPMB) covering a 13’ x 13’ FoV. NuSTAR
is sensitive to 3 - 79 keV photons with an on-axis point
spread function of 18” (FWHM; Harrison et al. 2013).

Two NuSTAR ToO observations of PKS 07354178
were triggered by the IceCube-211208A alert, in com-
bination with the flux increase from the PKS 0735+178
detected by Swift-XRT and Fermi-LAT. Observation 1
(ObsID = 80701621002, exposure = 22 ks) was per-
formed on December 11, 2021, and observation 2 (ObsID
= 80701621004, exposure = 22 ks) was performed on De-
cember 13, 2021. The two observations were separated
by two days to test the flux and spectral variability of
PKS 0735+4178.

The NuSTAR data were processed using NuSTAR
data analysis software (NuSTARDAS) version 2.1.1 con-
tained within HEASOFT version 6.29 along with the NuS-
TAR calibration database (CALDB) version 20211202.
The source and background spectra were extracted from
a circular region of radius 30” and a box region of 2’ x 2/,
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respectively. The source spectra were binned such that
each bin has minimum 50 counts. Using XSPEC (Ar-
naud 1996), the binned spectra from FPMA and FPMB
of each observation were simultaneously fit between 3
and 40 keV beyond which background begins to domi-
nate. Observation 1 yielded 493/517 (net/total) counts
for FPMA and 469/521 counts for FPMB. Observation
2 yielded 386/412 counts for FPMA and 395/433 counts
for FPMB.

The spectra were well fit by a single power law with a
constant factor (cross-normalization) to account for the
difference between the two detectors (cons*po). Adding
an absorption component (cons*tbabs*po) does not
improve the fit quality or constrain the hydrogen col-
umn density. The total neutral hydrogen column den-
sity is low in the direction of the source (4.48 x
10%° atoms cm~2; Willingale et al. 2013) 3, thus the ab-
sorption in the NuSTAR hard X-ray band is negligible.
The best-fit photon index I" of observation 1 is 1.85+0.06
(1 o statistical error) with a reduced x? = 1.08 for 31
degrees of freedom (dof). Observation 2 exhibits slightly
harder spectrum than observation 1, yielding the best-fit
I' = 1.70 + 0.07 with a reduced x? = 1.06 for 26 dof.

2.5. Swift-XRT

The X-Ray Telescope (XRT) on the Neil Gehrels Swift
Observatory, sensitive to energies from ~0.2 keV to
10 keV (Gehrels et al. 2004; Burrows et al. 2005), ob-
served PKS 07354178 nine times in photon counting
mode for a total exposure of ~15.2 ks from December 10,
2021 to January 6, 2022 in response to the IceCube alert.
Prior to this event, 12 Swift observations were taken be-
tween December 2009 and October 2011, with a total
XRT exposure of ~21.3 ks. The Swift-XRT light curve
was retrieved from the public online tool “the Swift-XRT
data products generator” 4 (Evans et al. 2007, 2009) and
is shown in Figure 1. The Swift-XRT spectral analy-
sis was performed on data taken on December 10 and
13, 2021 (ObsID 00036372014 and 00036372016, respec-
tively) using HEASOFT version 6.29 and (CALDB) version
20210915. The source and background spectra were ex-
tracted from a circular region of radius 20 pixels and an
annulus region with inner and outer radii of 70 and 120
pixels, respectively. The source spectra for the observa-
tion on December 10 and 13 were grouped requiring a
minimum of 20 and 10 counts per bin, respectively. An
absorbed power law with the neutral hydrogen column
density frozen at 4.48 x 10%° atoms cm™2 was used to
fit the spectra, yielding photon indices of 2.71 + 0.09

3 https://www.swift.ac.uk/analysis/nhtot /index.php
4 https://www.swift.ac.uk/user_objects/index.php

(x?/dof = 11.8/18) and 2.68 & 0.16 (x?/dof = 18.3/15),
respectively. Note in Figure 2 that the Swift-XRT spec-
trum on December 13 captures the low-energy end of
the high-energy SED component above a few keV, con-
sistent with the NuSTAR measurements on the same
night.

2.6. Swift-UVOT

The Swift-Ultraviolet/Optical Telescope (UVOT;
Roming et al. 2005) is capable of detecting optical to
UV photons with six filters with central wavelengths of
V 5468 A, B 4392 A, U 3465 A, UVW1 2600 A, UV M2
2246 A, and UVW?2 1928 A. The SwiftUVOT obser-
vations of PKS 0735+178 were analyzed using HEASOFT
version 6.29 and (CALDB) version 20211108. A source
region with a radius of 5.0” and a background region
of the same size were used to extract signal and back-
ground counts. The magnitude of the source was then
computed using uvotsource and converted to flux using
the zero-point for each of the UVOT filters from Poole
et al. (2008). The extinction correction was applied fol-
lowing Roming et al. (2009), using the color excess E(B-
V) = 0.0292 (Schlafly & Finkbeiner 2011).

2.7. Other Multiwavelength Facilities

PKS 07354178 was monitored by many optical facil-
ities. For this study, we used the optical magnitudes
of PKS 07354178 in the g band from the publicly avail-
able aperture photometry results from the All-Sky Auto-
mated Survey for Supernovae (ASAS-SN; Shappee et al.
2014; Kochanek et al. 2017) 5, in the R band from the
Asteroid Terrestrial-impact Last Alert System (ATLAS;
Tonry et al. 2018; Heinze et al. 2018), in the B and R
bands from the Automatic Telescope for Optical Moni-
toring 2 (ATOM; Hauser et al. 2004), and in the K band
reported on the Astronomer’s Telegram from the Nordic
Optical Telescope (Lindfors et al. 2021). We also used
the 37 GHz results from the Owens Valley Radio Ob-
servatory (Kadler et al. 2021). The ASAS-SN, ATLAS,
and ATOM light curves are shown in Figure 1, and the
fluxes in all bands mentioned above measured between
one and eight days after IceCube-211208A are shown in
the SEDs in Figures 2 and 3. Archival data from radio to
UV band were taken from the ASDC SED Builder Tool
of Italian Space Agency (Stratta et al. 2011) including
data from various catalogs and databases (Planck Col-
laboration et al. 2011; Kuehr et al. 1981; Wright et al.
2009, 2010; Giommi et al. 2012; Ochsenbein et al. 2000).

5 https://asas-sn.osu.edu/
2 https://www.lsw.uni-heidelberg.de/projects/hess/ ATOM/
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3. RESULTS
3.1. Temporal Variability

The monthly ~-ray and the observation-wise X-ray
and optical light curves are shown in Figure 1(a) and
illustrate that around the time of the neutrino event
IceCube-211208A, the blazar PKS 0735+178 exhib-
ited the highest fluxes in all these data sets. The
flux above 100 MeV reached a peak of (3.1 £ 0.3) x
10~7 photon cm~2 s™! in the monthly bin centered at
December 24, 2021, roughly seven times higher than the
average flux in the 4FGL catalog and twice as bright as
the previously highest state in 2014.

Figure 1(b) shows the daily y-ray and observation-
wise X-ray and optical light curves during a ~2-month
period after the IceCube event, focusing on the highest
flux state of the source. The soft X-ray flux exhibited
daily variability, starting at the highest count rate of
0.28 & 0.01 s~ on December 10, 2021, followed by a
rapid decay down to about 0.1 s~! on December 12 and
13 (with a flux halving time of 2.2+ 0.4 d), and a rapid
rise to the second highest count rate of 0.2640.01 s~! on
December 17 (with a flux doubling time of 0.8 + 0.4 d,
which was used to constrain the size of the emitting
region in the discussions). A model with three expo-
nential components (two decaying and one increasing)
was used to characterize the soft X-ray flux variability
(see Figure 1(b)). The peak times were fixed to the
two XRT observations with the highest count rate, and
five parameters, two peak times and three variability
timescales, were left free. The optical observations also
revealed a decay in the brightness of the blazar by ~ 1
magnitude within three weeks after IceCube-211208A,
while exhibiting daily variability with a smaller ampli-
tude.

Daily variability above 100 MeV was present dur-
ing this highest-flux period, with a constant-flux model
yielding a poor fit with x2 = 79 for 25 degrees of
freedom, which is consistent with the variability above
300 MeV reported by Sahakyan et al. (2022). The
strongest evidence for fast GeV v-ray variability comes
from the low flux measured on MJD 59557 and the im-
mediately following high fluxes measured on MJD 59558
and 59559. The variability timescale, however, is model-
dependent and not well constrained given the large un-
certainty in the flux measurement. A fit to a model
with three flux peaks yielded the shortest best-fit vari-
ability time of 0.38 £0.46 day, consistent with the X-ray
variability mentioned above and the value of 0.35 day
reported by Prince et al. (2023). No evidence for short-
term spectral variability was found in the GeV spectrum
(see Section 2.3).

No hard X-ray variability was observed between the
two NuSTAR observations on December 11 and 13, the
3 — 40 keV fluxes of which are (3.2+0.2) and (3.0+0.2)

in units of 10712 erg cm™2 s7!, respectively.

3.2. Broadband SED

The broadband SED of PKS 0735+178 contempora-
neous with the IceCube neutrino event is shown in Fig-
ure 2. The SED includes Fermi-LAT, VERITAS, and
H.E.S.S. data averaged over ~1 month after IceCube-
211208A, and data from X-ray down to optical bands
for each observation on a given night between December
9 and 16, 2021. Among these observations, an approxi-
mately simultaneous SED can be constructed using data
from NuSTAR, Swift, and ATLAS taken on December
13, 2021. Given the daily variability, as discussed in the
previous section, the SED on December 13 should be
the focus of the numerical modeling (discussed in Sec-
tion 4.4).

The synchrotron and the high-energy peak frequencies
are loosely constrained by the rather flat optical /UV and
GeV y-ray spectra. Nominally, the highest energy flux
is observed at a few times 10 Hz and at ~ 10?* Hz,
respectively, but the spectral cut-off occurs at a some-
what higher frequency, in particular for the y-ray com-
ponent. The measured soft and hard X-ray spectra fully
constrain the tail of the synchrotron emission and the
beginning of the high-energy component of the SED, re-
spectively. The transition occurs at a few keV. To be
noted from the SED is the steep decline of the flux near
100 GeV. The VERITAS upper limit at 330 GeV is par-
ticularly relevant. After correction for absorption by ex-
tragalactic background light (EBL) (shown as the darker
red squares in Figure 2; Dominguez et al. 2011), the flux
limit is about a factor of ten below the log-parabola ex-
trapolation of the Fermi-LAT spectrum. There are at
least three ways to explain this finding.

1. There could be an intrinsic cut-off at about 100
GeV in the observed photon energy.

2. The redshift z = 0.45 £ 0.06 (Nilsson et al. 2012)
could be an underestimate, and the true value
might be z &~ 0.8. This would bring the upper limit
derived by VERITAS, after correcting for EBL ab-
sorption, in line with the power-law extrapolation
by Fermi-LAT. The redshift of the source was de-
rived assuming that BL Lac host galaxies can be
used as standard candles. A lower limit of 0.424
was derived from a Mg II absorption-line doublet
(Carswell et al. 1974). The identity of the absorber
towards PKS 07354178 is yet to be determined.
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Figure 1. The light curves of PKS 0735+178 measured by Fermi-LAT, NuSTAR, Swift-XRT, ASAS-SN, ATLAS, and ATOM.
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3. There could be significant v-ray absorption within
the broad-line or narrow-line region, whichever ex-
ists, which would require y-ray production within
a parsec or so from the central engine.

In section 4 we shall discuss the observed SED in the
context of the neutrino association.

4. DISCUSSION
4.1. Model Basics and SSC

We shall first discuss the implications of an intrin-
sic y-ray cut-off at 100 GeV, assuming a one-zone
synchrotron-self-Compton (SSC) scenario. The syn-
chrotron spectrum seems to peak at a few 10'* Hz in fre-
quency, or €peak = €peak,ev €V in photon energy, where
€pcak,ev is close to 1. The synchrotron peak is quite
broad and loosely constrained by the rather flat opti-
cal to UV spectrum, with UVOT data suggesting an
optical/near-UV flux that is a slowly declining function
of frequency. Beyond the near-UV band, there are no
measurements until the soft X-ray band. The Swift-
XRT flux at 300 eV is a factor of 30 below the UV flux
at 3 eV, indicating that the cut-off energy is likely below
100 eV, or €peak,ev S 100, and likely far lower based on
the slowly declining UV spectrum.

There has to be a SSC contribution to the SED. If the
Thomson limit applies, the ratio between the inverse-
Compton (IC) and the synchrotron peak frequencies
(100 GeV/epeak) gives the square of the peak Lorentz
factor of electrons, leading to

3% 10°

’}/peak S —— (1)
The Thomson limit at e, = 100 GeV requires v >
67/(Dmec2) ~ (8 X 103)/D25, where D = 25 D25 is the
Doppler factor, which renders the Thomson limit appli-
cable for a synchrotron peak up to the hard-UV band.
If the true synchrotron peak energy were close to or be-
yond this limit, which is unlikely given the UVOT and
XRT observations, the Klein-Nishina transition would
add to the cut-off at 100 GeV.

In the following, any quantity measured in the jet
frame is denoted with a prime (e.g., R'). For the nominal
redshift (0.45), the synchrotron peak frequency and the
peak Lorentz factor of electrons constrain the magnetic-
field strength in the emission zone,

BID ~ (1073 G) 6]2)cak,cV . (2)

Eq. 2 indicates that the magnetic field would have to be
very weak, unless the true synchrotron peak frequency
were large, €peak,cv > 1. Alternatively, the y-ray cut-off
may be at a few GeV, but that would leave the observed

flux at 10 GeV — 100 GeV unexplained, and so a weak
magnetic field is needed in the one-zone SSC scenario.
At the same time, the jet-frame photon energy density at
the synchrotron peak would have to be a factor of two or
three larger than that in the magnetic field to reproduce
the vF,, flux ratio of the IC and the synchrotron peak.
We shall now discuss whether or not that is possible.

Assuming isotropic emission in the jet frame, at the
distance d ~ 8 x 102" c¢m (see Eq. 28 in Planck Col-
laboration et al. 2020) from the observer, the intrinsic
photon density per logarithmic energy interval and the
energy density in the radiation field are

3d>

’_
U 7CR'2D4V

Fl/ = 6/77’ine (3)
Because of the flat observed optical spectrum in the v F),
representation, the energy density of the synchrotron
peak should be roughly similar to that at e ~ 1 eV,

corresponding to ¢ ~ D~! eV. We find
99X 1073 ergem ™3

U =~
1 2 ’
Das Rig

(4)

where we denote the radius of the emission zone as R’ =
R16 (1016 Cm).

The energy density in the magnetic field (cf. equa-
tion 2) required for the SSC peak to be close to 100
GeV and the synchrotron turnover at €pcak,ev is

W €
U ~ (6 x 107! ergem™3) peak,cV , (5)

which agrees with the energy density of the photon field
at the synchrotron peak only if the synchrotron cut-off
energy were high, €peak.ev 2 10, and likewise the size of
the emission zone, Ry = 10. More precisely, our new
TeV-band data require that

100
€ N ——
peak,eV D25 Rlﬁ

otherwise the high-energy component of the SSC sce-
nario will roll over far below 100 GeV. As the UVOT
data suggest €pcak,ev ~ 1, and the source radius cannot
be made arbitrarily large while keeping SSC dominant,
the SSC model has difficulty reproducing a 100-GeV cut-
off in the 7-ray spectrum.

The timescale of the flux variability at €peak,ev should
be at least as large as the total electron cooling time in
the observer frame, here about a third of the synchrotron
cooling time, and be commensurate with the observed
daily flux variations (see Section 3.1). We find in the
observer frame

(6)

1
toss = 3 tsyn ~ (0.7 hours) Déé“ Riéél , (7)
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Figure 2. The broadband SED of PKS 0735+178 in December 2021 along with archival data from radio to UV bands (shown as
gray filled circles). The VERITAS and H.E.S.S. spectra were averaged over the entire period of the ToO observations (see Section
2), with the observed SED and those corrected for the EBL absorption shown as the unfilled and filled symbols, respectively.
The Fermi-LAT spectrum was averaged over a four-week period from December 1 to 28, 2021. The magenta shaded region
shows the best-fit log-parabola model to the Fermi-LAT spectrum and its 1-o uncertainty.
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where in the last step we used Eqs. 1, 2, and 6. Evi-
dently, a very large emission zone will not allow rapid
energy losses. We should add that the flat v F}, spectrum
between the optical and the peak at epeak cv is likely ex-
plained by cooling, which requires an active state that
is at least as long as the loss time of electrons radiat-
ing in the optical band. This time is about ten times
longer than that at the best-fitting cut-off frequency
(cf. Eq. 6), but still shorter than one day. The fastest
observed variability timescale is ~ 1 day at soft X-ray
energies, at which the emitting electrons have an even
shorter synchrotron cooling time than that at €peak,ev-
The causality argument limits the radius to Rig < 5 Das
for daily variations. Diffusive escape primarily affects
the inverse-Compton component in a SSC model and
here is sufficiently slow, even if the diffusion coefficient
is a few hundred times the Bohm rate.

We conclude that for a synchrotron peak that extends
far into the UV band, the SED and in particular the
cut-off near 100 GeV could be reasonably well explained
with a one-zone SSC model. But if the synchrotron peak
indeed lies in the optical, as the data appear to show, the
high-energy ~-ray emission would fall off at significantly
lower energy than is observed, €ic peak << 100 GeV, and
the SSC model has difficulty reproducing the observed
y-ray spectrum.

4.2. Viability of Neutrino Emission

Since a simple SSC model cannot explain the SED of
the radiation from PKS 0735+178 unless the true syn-
chrotron peak is hidden in the unobserved far-UV band,
we shall now explore the viability of associated neutrino
emission, which cannot be accounted for by the SSC
scenario alone. A significant number of accelerated ions
or protons may also exist in the jet. Neutrino emission
through the pp channel requires a very large particle den-
sity in the jet and hence a large jet power (e.g. Pohl &
Schlickeiser 2000). More likely, neutrino production oc-
curs through pvy interactions (Gaisser et al. 1995). The
implications in the case of PKS 0735+178 depend on
the origin of the photon field with which the energetic
protons would interact (Sahakyan et al. 2022).

4.2.1. Co-spatially Produced Target Photons

If there were no absorption of gamma rays with a few
hundred GeV by pair production with ambient photons
from the broad-/narrow-line region (BLR/NLR), the
low observed flux upper limit at 350 GeV would strongly
constrain the possibility of neutrino production. This is
due to moderate EBL absorption at this energy (for the
nominal redshift of z = 0.45), as well as negligible in-
ternal absorption, unless D3 Ris < 0.03. The effective
area of IceCube for v-ray follow-up Bronze alerts with

neutrino energy E, ~ 170 TeV is Az ~ 30 m? (Blau-
fuss et al. 2019), and one 170-TeV neutrino event within
a month would correspond to a neutrino flux

EF,(E)~1.5x10"' ergem 257! (8)

that extends over a decade in neutrino energy. The true
neutrino flux, however, should be much lower than that
estimate, otherwise the hard X-ray flux from secondary
electrons (py pair production) in PKS 0735+178 would
exceed the observed level (e.g., Gao et al. 2019).

The cascade emission of charged and neutral pions in
the 100-TeV band provides a y-ray flux at a few hundred
GeV that is similar to the neutrino flux at 170 TeV
(Gao et al. 2017). The VERITAS upper limits are about
a factor 30 lower than that. If there is no strong ~-
ray absorption above about 100 GeV, then the expected
rate of neutrinos would be only 0.03 per month and the
association would likely be a chance event.

The proton energy is about 20 times the energy of the
emergent neutrino, assuming interaction through the A
resonance (e.g., Hiimmer et al. 2010). This is justified,
a), by the steeply declining number spectrum of target
photons between the optical and hard X-rays and, b), as
protons of higher energies would also produce neutrinos
at higher energy. In fact, at higher energies the IceCube
effective area is even larger, thus leading to a large ex-
pected number of observed neutrinos at an energy higher
than that of the event in question. The proton Lorentz
factor in the jet frame is

, 14220E,
Vp A

~ 2 x 10°Dy;' . 9
D mpcg 25 ( )
The typical energy of the target photons in p~y interac-
tions is

e;arget ~ M ~ Das (1 keV). (10)
7p

In the observer frame, that would be 25 keV, i.e. in
the energy band covered by NuSTAR. Assuming the
hard X-rays are produced co-spatially with the neutri-
nos and isotropically in the jet frame, we can estimate
the jet-frame photon density as a function of the ra-
dius of the emission zone, R’. In analogy to the deriva-
tion of equation 4, but for the hard X-rays with flux
vEF, =~ 2 x 10712 ergem?s™1, we find for the jet-frame
photon density

;L 2X 10° cm ™3

R 11
nln € D4215 R%6 ( )

The cross section of py interaction is op,, =~ 5 X
10728 cm?. With the inelasticity K = 0.2 (Miicke et al.
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2000) we find for the energy-loss time of the radiating
protons

1
th A~ Kol o ~ Dy Ry (1.7x10%s).  (12)
In the observer frame, that would correspond to a few
thousand years. Protons will diffusively escape from the
emission zone in a much shorter time, even for Bohm
diffusion, and hence py interactions are an inefficient
loss process. To reach any kind of reasonable output, we
need a source radius Ris < 1. That would also be called
for, if the emitter were located inside the BLR/NLR.
The most important unknown input in an estimate of
the proton injection luminosity is the observed duration
of the active state, Thct. Building on Eq. 8 we find the
neutrino luminosity that gives one neutrino as

_ 6x 10" erg/s (30 days>

L ~
v 1
D5y Thoct

(13)

The required proton injection luminosity is at least a
factor ¢, /T, larger than the neutrino luminosity,
o> Bis (30 days>2 (1.5 x 10* erg/s) . (14)
b D25 Tact
In the AGN frame, the kinetic power of the jet is approx-
imately a factor D? larger than that and would exceed
the Eddington limit (see e.g., Ghisellini et al. 2014),
which is Leqq =~ 1047 erg s7! for Mgy ~ 8 x 105M,
(Ghisellini et al. 2010), unless the activity state lasts
much longer than 30 days, in fact at least half a year.
The same problem arises for TXS 05064+056. Given the
high X-ray flux (which could largely be produced by sec-
ondary electrons), it is possible to reproduce the SED
of PKS 07354178 with a lepto-hadronic scenario, if the
power requirement could be reduced (see also Sahakyan
et al. 2022).

4.2.2. Target Photons from the BLR/NLR

External photon fields may potentially reduce the
power requirement. For example, spine-sheath models
(e.g. Tavecchio & Ghisellini 2015) require less power but
imply a coherent bright sheath that is at least ten par-
secs long, otherwise the activity cannot last more than
a few weeks.

The featureless optical spectrum of PKS 07354178
suggests that it may be a BL Lac. It has been noted in
BL Lacs that the jet may pass through a region harbor-
ing a significant jet-external photon field (Foffano et al.
2022) that for simplicity we henceforth refer to as BLR.
The BLR is an external source of photons, with which
high-energy protons could interact and produce neutri-
nos. If BLR emission would be the dominant source of

target photons, then the particle acceleration site can-
not be comoving with the jet. If it were, it would leave
the BLR within a few days of observed time, as in that
time span the jet travels about a parsec for a Doppler
factor D = 25. This decreases the Doppler boosting of
the emission, but relaxes the factor D? that would oth-
erwise govern the relation between the jet-frame proton
injection luminosity and the kinetic power of the jet, and
likewise for leptonic models (e.g. Sokolov et al. 2004).

To estimate the photon density inside the BLR, we
assume that the accretion disk produces 10% of the ob-
served UV flux, about 10% of which is rescattered. For
a BLR of radius R ,r = 2 pc and monoenergetic pho-
tons of energy eprr =~ 15 eV, the photon density within
the BLR in the AGN frame is

Nne ~ 7% 10° ecm™ . (15)

The pair-production opacity within the BLR would be
around unity for photons of about 200 GeV (Poutanen
& Stern 2010), consistent with a scenario in which the
sharp drop of observed flux near 100 GeV is at least
partially caused by absorption in the BLR.

In the jet frame, the photon density would increase by
the jet Lorentz factor, I', and the mean energy of BLR
photons would be

e = Ta5 (2 x 10" em™), e p ~ Tas5 (500 eV) |
(16)
which is reasonably close to that estimated in Eq. 10
and hence permits a rescaling of the estimate for internal
photon fields.
The energy-loss time of the radiating protons would

be
, _L7x10's

t,., =~ 17
and the proton injection luminosity would be
44 2
> 1.5 x 10 5erg/s (30 days> . (18)
F25 D25 Tact

The jet luminosity is about a factor D? larger (about
10*7 erg s71) and in marginal agreement with the Ed-
dington luminosity (Xie et al. 2002).

4.3. Eaternal Compton Scattering

The emission zone radius is not constrained in an ex-
ternal hadronic model and can be determined by the lep-
tonic emission processes. 1C scattering of BLR photons
would be strongly Klein-Nishina-suppressed for elec-
trons with a Lorentz factor exceeding a few hundred.
Radiation modeling of blazars often requires a hard elec-
tron spectrum, N(7y) o< v~2 or similar, with Lorentz fac-
tors up to a few thousands. The inverse-Compton out-
put would then be a narrow spectral component at the
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Klein-Nishina transition, Fxny =~ 10 GeV, with a hard
spectrum at lower energies, vF, o %%, that asymp-
totically transitions to a steep decline well above a few
tens of GeV (e.g., Sikora et al. 2009), which is well in
line with the new flux limits in the TeV band that we
present. The same pair absorption in the BLR as dis-
cussed in Section 4.2 also introduces a spectral cut-off
around 200 GeV. The Klein-Nishina effect and the pair-
absorption process will both contribute to the steep de-
cline of the observed flux around 100 GeV. The peak
flux of the upscattered BLR photons at about 10 GeV
can be scaled to the observed flux at 1 MeV, to which
the same electrons would up-scatter the optical photons
at the synchrotron peak in the Thomson regime.

For our fiducial parameters Dos and Rig the vF, flux
at 10 GeV from up-scattering BLR/NLR photons may
be a factor of 10 higher than the SSC flux at 1 MeV, and
even higher for a larger Doppler factor. It then appears
viable to produce the observed radiation at 10 GeV to
100 GeV with external Compton scattering, which per-
mits the SSC component to fall off at a few GeV. The
corresponding reduction in ypeax (cf. Eq. 1) permits a
stronger magnetic field than estimated in Eq. 2. Repro-
ducing a comparable v F}, flux of the synchrotron and the
~-ray component in the SSC scenario would no longer
require a high value of €,cak cv. This alleviates the re-
quirement of a strong unseen UV synchrotron compo-
nent that in an SSC model we found necessary to explain
all y-ray data up to 100 GeV (see Section 4.1). It also
implies that the cut-off near 100 GeV is partially caused
by pair production with BLR photons and partially by
the maximum energy of the external-Compton emission
component.

4.4. Numerical SED Modeling

Starting from the analytical estimates discussed in the
previous section, we performed a numerical simulation of
the photon and neutrino emission from PKS 07354178
during the December 2021 flaring event. We used the
code described in Cerruti et al. (2015) that computes
the emission at equilibrium by a spherical plasmoid in
the jet, parametrized by its radius R’, and Doppler fac-
tor D, filled with a homogeneous magnetic field B’. The
code assumes that primary populations of electrons and
protons are present in the emitting region. Hadronic in-
teractions spawn secondary particles (photons from 7%
decay and electrons/positrons from 7+ decay and Bethe-
Heitler pair production) in the emitting region: these
trigger electron-positron pair cascades that radiate via
both synchrotron and inverse Compton scattering. Neu-
trinos instead leave the emitting region with a negligi-
ble probability of interactions. Protons interact with

both the internal photon fields (synchrotron and inverse
Compton emission by primary electrons) and with ex-
ternal ones that are parameterized by a gray-body spec-
trum with temperature 77 = 2 x 106 K, commensurate
with the mean photon energy quoted in Eq. 16.

Primary protons are assumed to be described by a
simple power-law energy distribution with an exponen-
tial cut-off, while primary electrons are described by
a broken power law with an exponential cut-off. This
choice is motivated by the fact that primary electrons
are certainly cooled due to synchrotron radiation, while
primary protons are supposed here to be not cooled: this
hypothesis is confirmed a posteriori by comparing all rel-
evant timescales. The primary electron distribution is
thus defined by six free parameters (the two power-law
indices a1 and a. g, the minimum/break/maximum
Lorentz factors vy, o Vhrer a0d Ynax e, and the nor-
malization number density n.), and the primary proton
distribution by an additional four (the index «}, mini-
mum,/maximum Lorentz factors v;,;, , and Vj,ax, p, and
the normalization number density n},).

Together with the three parameters (B’, D, and R’)
describing the emitting region, and the normalization of
the external photon density Uy, the total amount of
free parameters of the model is 14. Instead of fitting a
model with many free parameters, we aimed at a solu-
tion that describes the photon SED and maximizes the
neutrino output. The indices of the injected primary
particles are fixed to a.1 = ap, = 2.0, while that of the
cooled electrons is fixed to 3.0 as expected from simple
synchrotron cooling. The Doppler factor of the emit-
ting region is fixed at 30, a typical value for blazars.
The other free parameters are manually optimized to
reproduce the SED via a dominant SSC and EIC com-
ponent in the y-ray band, and a sub-dominant hadronic
component. The latter cannot be arbitrarily luminous;
it is mainly constrained by the Bethe-Heitler component
that emerges in the X-ray band. Neutrino rates are com-
puted using the effective area Aeg ~ 30 m?. In Fig. 3 we
show the SED resulting from the lepto-hadronic model-
ing, with both the photon and neutrino components.

A detailed list of model parameters is provided in
Table 1. The expected neutrino rate is ~ 1.5 events
per year, or 0.125 events in a 30-day activity period,
marginally consistent with the detection of a single event
by IceCube. The power of the jet needed to produce the
amount of photons and neutrinos is 2 x 10*® erg s7! —
roughly 20 times higher than the Eddington luminosity,
of a supermassive black hole with a mass of 10° M, but
it is very dependent on the choice of a; and 7y, min. The
values assumed here, 2.0 and 1, respectively, are conser-
vative with respect to the total jet power. A harder



MWL OBSERVATIONS OF THE BLAzZAR PKS 07354178 /IC211208A 13

Table 1. Parameters for the lepto-hadronic modeling of the

SED.
PARAMETER" ‘ VALUE
z 0.45
D 30
B’ [G] 0.3
R’ [cm] 2.1 x 106
ny [1/cm?] 4% 10*
ne/ny, 1.0
Qle,1 2
Qle,2 3
Vomine 100
Yor,e 3.5 x 10°
YVinax,e 1.3 x 10*
ap 2.0
’Yx/nin, p 1
Vinax, p 1% 107
Typoay [K] 2 x 10°
Ulboay [erg/cm®] 0.16
*UL [erg/cm?] 1.2 x 1072
*Ug [erg/cm?] 3.6 x 1073
*U} [erg/cm®] 93
*UL | Ug 3.5
Uy, | Up 2.6 x 10*
*Liet [erg/s] 2.0 x 10*®
*VBRONZE [year_l} 1.49

2  The quantities flagged with an asterisk are derived quantities

and not model parameters. The luminosity of the emitting region
has been calculated as L = 2rR'c(D/2)?(Uf;, + U} + U}),where

Ug, Us, and U),, are the energy densities of the magnetic field,

the electrons, and the protons, respectively.

proton injection or a higher minimum Lorentz factor of
protons significantly reduces the energetic requirement
and would bring the particle energy density closer to
that of the magnetic field. As an example, an equivalent
SED modeling, with similar neutrino rates, is possible

assuming a;, = 1.9 and Lj = 8.5 x 107 erg s71.

5. SUMMARY

A few days after the neutrino event IceCube-211208A,
detected by IceCube with an energy E, =~ 171 TeV
on December 8, 2021, the blazar PKS 0735+178 was
observed at an elevated flux state from optical to -
ray bands, reaching the highest soft X-ray and GeV
v-ray fluxes among all measured values since 2007.
PKS 0735+178 is located 2.2° away from the best-fit
position of the IceCube event, immediately outside the
90% error region (2.13°). Its soft X-ray flux exhibited
fast variability on a one-day timescale. The active flux

state of the source lasted from roughly two weeks to a
month.

The broadband SED of PKS 0735+178 near the time
of the IceCube event was well measured by extensive
follow-up observations across the electromagnetic spec-
trum. In particular, the X-ray data from Swift-XRT and
NuSTAR characterize the tail of the synchrotron SED
peak and the onset of the high-energy SED peak. The
~-ray data from Fermi-LAT, VERITAS and H.E.S.S. re-
quire a spectral cut-off near 100 GeV, after taking into
account the EBL absorption.

We analytically demonstrated that the observed SED
of the blazar, especially the v-ray cutoff in the TeV
data, constitutes a challenge to a simple one-zone SSC
model, unless, in the unlikely scenario, the synchrotron
peak extends into the far-UV band that the observa-
tions do not cover. Alternatively, it can be explained
by an SSC/EC scenario, which naturally provides the
observed 100 GeV cut-off through the Klein-Nishina ef-
fect and -y pair absorption. It could also be explained
by a lepto-hadronic mechanism with an external photon
field, which marginally agrees with the Eddington limit
on the jet luminosity and the observed IceCube neutrino
rate.

We presented a numerical lepto-hadronic model with
external target photons that is consistent with the ob-
served SED and marginally consistent with the neutrino
event. In this model, the electromagnetic emission is
dominated by the leptonic components, while the sub-
dominant hadronic components are constrained by the
observed X-ray spectrum. The jet power is significantly
higher than the Eddington luminosity, unless the spec-
trum of the parent protons is harder than 2.0. The ex-
pected total neutrino rate is 1.5 per year, or 0.125 per
month.

Some challenges in searching for neutrino-emitting
blazars are common in the cases of PKS 07354178 and
TXS 0506+056: the limited localization precision of
the IceCube Observatory and the large number of -
ray blazars as potential counterparts make the associa-
tion between neutrino events and -ray blazars difficult;
the electromagnetic emission can often be explained by
leptonic models alone without the need for a hadronic
component; the jet power and the proton luminosity
required in lepto-hadronic models are often too high,
exceeding the Eddington limit, for a short period of
activity. These challenges can only be addressed with
additional data and continued searches for astrophysi-
cal neutrino emitters, including follow-up observations
of flaring blazars in temporal and spatial coincidence
with astrophysical neutrino events. Such follow-up ef-
forts remain a focus in the multi-messenger community
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Figure 3. The lepto-hadronic model with an external photon field, as described in Section 4.4. The solid blue, orange, and
green lines are the synchrotron, SSC, and external Compton components of the leptonic emission from the primary electrons,
respectively; the dashed red line is the combined synchrotron and inverse-Compton emission from Bethe-Heitler pairs; the dotted
and dash-dotted lines are the neutral and charged pion cascade components, respectively; the solid gray line is the sum of all
electromagnetic components; and the solid pink line above a few TeV is the neutrino emission. The yellow star marks the
nominal flux of 1.5 170-TeV neutrinos per year using an effective area of 30 m” (see Subsections 4.2.1 and 4.4) to guide the eye.
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Acciari et al. 2021).
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This work has made use of data from the Asteroid
Terrestrial-impact Last Alert System (ATLAS) project.
The Asteroid Terrestrial-impact Last Alert System (AT-
LAS) project is primarily funded to search for near
earth asteroids through NASA grants NN12AR55G,
80NSSC18K0284, and 8ONSSC18K1575; byproducts of
the NEO search include images and catalogs from
the survey area. This work was partially funded
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GO-15889, and STFC grants ST/T000198/1 and
ST/S006109/1. The ATLAS science products have been
made possible through the contributions of the Univer-
sity of Hawaii Institute for Astronomy, the Queen’s Uni-
versity Belfast, the Space Telescope Science Institute,
the South African Astronomical Observatory, and The
Millennium Institute of Astrophysics (MAS), Chile.

Facilities: VERITAS, H.E.S.S., Fermi-LAT, NuS-
TAR, Swift-XRT, Swift-UVOT, ASAS-SN, ATLAS,
NOT, OVRO

Software:  Astropy (Astropy Collaboration et al.
2013, 2018), NumPy (van der Walt et al. 2011), Mat-
plotlib (Hunter 2007), SciPy (Jones et al. 2001), VE-
GAS (Cogan 2008), Eventdisplay (Maier & Holder 2017),
Model Analysis (de Naurois & Rolland 2009), Fermitools
(Fermi Science Support Development Team 2019), HEA-
soft (Nasa High Energy Astrophysics Science Archive Re-
search Center (Heasarc) 2014)
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