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ABSTRACT

In July of 2019, the IceCube experiment detected a high-energy neutrino from the direction of
the powerful blazar PKS 15024-106. We perform multi-wavelength and multi-messenger modeling of
this source, using a fully self-consistent one-zone model that includes the contribution of external
radiation fields typical of flat-spectrum radio quasars (FSRQs). We identify three different activity
states of the blazar: the quiescent state, and two distinct flaring states with hard and soft gamma-ray
spectra. We find two hadronic models that can both describe the multi-wavelength emission during all
three states: a leptohadronic model with a contribution from photo-hadronic processes to X-rays and
high-energy gamma rays, and a proton synchrotron model, where the emission from keV to 10 GeV
comes from proton synchrotron radiation. Both models predict a substantial neutrino flux that is
correlated with the gamma-ray and soft X-ray fluxes. Our results are compatible with the detection
of a neutrino during the quiescent state, based on event rate statistics. Upon an extensive parameter
scan, we conclude that the soft X-ray spectra observed during bright gamma-ray flares strongly suggest
a hadronic contribution, which can be interpreted as additional evidence for cosmic ray acceleration
in the source independently of neutrino observations. We find that more arguments can be made in
favor of the leptohadronic model vis-a-vis the proton synchrotron scenario, such as a lower energetic
demand during the quiescent state, and the fact that the same model has also been shown to describe
the observation of neutrinos from blazar TXS 0506+056. The leptohadronic model would be disfavored
for flaring states of PKS 1502+106 if no IceCube events were found from the direction of the source
before 2010, which would require an archival search.

Keywords: PKS 15024106, multi-messenger modeling, blazar modeling, high-energy neutrinos, astro-
physical gamma-rays, IceCube experiment

1. INTRODUCTION

High-energy neutrinos are a unique probe of the high-
energy universe capable to identify the acceleration re-
gions of cosmic rays (see Gallo Rosso et al. 2018, for a
recent review). A first milestone was the detection of a
diffuse neutrino flux with the IceCube neutrino observa-
tory in 2013 (Aartsen et al. 2013). However, the origin of
those neutrinos is still unknown. Active Galactic Nuclei
(AGN) are considered promising candidate sources (e.g.
Stecker et al. 1991; Mannheim et al. 1992; Mannheim
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1993; Szabo & Protheroe 1994; Mannheim 1995; Mas-
tichiadis 1996; Protheroe 1999; Atoyan & Dermer 2001;
Dimitrakoudis et al. 2012; Murase 2017; Becker 2008;
Becker Tjus et al. 2014). In particular their relativis-
tic jets are promising sites of cosmic-ray acceleration,
which could produce neutrinos in interactions with am-
bient photon fields or matter in or close to the source.
To identify possible sources, IceCube has set up a
target of opportunity program, which allows the rapid
search for multi-wavelength counterparts to high-energy
neutrino track events (Aartsen et al. 2017). Thanks
to this program, the gamma-ray blazar TXS 05064056
could be identified as a first compelling neutrino source
at the 30 level: The high-energy neutrino events
IceCube-170922A was found in spatial coincidence with
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the blazar position and in temporal coincidence with a
significant flare in gamma rays (Aartsen et al. 2018).
An additional excess of lower-energy neutrinos arriving
within a 160-day time window in 2014/15 was identi-
fied at the 3.50 confidence level in an archival search for
a time-dependent neutrinos signal from the direction of
TXS 05064056 (Aartsen et al. 2018). However, this neu-
trino excess was not accompanied by a gamma-ray flare
(Garrappa et al. 2019).

Other possible neutrino blazar associations at lower
significance have been pointed out by e.g. Franckowiak
et al. (2020); Giommi et al. (2020); Garrappa et al.
(2019); KrauB et al. (2018); Kadler et al. (2016). Of
particular interest is the spatial coincidence of IceCube-
190730A with PKS 1502+106, which is the 15th bright-
est gamma-ray source at > 100 MeV in terms of en-
ergy flux among 2863 sources in the fourth catalog of
AGN detected by Fermi-LAT (4LAC, Ajello et al. 2019).
Given the large redshift of 1.84 (Hewett & Wild 2010)
the source must have an extremely high intrinsic lu-
minosity. It is also highly variable in the gamma-ray
band (see e.g. Abdo et al. 2010). While the source did
not show an excess in gamma rays during the arrival of
TceCube-190730A, the radio flux shows a long-term out-
burst starting in 2014 and reaching the highest flux den-
sity ever reported from this source during the arrival of
IC-190730A (Kiehlmann et al. 2019; Franckowiak et al.
2020), which may indicate a long-term activity of the
central engine. IceCube-190730 has an estimated neu-
trino energy of 300 TeV and a 67% signalness' based on
the procedure by Blaufuss et al. (2020).

PKS 1502+106 is a broad emission line quasar first
identified as a strong radio source in the 178 MHz pencil
beam survey (Crowther & Clarke 1966). At radio fre-
quencies, the source is highly variable and observations
from very long baseline interferometry (VLBI) have re-
vealed a core-dominated, one-sided, curved radio jet
(e.g., An et al. 2004). PKS 15024106 has exhibited
large amplitude optical variability (>2.5 mag; Morton
et al. 2008) and the detection of a high degree of opti-
cal polarization (up to ~20%) suggests the dominance
of synchrotron emission at these wavelengths. Shen
et al. (2011) studied the optical spectrum of this object
taken with the Sloan Digital Sky Survey (SDSS) and re-
ported a central black hole mass of 10640447 In
the high-energy gamma-ray band, PKS 15024106 was
not detected with Energetic Gamma-Ray Experiment
Telescope (EGRET) (Hartman et al. 1999). However,
a significant >100 MeV radiation was detected within
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the first few months of Fermi-LAT operation when the
blazar was undergoing a huge 7-ray outburst (Abdo
et al. 2010). Since then, PKS 1502+106 has been ex-
tensively studied across the electromagnetic spectrum
(cf. Pian et al. 2011; Karamanavis et al. 2016; Paliya
et al. 2017; Ding et al. 2019; Shao et al. 2019).

In this work we describe the multi-wavelength and
neutrino emission from PKS 15024106. While earlier
models frequently assume that the gamma rays are pro-
duced by neutral pion decays accompanying the neu-
trino production (Kadler et al. 2016), the observation
of neutrinos from TXS 0506+056 has taught us that
observational constraints in the X-ray band can limit
the hadronic contribution. In that case, the neutrino
flux has been shown to be explained by a hybrid lepto-
hadronic model (e.g. Gao et al. 2018; Keivani et al. 2018;
Oikonomou et al. 2019). We apply this model to PKS
15024106 where the neutrino-producing hadronic pro-
cesses only contribute to X-ray and possibly TeV gamma
rays, where the rest of the multi-wavelength spectrum
are produced leptonically. We also examine another pos-
sibility, where the GeV gamma rays are explained by
proton synchrotron emission (see e.g. Diltz et al. 2015;
Cerruti et al. 2019). Since PKS 15024106 falls in the
blazar sub-class of flat-spectrum radio quasars (FSRQs),
the GeV emission can originate from inverse-Compton
scattering of radiation fields external to the jet (Ro-
drigues et al. 2019). This effect is included in the models
explored in this work.

2. METHODS

In this section, we first explain the process for identify-
ing the different relevant epochs in terms of gamma-ray
emission. We then describe the radiation model, includ-
ing the treatment of external radiation fields. Finally,
we discuss the methods used to search the parameter
space of the source.

2.1. Analysis of the multi-wavelength behaviour

The majority of the observed gamma-ray blazars ex-
hibit a highly variable behavior on timescales from min-
utes to years (Meyer et al. 2019). Measurements of these
characteristic timescales and the spectral properties of
the sources during these bright flaring states can provide
useful insights about the emission region and the mech-
anisms behind the production of the observed gamma
rays.

We define a simple method to distinguish flaring states
from the quiescent state of the source. To that end we
utilize the gamma-ray lightcurve for 11 years of obser-
vation of PKS 15024106 provided by Franckowiak et al.
(2020), as shown in the top panel of Fig. 1, and the cor-
responding Fermi-LAT spectral indices, shown in the
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bottom panel. While there is no standard method to de-
fine a quiescent state in a blazar lightcurve, we consider
the average of the measured fluxes weighted by the time
duration of each bin as a proxy for the quiescent state.
In order to identify the brightest flaring periods for the
source, we use the Bayesian blocks representation of the
lightcurve (Scargle et al. 2013) and we define a flare as
the group of adjacent Bayesian blocks that correspond
to a flux level higher than the calculated average.

We define three different multi-wavelength states for
PKS 1502+106 based on the gamma-ray data: (i) a qui-
escent state, with low gamma-ray flux, (ii) a gamma-ray
flaring state with hard spectral index compared to the
average observed value of I' = 2.31 (hard flares) and
(iii) a gamma-ray flaring state with softer spectral in-
dex (soft flares).

In general, we find a good correlation between the
gamma-ray and optical fluxes in Franckowiak et al.
(2020). The X-ray sampling is poor and the variabil-
ity observed in radio surveys is slow, so observations
in these bands are not suitable for further refining the
definition of the different states.

The three activity states are highlighted in different
colors in Fig. 1. The 11 year period is dominated by the
quiescent state, with a total duration of about 6.8 years
(blue shaded areas). The detection of IceCube-190730A
falls into this state, as indicated by the dashed red line.
The total duration of the other states are 3.8 years for
the hard flaring state and 0.7 years for the soft flaring
state, highlighted in Fig. 1 by orange and purple shaded
areas, respectively. This means that the source spends
most of its time in the quiescent state, which raises the
question of whether the total (time-integrated) neutrino
fluence may in fact be dominated by the quiescent state,
even though the neutrino flux may in fact be higher
during flares.

2.2. Numerical radiation model

For each of the three states, we numerically model
the multi-wavelength and neutrino emission of PKS
15024106 using the time-dependent simulation code
AM? (Gao et al. 2017) which solves the system of cou-
pled differential equations describing the transport the
of all relevant particles interacting in the blazar jet.
Non-thermal electrons and protons are assumed to be
accelerated and subsequently injected into a single ra-
diative zone in the jet. This zone is modeled as a blob
that is spherical in its co-moving frame and spatially
homogeneous. Although there may be multiple emit-
ting regions in the jet of PKS 1502+106, in the mod-
els explored here this single zone is responsible for the
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Figure 1. Top: eleven-year Fermi-LAT lightcurve of PKS
15024106 (Franckowiak et al. 2020), divided for the pur-
poses of this analysis into three characteristic states: quies-
cent (blue), flaring with a hard gamma-ray spectrum (hard
flares, orange) and flaring with a soft gamma-ray spectrum
(soft flares, purple). The green line shows the average flux
of 3x10~7 ph cm™2 s™!. Bottom: Fermi-LAT spectral in-
dex across the same 11 year time period. The green line

shows the average spectral index (I' = 2.31), from where we
draw the distinction between hard (T' < T') and soft (I' > T')
flares. The red lines show the average spectral index in the
time window of each flare.

multi-wavelength emission between the optical and the
gamma ray regimes, as well as neutrino production.
The comoving radius of the blob is denoted as R},
(quantities in the blob’s comoving frame are primed).
We assume the magnetic field is randomly oriented
within the blob with a homogeneous strength B’. The
blob is moving at relativistic speed relative to the super-
massive black hole with a Lorentz factor of I'y, and we
assume the jet is observed at an angle 0,5 = 1/T' rela-
tive to its axis, resulting in a Doppler factor of §p = T,
Electrons are assumed to be accelerated to a simple
power-law distribution, dN,/dy. < v Pe, from a min-
imum to a maximum Lorentz factor, y™* and -,
For protons we also test whether the observations can
be better explained with a break on the spectrum at a
Lorentz factor " < 4preak < M2 where the spec-
tral index changes from pi,ow to plp‘igh > pijow. The nor-
malization of these acceleration spectra is quantified by
means of the total (energy-integrated) luminosity de-

posited into non-thermal electrons, L, and protons, L;.

max
e .

2.3. Eaternal radiation fields
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Being an FSRQ, PKS 15024106 possesses a broad line
region (BLR) surrounding the accretion disk, which re-
processes and partially isotropizes the emission from the
powerful accretion disk surrounding the black hole. The
emission from the disk can be observed as a thermal
bump in the optical/ultraviolet (UV) regime (~ 5 eV)
during the quiescent state of the blazar (Franckowiak
et al. 2020), see also Section 3. The observed UV flux
translates to a luminosity of Lgigx = 2.6 x 1046 erg/s.
This is consistent with the value 2 x 1046 erg/s, com-
puted using broad Mg 11 and C 1V emission line lumi-
nosities, as reported by Shen et al. (2011) and adopting
the scaling factors proposed by Francis et al. (1991).

Following Ghisellini & Tavecchio (2009), we assume
the BLR to be a thin shell located at a radius RgLr =
5 X 1017L3{S2k 46 cm around the supermassive black hole.
We further assume that the BLR re-processes about 10%
of the power output by the accretion disk (Greene & Ho
2005), re-emitting it isotropically in the rest frame of the
black hole?. Inside the volume surrounded by the BLR,
the energy density of this isotropic field is constant and
proportional to LdiskRgER. In the rest frame of the jet,
this energy density receives a relativistic boost given by
I'Z, and the photon frequencies are Doppler-shifted by a
factor I'y.

Outside the BLR, the energy density of the external
fields declines with distance to the black hole according
to Egs. 19 and 20 from Ghisellini & Tavecchio (2009).
Therefore, in the case where the blob lies outside the
BLR (Raiss > RBLR), the energy density of the external
fields seen by the particles in the blob depends inversely
on the dissipation radius Rgjgs-

Additionally to the disk radiation reprocessed by the
BLR, we also consider thermal infrared emission from a
dusty torus surrounding the disk. However, because of
the larger volume spanned by this emission, the corre-
sponding photon energy density is negligible compared
to the BLR emission in all the cases considered. The in-
clusion of a sub-dominant component up to X-rays from
the black hole corona would also not affect the results
in any of the cases modeled.

2.4. Parameter search

We have searched the parameter space of the source
in two distinct regimes, distinguished primarily by the
strength of the magnetic field in the jet: in the lepto-

2 Most of the disk radiation processed by the BLR is in fact re-
emitted as atomic lines and not a thermal continuum (Greene &
Ho 2005). However, the results of this study are not affected by
this distinction, since most of the atomic emission will lie on a
similar frequency range as the thermal disk emission (the Ly «
line has an energy of 10 eV for hydrogen).

hadronic model we admit values of B’ < 1 G, while
in the proton synchroton model these values are higher,
B’ > 10 G. In this regime, proton synchrotron emission
can contribute to the observed high-energy fluxes, while
in the leptohadronic model protons will only contribute
significantly through photo-hadronic interactions.

The parameter space was scanned using a genetic al-
gorithm similar to that used by Rodrigues et al. (2019),
with the purpose of minimizing the x? value of the pre-
dicted multi-wavelength fluxes compared to data. Ad-
ditionally to using an efficient search algorithm, the
method also involves the simulation of a large number
of parameter sets, in the order of 10° for each activity
state.

3. RESULTS

Using the numerical models described in the previous
section, we have calculated the multi-wavelength and
neutrino spectra for PKS 15024106 during the different
epochs. We have then compared the neutrino results to
the statistical expectations based on the IceCube sensi-
tivity.

3.1. Multi-messenger emission

The emitted fluxes during the three activity states of
PKS 15024106 are shown in Fig. 2, as predicted by the
leptohadronic and the proton synchrotron models (left
and right panels, respectively). The fluxes shown as col-
ored data points correspond to three well-covered multi-
wavelength observations analyzed in Franckowiak et al.
(2020) that are representative of the different states con-
sidered for the source in this work: in blue we represent
observations during the quiescent state, in orange dur-
ing hard flares, and in purple for soft flares. The data
points shown in the figure were the ones used to fit the
model in each of the three epochs. The gray points in
the radio band correspond to historical radio data. The
neutrino-emitting region in the jet (i.e. the blob) is nec-
essarily too compact to explain the the archival radio
observations from the source. This is because the high
radiation density necessary for hadronic processes leads
to efficient synchrotron self-absorption at low frequen-
cies, which limits the outgoing radio flux. Therefore,
we assume that the radio observations originate from
electrons radiating in a more extended region of the jet.

Both the multi-wavelength and neutrino fluxes have
a best-fit result, represented by the colored curves, and
an uncertainty band. The best-fit parameters are listed
in Tab. 1. The uncertainty band is obtained by varying
the power in accelerated protons (while keeping all other
parameters constant) until the flux (in either X-rays or
gamma rays) deviates from the best-fit model by +40%.
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This variation corresponds roughly to the 1o spread we
find in the individual flux bins throughout each of the
three activity states. This band is intended to reflect the
variability of the high-energy emission observed in the
duration of a given activity state, which cannot be fully
represented by a single set of simultaneous data. This
variability in the data leads to an uncertainty in the neu-
trino flux emitted by the source throughout each of the
three states, which is not necessarily constant; the un-
certainty bands allow us to assess this uncertainty when
evaluating the predicted number of events in IceCube.
At the same time, we require the models to describe well
the simultaneous multi-wavelength data that is available
(namely the three data sets shown in Fig. 2). We there-
fore use these three data sets to test the goodness of fit
of the models, which are reported in Tab. 1 in the form
of a x2 value per degree of freedom.

In both models, the observed UV fluxes result from
electron synchrotron emission during the flaring states,
and from an exposed accretion disk during the quies-
cent state. The differences between the models impact
primarily the high-energy emission: in the right-hand
panel of Fig. 2, proton synchrotron dominates the emit-
ted gamma-ray flux below 1 GeV and, in the quiescent
state, also the X-rays. As we can see in Tab. 1, the min-
imum proton Lorentz factor required in this model can
reach values up to ’y;,“i“ ~ 102, which is necessary to en-
sure that proton synchrotron emission is not significant
below X-ray frequencies.

On the contrary, in the leptohadronic model (left
panel), gamma-ray emission is mostly dominated by
external Compton scattering. This is possible due to
the location of the blob near the perimeter of the BLR
(Raiss ~ RBLR, as listed in Tab. 1), while in the pro-
ton synchrotron model the blob lies well outside the
BLR and thus external fields do not play a significant
role. On the other hand, the photons from hadronic pro-
cesses explain the X-ray observations, especially during
the flaring states.

As we can see by the blue band in the left-hand panel
of Fig. 2, the quiescent state can be fit within a range
of proton injection luminosities, which lead to different
levels of neutrino emission. The best fit, represented
by the blue curves, has a hadronic component, which is
responsible for neutrino emission. When this hadronic
component is completely removed, we obtain the lower
limit of the blue band, and there is no neutrino emis-
sion (the blue neutrino band extends down to zero). In
this purely leptonic limit, the simultaneous data shown
in blue is not fit as well in X-rays and gamma rays
above 1 GeV. However, as mentioned earlier, all results
within the colored bands lie within the 1o spread in the

fluxes observed during the quiescent state in the 11 year
lightcurve. Therefore, the quiescent state of the source
is in general compatible with a purely leptonic scenario.

Contrary to the quiescent state, our parameter search
has revealed that the flaring states are not easily ex-
plained by a purely leptonic scenario. The relatively
bright and soft X-ray spectrum (see purple and orange
data points) must harden around MeV energies in order
to explain the high gamma-ray fluxes, especially during
the hard gamma-ray flares. As explained in detail be-
low, in both the proton synchrotron and leptohadronic
models these X-rays originate in cascades initiated by
high-energy hadronic photons, which provide a neces-
sary component to bridge the two humps of the emission
spectrum.

In order to help understand the details of the two
models, in Fig. 3 we break down the multi-wavelength
fluxes shown in Fig. 2 into their different radiative com-
ponents. In the three left panels, we show the processes
responsible for the emission in the leptohadronic model.
As mentioned earlier, gamma-ray fluxes are dominated
by Compton scattering (light blue curve) of the exter-
nal thermal fields. Additionally, the accelerated protons
emit photons through photo-pion production (yellow)
and Bethe-Heitler pairs, which in turn radiate through
synchrotron and inverse Compton (orange). When these
high-energy photons annihilate with lower-energy target
photons, an electromagnetic cascade is created in the jet,
whose emission is shown in green. Above 100 GeV, the
emitted radiation is strongly attenuated by EBL inter-
actions, as represented by the purple band.

Considering only the leptonic emission, we would have
necessarily a deep gap between UV and X-rays, and the
inverse Compton emission provides a hard spectrum be-
tween X-rays and gamma rays. In the quiescent state
(upper left panel), this hard inverse Compton spectrum
can explain the X-ray observations above 1 keV, while
the photons from cascades and Bethe-Heitler emission
contribute to the soft X-rays. On the contrary, in the
flaring states (middle and lower panels), the observed
X-ray flux is softer. The cascade emission is therefore
necessary in this model to explain observations in this
energy range. This seems to provide some evidence of
proton interactions in the source solely from the perspec-
tive of the multi-wavelength behaviour of the source.

Additionally to X-rays, the cascades from hadronic
photons also contribute significantly to the gamma-ray
flux above 1 GeV in the quiescent state. As shown previ-
ously in Fig. 2, when the hadronic component is removed
completely, the two Fermi-LAT data points at the high-
est energies are not explained, leading to a worse fit. On
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Figure 2. The colored curves show the predicted multi-wavelength fluxes and all-flavor neutrino spectra from PKS 15024106
obtained with the leptohadronic model (left) and the proton synchrotron model (right) under three different parameter sets,
indicated in Tab.1. The shaded areas correspond to the uncertainty in the non-thermal proton power, also indicated in Tab. 1.
The colored data points, compiled by Franckowiak et al. (2020), represent multi-wavelength fluxes during each of the three
states indicated in Fig. 1. The gray points show archival radio data from the source. The interaction zone responsible for the
optical/UV, X-ray, gamma-ray and neutrino emission is too compact to produce this radio emission (due to strong synchrotron
self-absorption), which must therefore originate in synchrotron emission from a larger region of the jet.

the other hand, gamma rays below 1 GeV are indepen-
dent of this hadronic contribution.

In the right panels of Fig. 3 we show a breakdown of
the emission in the proton synchrotron model. In the
quiescent state the X-ray fluxes are explained by proton
synchrotron emission, as well as gamma rays up to 100
MeV. Above this energy, the spectrum is dominated by
emission from Bethe-Heitler pairs. In the flaring states,
when the observed X-ray spectrum is softer, it is the
cascade emission that dominates that energy range, such
as in the leptohadronic model.

Regarding neutrino emission, the proton synchrotron
model predicts a high peak energy of around 10 PeV
to 1 EeV, while in the leptohadronic model the neutri-
nos peak around 1-10 PeV. The neutrino energies are
determined by the maximum proton energy, which is
constrained by observations in both models. In the pro-
ton synchrotron model, it is constrained by gamma-ray
observations, since these are explained by proton syn-
chrotron emission. In the leptonic model, the maxi-
mum protons energy is constrained mainly by the X-ray
fluxes, since the extent of the electromagnetic cascade
depends on the energy of the interacting protons.

Importantly, the leptohadronic model predicts a
quiescent-state neutrino flux a factor 10 higher com-
pared to proton synchrotron. This is due to the high
density of radiation from the accretion disk whose en-
ergy is boosted in the jet rest frame up to the photo-
pion production threshold. In the proton synchrotron
model, on the other hand, the main target for photo-
pion production are non-thermal photons. During the

flaring states, there is a high density of UV photons from
electron synchrotron, thus enhancing neutrino emission.
During the quiescent state, this non-thermal emission is
dim, and the neutrino production is therefore low. The
sharp dip in the photon spectrum between the cutoff
of the electron synchrotron and the onset of the proton
synchrotron leads to a double hump in the neutrino spec-
trum that can be seen in Fig. 2. In the leptohadronic
model there are no such structures in the neutrino spec-
trum because it is the external photons that provide the
main target for photo-pion production.

During flares, the proton synchrotron model predicts a
higher-energy flux of neutrinos, but since the spectrum is
harder and narrower than in the leptohadronic case, the
corresponding total number of neutrinos is in fact lower.
This will reflect on the predicted number of IceCube
events, as discussed in the next section.

3.2. Ezxpected neutrino event rates

In this section, we estimate the number of expected
neutrinos using the tabulated effective area for the
point-source analysis with IceCube in its 86-string con-
figuration and event selection applied in 20123 (Aartsen
et al. 2017). To emulate the conditions of the realtime
stream (Aartsen et al. 2017; Blaufuss et al. 2020) we
apply an energy threshold of > 100 TeV to the point-
source effective area. At high energies the effective areas

3 https://icecube.wisc.edu/science/data/PS-3years
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model (left) and the proton synchrotron model (right).
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Table 1. Parameter values underlying the results of the leptohadronic and proton synchrotron models, for each of the states
identified in Fig. 1. Primed quantities refer to the rest frame of the jet. The ranges in the values of the proton luminosity
correspond to the uncertainties of the model, resulting in the shaded regions in Fig. 2. Nevents is the expected number of neutrino
events (given both as a yearly rate and as the total number of events over the duration of the activity state). The yearly rates
were obtained considering the effective area of the IceCube point source event selection in the IC86 detector configuration,
while the total number considers the different detector configurations. The bottom row reports the reduced x? values for the
multi-wavelength SEDs predicted by each model, describing the goodness of fit.

Model Leptohadronic Proton Synchrotron
State Quiescent Hard Flare  Soft Flare Quiescent Hard Flare  Soft Flare
Ry, [cm, log] 16.0 15.9 15.9 16.0 16.0 16.0
B’ [G] 0.3 0.3 0.6 10.0 12.6 15.8
Bulk Lorentz factor I', 27.6 28.7 26.2 40.0 49.2 42.6
Raiss/RBLR <1.0 1.2 1.4 > 2.6 > 3.6 > 2.6
L, [erg s log] 43.5 44.6 44.2 42.0 41.6 42.6
L, [erg s71, log] < 45,7108 46.5752 46.9152 464154 46.2799 46.0751
Amin og 1.0 3.8 3.3 2.0 3.0 1.9
Ama og 3.7 4.5 4.2 3.0 3.1 3.5
Pe 2.1 3.6 1.2 2.1 3.5 2.1
ypminlog 5.4 5.2 4.6 2.0 8.1 6.8
ek og - - - 6.7 - -
T log 6.1 7.1 6.9 8.5 9.2 8.3
o - - - 0.3 - -
ppE" 1.5 1.5 1.5 2.3 2.4 1.5
Xéep/d.o.f. 0.3 2.7 1.0 0.7 3.8 1.6
Total duration [yr] 6.8 3.8 0.7 6.8 3.8 0.7
Nevents Per year 0.4772:19 31971990 127708, 0.0279:01 0.0570:07 0.057003

Nevents (total) 3.16114T 10.851598  0.897058 0.13+5-09 0.17+5:98 0.047501
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of the streams should converge*. The number of events
is obtained by assuming the duration of the three dif-
ferent states mentioned above. We account for the fact
that the detector operated with only a partial volume
from August 2008 to May 2011, by scaling the IC86 ef-
fective area with the square root of the ratio of deployed
strings® (i.e. 1/40/86 during the phase of operation with
the 40-string configuration, 1C40).

Firstly, in order to compare the total neutrino fluence
during the different activity states of the source we need
to integrate the neutrino fluxes given in Fig. 2 in the to-
tal duration of each state. The result is shown in Fig. 4.
For comparison, we show in green the differential fluence
corresponding to the IceCube discovery potential at 0°
(Aartsen et al. 2017). This has been obtained by mul-
tiplying the discovery potential flux of the seven-year
point source analysis with the duration of the experi-
ment.

As we can see, during the entire course of the quiescent
state, the source emits a total neutrino fluence of up to
1073 ergem—2 in the leptohadronic model (blue shaded
area) on the left hand side. It can therefore surpass the
fluence corresponding to the IceCube point-source dis-
covery potential; however, the best fit (solid blue curve)
yields only 2 x 10~*ergem™2. We note how in the lep-
tohadronic model the total neutrino fluence from the
quiescent state can reach a similar level as that from
the hard flares, which is due to the long duration of the
quiescent state (6.8 years) compared to the hard flares
(3.8 years).

The neutrino fluence from hard flares in the lepto-
hadronic model (solid orange curve) surpasses the dis-
covery potential even when its lower limit is considered.
While the proton synchrotron model predicts a higher
neutrino flux during hard flares (dashed orange curve),
the high neutrino energies place it below the discovery
threshold due to absorption in the Earth, which makes
the model more compatible with the lack of IceCube
neutrino events during flares. The leptohadronic model
is in tension with the lack of neutrino events during
the hard flaring periods. On the other hand, as men-
tioned above, a considerable fraction of the hard flares

4 We have used the published point-source effective area of IC86
instead of using the realtime effective area or the published effec-
tive areas of the partial detector configurations, because the IC86
effective area is available with a fine declination binning of 0.01
in cosine declination, while the others distinguish only between
up and down-going.

5 We expect that vertical tracks scale with the ratio of the number
of strings, while horizontal tracks would scale with the square
root of the number of strings. Since we mostly interested in
high-energy events, the horizontal events are most relevant.

of PKS 15024106 took place during the construction
phase of IceCube, when it was operating at partial ef-
fective volume, which lowers the overall average effective
area. Furthermore, the green curve corresponds to the
discover potential for a declination of 0°, as published by
the IceCube collaboration (Aartsen et al. 2014), while
at the declination of PKS 1502+106 (10°) the neutrino
absorption in the Earth is higher, thus raising further
the effective discovery potential fluence. Both these as-
pects are taken into account in the calculation of the
predicted number of events below.

In Fig. 5 we show the total number of events in Ice-
Cube predicted during the 11 year period of Fermi-
LAT observations from PKS 1502+106, separated into
the three different activity states. As discussed in Sec-
tion 2.1, note that the total duration of the quiescent
state (6.8 years) is much longer than the hard and soft
flaring states (3.8 and 0.7 years, respectively).

As we can see, the leptohadronic model predicts a
larger number of neutrino events in all cases compared
to proton synchrotron. In the quiescent state, that is
due to a much higher emitted neutrino flux predicted
by the model. During flaring states, the leptohadronic
model predicts a broader and softer spectrum that also
translates into a higher number of neutrinos. Moreover,
the effective area drops with energy above 10 PeV due
to absorption in the Earth, further reducing the number
of observed events predicted by the proton synchrotron
model.

The range of proton injection luminosities shown as
bands in Fig. 2 translates into a systematic uncertainty
in the number of IceCube events, shown as shaded re-
gions in Fig. 5. In the leptohadronic model, the number
of events during the quiescent state ranges from zero to a
few, while in the proton synchrotron model the value lies
below 0.13. The most striking difference is in the num-
ber of events during the 3.8 years of hard flares, which
is 10.8 in the leptohadronic model, and only 0.17 in the
proton synchrotron model. As discussed in the next
section, these value ranges can be interpreted statisti-
cally, given the fact that no events were observed during
flares, and one candidate neutrino from the source was
observed during the quiescent state.

4. DISCUSSION AND INTERPRETATION

Both leptohadronic and proton synchrotron mod-
els can explain the high-energy emission from PKS
15024106 during the different epochs. This poses a
challenge to distinguish between the two approaches.
Moreover, the neutrino flux scales with the X-rays in
both models, which are co-produced due to in-source
cascades.
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Total muon neutrino fluence from PKS 1502+106

Quiescent
Hard flares
Soft flares

IceCube point source
discovery potential

VF, - At [erg cm™2]
=
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Figure 4. Total muon neutrino fluence from PKS 1502+106
predicted by the leptohadronic (solid) and protons syn-
chrotron model (dashed) in the total duration of each of the
three activity states. The curves correspond to the neutrino
spectra of Fig. 2, but the flux has now been integrated over
the total duration of each activity state (6.8 years quiescent,
3.8 years hard flares, and 0.7 years soft flares). In green we
represent the IceCube discovery potential of the seven-year
point source analysis for a declination of 0° (Aartsen et al.
2017), where the flux has been integrated over the seven
years of the analysis. We note that the discovery potential
represented here should not be used for calculating precise
model predictions, since the detector was still in construc-
tion during the investigated periods and the source is at 10°
declination. Both these aspects were considered in obtaining
the numbers shown in Tab. 1.
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Figure 5. Total, time-integrated number of IceCube events
from PKS 15024106, expected from the leptohadronic and
protons synchrotron models, in the IceCube point source
analysis, in the entire duration of each the three states indi-
cated in Fig. 1.

An interesting aspect of the leptohadronic model is
its similarity to that applied to the 2014/15 neutrino
flare of blazar TXS 05064056 by Rodrigues et al. (2019)
(cf. also the models by Reimer et al. 2018; Petropoulou
et al. 2020). There, the presence of external fields from

a BLR leads to a high flux of MeV photons and a low-
energy cutoff in the gamma-ray spectrum. In terms of
the origin of the multi-wavelength fluxes, this model is
also close to the interpretation by Gao et al. (2018) of the
2017 neutrino observed from TXS 0506+4-056: the soft X-
rays (and potentially, hard gamma-rays) are interpreted
as hadronic contributions, while the optical, hard X-
rays and soft gamma rays are leptonic in origin. The
difference is that in that case no external fields were
considered. Keivani et al. (2018) have also provided a
description of the multi-wavelength emission from that
source during the 2017 event that did include external
fields, although in that case the hadronic component was
sub-dominant even in X-rays.

Regarding energetics, one aspect that is shared by
both models is the particularly high minimum Lorentz
factors of the accelerated protons, fyz’,mi“. The high 'y;)min
is necessary to comply with the X-ray constraints, in
contrast to the frequently used assumptions on the par-
ticle acceleration mechanisms. Therefore, specific as-
sumptions would be necessary for the acceleration zone,
for example, assuming only protons on the high-energy
end of the spectrum can leak from the acceleration zone
into the radiation zone (Katz et al. 2010). This assump-
tion can be recently found in modern interpretations
of ultra-high energy cosmic rays, as it can be shown
that hard cosmic-ray escape spectra from the sources
are needed to describe data for sources tracing the star
formation rate, see e.g. Heinze et al. (2019); a detailed
discussion of such escape mechanisms potentially pro-
ducing such spectra can be found in Sec. IIIB of Zhang
et al. (2018). Similar conditions may apply to the accel-
eration zone here.

Another criterion regarding energetics is the capabil-
ity of the source to power the spectrum of non-thermal
protons required by each model. To make this eval-
uation, the physical luminosity in protons, Lghys
L;I‘% /2, can be compared to the Eddington luminosity
of the source, which depends on the mass of the black
hole. The Eddington luminosity of PKS 15024106 can
be estimated to be Lgqq = 10*7(Mpu/10°My) erg/s,
where Mpy ~ 10°Mg is the black-hole mass (D’Elia
et al. 2003; Shen et al. 2011). At the same time, both
models predict a proton luminosity in the rest frame
of the jet between 5 x 10% and 10*7 erg/s, with a jet
Lorentz factor of 30-50. The corresponding physical lu-
minosities therefore fall in the range of 20-200 Lgqq, &
figure that is not significantly reduced during the quies-
cent state compared to the flares, if the best-fit param-
eters in Tab. 1 are considered. Although the Eddington
luminosity does not set a hard limit on the available
proton power, we can probably disfavor scenarios where
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the source must accelerate protons in a super-Eddington
regime during long quiescent states.

The latter observation certainly argues in favor of
the leptohadronic model, where the quiescent state is
compatible with an electron-only or electron-dominated
emission. The quiescent states of the source would then
be mostly dominated by leptonic emission (for exam-
ple between 2010 and 2015, ¢f. Fig. 1). Sporadically, a
neutrino-efficient state can be achieved through a tem-
porary increase in the proton injection power, with all
other parameters unaltered, without significant changes
in the UV, X-ray, or gamma-ray fluxes (blue shaded area
in Fig. 2, left-hand plot).

Regarding the number of IceCube events, we con-
cluded that the proton synchrotron model predicts only
between 0.03 and 0.17 neutrinos for each activity state.
This would be consistent with seeing one neutrino from
the source during the flaring state, if we assume that
this is not the only source of this type in the Universe
(i-e., by accounting for the Eddington bias, as discussed
by Strotjohann et al. 2018). However, the argument can
also be made that the emission of blazars can often be
well described by a leptonic model, while in this work
we describe the flares of PKS 15024106 with a non-
negligible hadronic contribution. This would place the
source in a ‘special’ sub-class of neutrino-efficient blazars
that may be considerably more reduced compared to the
total blazar population. Such an argument would then
lead to a weaker effect of the Eddington bias.

In the case of the leptohadronic model the neutrino
predictions are considerably higher, especially during
hard flares (Fig. 5). In total 10.8fg:g events are ex-
pected, of which 7.5;2:? in the IC86 period, where either
the IceCube realtime system was operational (starting
from 2016, Aartsen et al. 2017) or an archival search was
applied (Aartsen et al. 2018). No high-energy event was
identified during the quiet state, which is in mild tension
(p-value of 3%) with a prediction of 3.5 (the lower limit
of our result) assuming Poisson statistics. We strongly
encourage a similar search for high-energy events during
the first hard flare in 2009. If also during that period no
high-energy neutrino is found, the leptohadronic model
would be disfavored with a p-value of 9 x 1073, again
assuming the lower limit of the result.

Finally, we note that Aartsen et al. (2020) have set
a stringent 90% C.L. neutrino flux upper limit on PKS
15024106 of 2.6 x 10~'3(E, /TeV) 2 TeV ' cm=2s 1.
However, this limit was set assuming a power-law spec-
trum over a broad energy range, which is very different
from the predicted spectral shapes by our models and
can therefore not be directly compared to our results.

5. SUMMARY AND CONCLUSIONS

We have interpreted the multi-epoch, multi-
wavelength observations of PKS 15024106, one of the
brightest gamma-ray blazars detected. Using one-zone
radiation models we have estimated the possible range
of neutrino spectra emitted by the source while self-
consistently explaining the multi-wavelength emission
during its different states of electromagnetic activity:
the quiescent state, and flares with a hard and with
a soft gamma-ray spectrum. We have focused on the
emission in the range from ultraviolet to gamma rays, in
their different flux levels over the 11 years of Fermi-LAT
observations. We have found that the emission can be
well described with a hadronic contribution, both dur-
ing quiescent and flaring states. In addition to best-fit
results, we also provided an uncertainty range in the
luminosity of non-thermal protons, which results in a
systematic uncertainty in the neutrino emission level.

The X-ray fluxes observed during flares, which are
typically bright and with a soft spectrum, are diffi-
cult to explain by means of a purely leptonic one-zone
model. In both these models, this X-ray emission is
a sub-dominant contribution originating in electromag-
netic cascades initiated by hadronic interactions in the
source. This point seems to support proton acceleration
in PKS 15024106 independently of neutrino emission.

Regarding gamma-ray emission, in the lephohadronic
model, it is most often dominated by inverse Comp-
ton scattering of photons from a broad line region.
In the proton synchroton model, gamma rays below 1
GeV originate in proton synchrotron emission, and those
above 1 GeV originate from electron/positron pairs pro-
duced by those same protons. On the other hand, the
archival radio observations from the source cannot orig-
inate in a region as compact as the one modeled in this
work, because of its radio-opacity due to synchrotron
self-absorption. This suggests a larger dissipation region
in the jet with efficient electron synchrotron emission.

We have then drawn conclusions on the viability of the
two models based on energetics and their predictions for
the neutrino flux. The main difference between the two
models is that the proton synchrotron model requires
constant acceleration of protons, even during the qui-
escent state, in order to explain X-ray and gamma-ray
observations. This implies a constant neutrino output
from the source, which is statistically below the IceCube
sensitivity. At the same time, the model demands a
super-Eddington power in non-thermal protons during
the entire quiescent state, which presents a major chal-
lenge from the energetic point of view.

On the other hand, a leptohadronic model is com-
patible with a purely leptonic solution during quiescent
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states. This suggests a quiescent state that is dom-
inated by electron emission most of the time, but is
also compatible with periods of efficient neutrino emis-
sion through temporary increases in the injection of
non-thermal protons without significant changes in the
multi-wavelength emission. This can help explain the
IceCube event 190730A from the direction compatible
with the position of the source. Moreover, similar mod-
els have been used in the literature to explain the multi-
wavelength emission from blazar TXS 05064056 during
the 2017 neutrino event. The limitation of the lepto-
hadronic model resides in the high number of IceCube
events (7.5, 19) predicted during the flaring states since
the beginning of the realtime alert system. This re-

sult is in mild tension with the non-observation of neu-
trino events during flares. An archival search of IceCube
events from the direction of the source before 2010 could
help further constrain this leptohadronic model; if no
events were found, the model would be excluded with a
p-value of 9 x 1073,
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