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Abstract

The recent spatial and temporal coincidence of the blazar TXS 0506+056 with the IceCube-detected neutrino
event IC-170922A has opened up a realm of multimessenger astronomy with blazar jets as a plausible site of
cosmic-ray acceleration. After TXS 0506+056, a second blazar, BZB J0955+3551, was recently found to be
spatially coincident with the IceCube-detected neutrino event IC-200107A and undergoing its brightest X-ray flare
measured so far. Here we present the results of our multifrequency campaign to study this peculiar event that
includes observations with the NuSTAR, Swift, Neutron star Interior Composition Explorer (NICER), and 10.4 m
Gran Telescopio Canarias (GTC). The optical spectroscopic observation from GTC secured its redshift as
= -

+z 0.55703 0.00021
0.00033 and the central black hole mass as 108.90 0.16

M . Both NuSTARand NICERdata reveal a
rapid flux variability, albeit at low significance ( s3.5 ). We explore the origin of the target photon field needed for
the photopion production using analytical calculations and considering the observed optical-to-X-ray flux level.
We conclude that seed photons may originate from outside the jet, similar to that reported for TXS 0506+056,
although a scenario invoking a comoving target photon field (e.g., electron synchrotron) cannot be ruled out. The
electromagnetic output from the neutrino-producing photohadronic processes are likely to make only a
subdominant contribution to the observed spectral energy distribution, suggesting that the X-ray flaring event may
not be directly connected with IC-200107A.

Unified Astronomy Thesaurus concepts: Relativistic jets (1390); BL Lacertae objects (158); Neutrino astronomy
(1100); X-ray active galactic nuclei (2035)

1. Introduction

High-energy neutrinos are unique messengers originating
from the extreme physical processes in the universe. Being
solely produced in hadronic interactions of high-energy cosmic-
ray nuclei with ambient matter or photon fields, they provide the
smoking-gun signature for hadronic acceleration sites.

Blazars, i.e., radio-loud quasars with powerful relativistic
jets aligned to our line of sight, have been suggested as
potential cosmic-ray and neutrino sources (see, e.g., Mannheim
et al. 1992; Petropoulou et al. 2015; Murase 2017; Garrappa
et al. 2019; Lucarelli et al. 2019; Franckowiak et al. 2020). The
most compelling high-energy neutrino source candidate
identified so far is the blazar TXS 0506+056 (IceCube
Collaboration et al. 2018a, 2018b). The 290 TeV neutrino IC-
170922A was found in spatial coincidence with TXS 0506
+056 and arrived during a major outburst observable in all
wavelengths (IceCube Collaboration et al. 2018a). Interest-
ingly, an archival search for lower-energy(10 TeV) neutrinos
revealed a neutrino flare in 2014/15 that lasted 160 days but
was not accompanied by activity in the electromagnetic regime
(IceCube Collaboration et al. 2018b). From a theoretical
perspective, Reimer et al. (2019) proposed that there should not
be strongly correlated γ-ray and neutrino activity, and that
neutrino production activity (through associated cascading)
might actually show up more clearly in X-rays. However, the
conclusion about the γ-ray/PeV neutrino correlation is reported
to be model-dependent (see, e.g., Rodrigues et al. 2019; Zhang
et al. 2020).

The BL Lacertae objects (or BL Lacs) are a subpopulation of
blazars that exhibit an optical spectrum lacking any emission
lines with an equivalent width >5 Å(e.g., Stickel et al. 1991).
Their optical spectra are power-law–dominated, indicating either
especially strong nonthermal continuum (due to Doppler
boosting) or unusually weak thermal disk/broad-line emission
(plausibly attributed to low accretion activity; Giommi et al.
2012). The BL Lacs that have a synchrotron peak located at very
high frequencies (n  10syn

peak 17 Hz) are termed “extreme blazars”
(e.g., Costamante et al. 2001; Foffano et al. 2019; Paliya et al.
2019a). The observation of such a high synchrotron peak
frequency indicates that they host some of the most efficient
particle accelerator jets. Interestingly, extreme blazars are also
proposed as promising candidates of high-energy neutrinos (see
Petropoulou et al. 2015; Padovani et al. 2016).
So far, any clustering of neutrinos in either space or time has

not been confirmed in the all-sky searches of IceCube data
(Aartsen et al. 2015, 2017a, 2020). Therefore, a promising
methodology could be the search for transient and variable
electromagnetic sources temporally and spatially coincident with
IceCube neutrino events using multifrequency observations.
In this regard, the identification of a γ-ray-detected extreme

blazar, BZB J0955+3551(also known as 4FGL J0955.1
+3551), found in spatial coincidence with the IceCube-
detected neutrino event IC-200107A (Giommi et al. 2020;
IceCube Collaboration 2020; Krauss et al. 2020), has provided
an interesting case for blazar jets as a plausible source of
cosmic neutrinos. In fact, a prompt Swift X-ray Telescope
(XRT) target-of-opportunity (ToO) observation of BZB J0955
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+3551on 2020 January 8 found it to be undergoing its
brightest X-ray flare measured so far. Another γ-ray-detected
blazar, 4FGL J0957.8+3423, was found to lie within the 90%
positional uncertainty of IC-200107A; however, no significant
flux enhancement was noticed from this object in X- or γ-rays
(Garrappa et al. 2020; Krauss et al. 2020).

Motivated by the identification of a candidate neutrino-
emitting blazar undergoing an X-ray outburst close in time to the
neutrino arrival, we started a multiwavelength campaign. This
includes a Director’s Discretionary Time (DDT) observation
with the Nuclear Spectroscopic Telescope Array (NuSTAR) and
multiple Swift ToO observations. An optical spectroscopic
follow-up with the 10.4m Gran Telescopio Canarias (GTC) was
carried out to determine the spectroscopic redshift of BZB J0955
+3551. In addition to that, the source was also observed with the
Neutron star Interior Composition Explorer (NICER) simulta-
neous to the NuSTARpointing as a part of the DDT ToO
invoked by the mission principal investigator. Here we present
the results of the conducted multifrequency campaign and
attempt a theoretical interpretation to understand the underlying
physical processes. In Section 2, we describe the steps adopted
to analyze various data sets. The results are presented in
Section 3 and discussed in Section 4. We summarize our
findings in Section 5. Throughout, we adopt a cosmology
of H0= 67.8 kms−1Mpc−1, W = 0.308m , and W =L 0.692
(Planck Collaboration et al. 2016).

2. Data Reduction and Analysis

2.1. Optical Spectroscopy with GTC

The ¢i -filter image of BZB J0955+3551taken with the
Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS) is shown in Figure 1. A faint companion object
( ¢i magnitude=20.85±0.36) located ∼3″ southeast of the
blazar ( ¢i magnitude=19.17±0.06) can be seen. Since both
objects lacked spectroscopic redshift information, we carried
out long-slit spectroscopy of the system with the Optical
System for Imaging and low-Intermediate-Resolution Inte-
grated Spectroscopy (OSIRIS; Cepa et al. 2000, 2003)
spectrograph mounted at GTC.

The 0 8 wide slit was positioned to cover the source and a
companion ∼3″ southeast of the blazar (see Figure 1). The total

integration time was ∼2hr divided into six exposures of 1098 s
each. The chosen grism was R1000R, which covers the spectral
range of 5100–10000Å with a resolution (l lD ) of 1122.5

This grism was selected due to its large spectral range and good
spectral resolution, which provides a large pool to find
emission or absorption lines and calculate the redshift of the
source.
The raw data were reduced using the standard procedure

with the IRAF tasks through the PyRAF software.6 The main
steps are bias and flat correction, cosmic-ray removal,
wavelength calibration, sky subtraction, spectral extraction,
and flux calibration. The cosmic rays were removed in each
individual science spectrum with the IRAF task lacos_spec
(van Dokkum 2001). The wavelength calibration was done
with a combination of arcs from three different lamps (Hg–Ar,
Ne, and Xe) to cover all of the wavelength range of the spectra.
The sky was subtracted with the IRAF task background,
selecting background samples to the right of the blazar and the
left on the companion, and fitted with a Chebyshev polynomial
of order 3. After this step, the science spectra were combined,
which removed any cosmic-ray residual. The spectrum of the
blazar and the companion were extracted independently from
the combined science spectra. The extraction was done with the
IRAF task apall, optimizing the apertures to extract the most
flux from the sources. For the flux calibration, the spectro-
photometric standard star G191-B2B was observed on the same
night of the observation. This calibration included atmospheric
extinction correction at the observatory (King 1985). Each
spectrum was flux calibrated to convert from counts to absolute
flux units and corrected from Galactic extinction using the
IRAF task deredden with the values =R 3.1, ( )- =E B V
0.0109 (Schlafly & Finkbeiner 2011).

2.2. NuSTAR, NICER, and Swift

NuSTARobserved BZB J0955+3551on 2020 January 11
for a net exposure of 25.6 ks under our DDT request (ObsID
90501658002; PI: Paliya). We first cleaned and calibrated the

Figure 1. Left: Pan-STARRS ¢i -filter image of BZB J0955+3551. Note the presence of a faint companion object ∼3″ southeast of the blazar. Parallel black lines
represent the slit position for the long-slit spectrograph OSIRIS. The color bar represents the Pan-STARRS count units. Right: optical spectra of the source BZB J0955
+3551 and the companion taken at GTC with OSIRIS. The red line is the spectrum of the blazar, and the blue line is the spectrum of the companion. The identified
emission and absorption lines are marked with vertical arrows and labeled correspondingly. The atmospheric absorption features are marked with the symbol ⊕.

5 http://www.gtc.iac.es/instruments/osiris/osiris.php
6 PyRAF is a product of the Space Telescope Science Institute, which is
operated by AURA for NASA; http://www.stsci.edu/institute/software_
hardware/pyraf/.
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event file using the tool nupipeline. We defined the source
and background regions as circles of 30 and 70 , respectively.
The former was centered at the target blazar and the latter from
a nearby region on the same chip and avoiding source
contamination. The pipeline nuproducts was used to extract
light curves, spectra, and ancillary response files. In the energy
range of 3−79 keV, a binning of 1.5 ks was adopted to
generate the light curve, and the source spectrum was binned to
have at least 20 counts bin–1.

NICERobserved BZB J0955+3551for a net exposure of
∼11 ks, simultaneous to the NuSTARpointing on 2020
January 11 as a DDT ToO (ObsID 2200990102). We analyzed
the NICERdata with the latest software, HEASOFT 6.26.1,
and calibration files (v. 20190516). In particular, the pipeline
nicerl2 was adopted with default settings to select all 56
detectors, apply standard filters and calibration to clean the
events, and finally merge them to generate one event file. We
then used the tool xselect to extract the source spectrum and
3 minute binned light curve. The background was estimated
using the tool nicer_bkg_estimator7 (K. Gendreau et al.
2020, in preparation). The quasar spectrum was binned to 20
counts bin–1.

Close in time to the arrival of the IC-200107A neutrino, ToO
observations of BZB J0955+3551from the Swiftsatellite
were carried out on 2020 January 8 (Giommi et al. 2020;
Krauss et al. 2020), 10, and 11. We first cleaned and calibrated
the XRT data taken in the photon-counting mode with the
tool xrtpipeline and by adopting the latest CALDB
(v. 20200106). Exposure maps and ancillary response files
were generated with the tasks ximage and xrtmkarf,
respectively. To extract the source spectrum, we considered a
circular region of 47″, which encloses about 90% of the XRT
point-spread function, centered at the target. The background
was estimated from an annular region centered at the target
with inner and outer radii of 70″ and 150″, respectively.
We binned the blazar spectrum to 20 counts bin–1. The
X-ray spectral analysis was carried out in XSPEC (Arnaud
1996), and the Galactic neutral hydrogen column density
( = ´N 1.14 10H

20 cm−2) was adopted from Kalberla et al.
(2005).

Individual snapshots taken from the SwiftUltraViolet
Optical Telescope (UVOT) were first combined using the
pipeline uvotimsum, and then photometry was performed
with the task uvotsource. For the latter, we considered a
source region of 2″, avoiding the nearby object located ∼3″
southeast of BZB J0955+3551. The background is estimated
from a 30″ circular region free from the source contamination.
The derived magnitudes were corrected for Galactic extinction
(Schlafly & Finkbeiner 2011) and converted to flux units
following zero-points adopted from Breeveld et al. (2011).

2.3. Others

The object BZB J0955+3551remained below the detection
threshold of the Fermi Large Area Telescope (LAT) at the time
of the neutrino arrival and prior on a month-to-years timescale
(Garrappa et al. 2020). Therefore, we used the spectral
parameters provided in the recently released fourth catalog of
the Fermi-LAT–detected objects (4FGL; Abdollahi et al. 2020)
to get an idea of the average γ-ray behavior of the source. In
addition to that, we used archival measurements from the Space

Science Data Center.8 These data sets can provide meaningful
information about the typical activity state of the source.

2.4. Probability of Chance Coincidence

The third catalog of high synchrotron peaked blazars (3HSP;
Chang et al. 2019) contains 384 extreme blazars, yielding
a density of ´ -9.3 10 3 deg–2 of sky. Since the total number of
extreme blazars is predicted to be ∼400 (Chang et al. 2019),
the sample of extreme blazars present in the 3HSP catalog can
be considered almost complete. Given that IC-200107A had a
90% localization of 7°.6, we thus expect to find ´ -7.1 10 2

extreme blazars coincident with the neutrino.
We can additionally determine the X-ray flare rate or duty

cycle (DC) for extreme blazars, as for any other class of
astrophysical objects, using the X-ray variability information
collected from an all-sky surveying instrument. For this, we
used publicly available 2−12 keV light curves generated using
the data from the All Sky Monitor (ASM) on board the Rossi
X-ray Timing Explorer (RXTE) mission.9 We cross-matched
the RXTE ASM catalog of 587 sources with 3HSP and found
ASM light curves for 17 extreme blazars. To avoid spurious
detection due to poor sensitivity of the instrument, for each
object, we considered only data points that qualified the
following two filters: (i) the count rate (RASM) should be
positive, and (ii) D >R RASM ASM 2, where DRASM is the 1σ
uncertainty in RASM. Furthermore, the observation on a
particular day was considered a flare if the count rate estimated
for that day of observation (RASM,i) fulfilled the following
condition:

( )- D ´ á ñR R R2 , 1ASM,i ASM,i ASM

where á ñRASM is the median count rate for the mission light
curve. If the observation on a particular day qualified the
abovementioned filter (Equation (1)), we flagged it as a “flare,”
otherwise it is a “nonflare.” The DC is then computed as the
ratio of the number of flaring epochs divided by total observing
epochs. This exercise led to a mean DC for the sample of 5.2%
with a range of 1.7%–8.9%. Assuming the mean DC of these
17 extreme blazars is representative of the broader extreme
blazar population, the probability of finding a coincident
extreme blazar by chance that is simultaneously flaring in
X-rays is just ´ -3.7 10 3. This estimate is, however, specific to
IC-200107A. The possibility that other high-energy neutrinos
may have had flaring extreme blazar counterparts is difficult to
quantify without a systematic follow-up program.

2.5. Neutrino Flux Estimate

A single high-energy neutrino detection from the extreme
blazar population would suggest a cumulative expectation of
0.05 < <Npop 4.74 at 90% confidence, with each of the 384
extreme blazars contributing some fraction of this total
(Strotjohann et al. 2019). If each had an equal likelihood of
generating a neutrino alert, we would expect ´ - 1.3 10 4

N 0.012src per extreme blazar.
Given that the association with BZB J0955+3551is not

dependent on the event topology of IC-200107A, we simply
require sufficient neutrino flux for a single high-energy

7 https://heasarc.gsfc.nasa.gov/docs/nicer/tools/nicer_bkg_est_tools.html

8 https://tools.ssdc.asi.it/
9 http://xte.mit.edu/ASM_lc.html
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neutrino alert under any of the public IceCube real-time alert
selections. The event IC-200107A was identified by a new
neural network classifier (IceCube Collaboration 2020) that
identifies high-energy starting track events with high efficiency
(Kronmueller & Glauch 2019). However, with an overall rate
of high-energy starting tracks that is just ∼2 yr–1 (IceCube
Collaboration 2020), the effective area for this selection is still
substantially smaller than that for throughgoing muon alerts
(Blaufuss et al. 2019).

We can derive the necessary neutrino fluence normalization by
taking the sum of the neutrino effective areas at the decl. of BZB
J0955+3551over the duration of the IceCube real-time system.
For this 4 yr period, which overlaps a transition in IceCube event
selections, we integrate each effective area over the period that it
was active (Aartsen et al. 2017b; Blaufuss et al. 2019). No
neutrino energy estimate was provided for IC-200107A (IceCube
Collaboration 2020), so we here assume an approximate neutrino
energy of ∼100 TeV, the energy at which most starting tracks are
expected for an -E 2 spectrum. The effective area at this energy
was 0.7 m2 under the old alert selection (Aartsen et al. 2017b) and
9.48 m2 under the new alert selection (Blaufuss et al. 2019),
yielding a weighted average of 2.9 m2 at the decl. of the
source. With this effective area, at 100 TeV, we require a mean
neutrino flux of ´ < < ´- - - -F6 10 erg cm s 5 1015 2 1

steady
13

- -erg cm s2 1for extreme blazars such as BZB J0955+3551. If
we assume that neutrino emission from these sources is dominated
by X-ray flares, then for a DC of 5.2%, we expect a flux of
´ < < ´- - - -F1 10 erg cm s 1 1013 2 1

flare
11 erg cm−2 s−1 for

the duration of each flare. Given the large range of the
expected neutrino flux, we conservatively assume a value of
10−13 - -erg cm s2 1for rest of the calculation, considering an
Eddington bias of a factor of 100 (Strotjohann et al. 2019).

3. Results

The optical spectra of BZB J0955+3551and the nearby
companion are shown in Figure 1. Various absorption lines
associated with the host galaxy, e.g., the Ca II H&K doublet,
are identified in the optical spectrum of the blazar. Addition-
ally, we also detected a weak [O II] 3727 emission line. These
allowed us to firmly establish the redshift of BZB J0955
+3551as = -

+z 0.55703 0.00021
0.00033. The spectrum of the companion

does not reveal any noticeable feature. Deeper spectroscopic
observations are necessary to characterize this object and
explore the possibility of its interaction/merger with BZB
J0955+3551.

We computed the rest-frame equivalent width of the [O II]
3727 emission line by fitting the continuum around the
emission line with a polynomial of degree 1 and the emission
line with a Gaussian function (see top left panel in Figure 2).
The data were normalized by the factor 10−17. We first fitted
the continuum with a sample of 45 points ∼30 and ∼40Å to
either side of the line. With the continuum subtracted from the
spectrum, we fitted the emission line using seven points
(∼11Å), more than the three free parameters in the fit. This
leads to a rest-frame equivalent width of 0.15±0.05Åand
line luminosity as ( ) ´6 2 1039 erg s−1. Note that the signal-
to-noise ratio around the [O II] 3727 line is >70, which ensures
that the estimated values are reliable. Moreover, during the
analysis, we varied the extraction aperture, which changed the
amount of sky residuals in the final spectrum, to determine if
the observed emission line could be due to background noise.

In all cases, the line was clearly visible. Therefore, we conclude
that the line detection is real and free from any artifacts.
In order to ascertain the impact of the background on the

NICERobservation, we plot the count spectrum of the source
and background in Figure 2 (top right panel). As can be seen,
the NICERspectrum remains source-dominated up to ∼5 keV.
Therefore, we used the 0.3−5 keV energy range to extract the
NICERlight curve and spectrum of BZB J0955+3551.
In the bottom left panel of Figure 2, we show the

NICERand NuSTARlight curves. The light curves are
scanned to search for rapid flux variations. This was done by
computing the flux doubling/halving time (τ) as follows:

( ) ( ) ( )( )= t-F t F t 2 , 2t t
2 1 2 1

where ( )F t1 and ( )F t2 are the fluxes at time t1 and t2,
respectively. The uncertainties in the flux values were taken
into account by setting the conditions that the difference in
fluxes at epochs t1 and t2 is at least 2σ significant.
We found evidence of rapid flux variations in the

NICERdata with the shortest flux halving time of 28.3±7.9
minutes at a 3.5σ significance level. The NuSTARlight curve
also revealed traces of fast variability with the shortest flux
doubling time of 19.2±10.7 minutes, albeit at a low 2.2σ
confidence level.
In order to search for curvature in the X-ray spectrum, we

fitted two models, a power law and a log-parabola, taking into
account the Galactic absorption. The goodness of the fit was
determined using the F-test. The results of the spectral
analysis are provided in Table 1, and the residuals of the fit
are shown in Figure 2 (bottom right panel). The XRT
spectrum taken on January 8 is well explained with a simple
absorbed power-law model, whereas that of January 10 is
better fit with the log-parabola model. The joint NICERand
NuSTARspectrum from January 11 is also well explained
with an absorbed log-parabola model, clearly revealing the
synchrotron peak. Note that we do not use Swift-XRT data in
the January 11 spectral fitting for two reasons: (i) the fit is
dominated by NICERand NuSTARspectra because of
much better photon statistics, and (ii) after removing bad
channels (using the ignore bad command in XSPEC), the
Swift-XRT spectrum is limited up to 5 keV, thus giving no
advantage over the NICERobservation.
The broadband spectral energy distribution (SED) of BZB

J0955+3551during the January 8, 10, and 11 epochs is shown
in Figure 3. The archival IR–optical spectrum reveals a bump
that likely originated from the host galaxy and has been noticed
in many extreme blazars (see, e.g., Costamante et al. 2018).
The long time-averaged 4FGL SED reveals an extremely hard
γ-ray spectrum suggesting that the inverse Compton peak is
located at very high energies (VHEs; >100 GeV). Note that at
this redshift, the extragalactic background light attenuation is
also significant (Domínguez et al. 2011; Paliya et al. 2019a).

4. Discussion

4.1. Properties of the Central Engine

We have used the well-calibrated empirical relation between
the black hole mass (MBH) and the central stellar velocity
dispersion (s*) to determine the former (see Gültekin et al.
2009; Kormendy & Ho 2013). To determine s*, we used
the penalized PiXel Fitting software (pPXF; Cappellari &
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Emsellem 2004). This tool works in pixel space and adopts a
maximum penalized likelihood approach to derive the line-of-
sight velocity distribution (LOSVD) from kinematic data
(Merritt 1997). To fit the galaxy spectrum, pPXF uses a large
set of single stellar population spectral libraries that we adopted
from Vazdekis et al. (2010). It first creates a template galaxy
spectrum by convolving the stellar population models with the
parameterized LOSVD and then fits the model on the observed
galaxy spectrum by minimizing c2. We also added a fourth-
order Legendre polynomial to account for the likely featureless
contribution from the nuclear emission. From the best-fit
spectrum, pPXF computes s* and associated 1σ uncertainty.
The result of this analysis is shown in Figure 4, and the derived
s* is 306.04±18.71 km s−1.

We used the following empirical relation to compute MBH
(Gültekin et al. 2009):

⎜ ⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠

( ) ( )

( )



s

=  + 

´
-

M

M
log 8.12 0.08 4.24 0.41

log
200 km s

. 3

BH

1
*

By supplying the s* derived from the pPXF fit in the above
equation, the mass of the central black hole is obtained as

 = Mlog 8.90 0.16BH, . The quoted uncertainty is statistical

only and does not include the intrinsic scatter (∼0.4 dex)
associated with this method (Gültekin et al. 2009).
Since no broad emission lines are detected in the optical

spectrum of BZB J0955+3551, we have determined a 3σ upper
limit on the broad-line region (BLR) luminosity (LBLR) by
adopting the following procedure. The OSIRIS spectrum was
analyzed in the rest-frame wavelength range [4700, 5000]
Å,where the H β emission line is expected to be present. We
brought the spectrum to the rest frame and fitted with a power
law to reproduce the continuum. We assumed the Hβ emission
line as a Gaussian with variable luminosity while keeping its
FWHM fixed to 4000 km s−1, a value typical for blazars (see
Shaw et al. 2012). Then, a c2 test was performed by fitting the
Gaussian model on the data by varying the line luminosity
( bLH ). We computed the upper limit to bLH when c c>2 2

(99.7%), i.e., at a 3σ confidence level. The derived upper limit
on bLH is ´1.1 1042 erg s−1. This is demonstrated in the
bottom panels of Figure 4. Furthermore, by adopting the line
flux ratios from Francis et al. (1991) and Celotti et al. (1997),
we estimated the LBLR upper limit as ∼2.7×1043 erg s−1. The
presence of a more luminous BLR can be ruled out, as that
would emit stronger emission lines that should be observed in
the optical spectrum. Furthermore, the inferred LBLR implies an
accretion rate (in Eddington units) of L L 0.0003BLR Edd .

Figure 2. Top left: fit of the emission line [O II] 3727 to derive its luminosity and equivalent width. The spectrum is shown with a green line and the fit with a red line.
The continuum is fit with a polynomial of degree 1 and the line with a single Gaussian function. The wavelength of the line has been subtracted from the x-axis. Top
right: NICERcount spectra of BZB J0955+3551(black) and the background (red). As can be seen, at 5 keV, the background dominates the observed counts.
Bottom left: 1.5 ks binned NuSTAR(3−79 keV) and 3 minute binned NICER(0.3−5 keV) light curves of BZB J0955+3551. The flux of the former is multiplied by
10 for a meaningful comparison. Bottom right: NICERand NuSTARcount spectra jointly fitted with the best-fit log-parabola model. The lower panels show the
residuals of the fit for two models: power law and log-parabola, as labeled.
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Such a low accretion rate suggests a radiatively inefficient
accretion process and is expected in BL Lacs.

4.2. General Theoretical Considerations

The following section considers general energetic require-
ments for the production of a detectable IceCube neutrino flux
in the jet of BZB J0955+3551. These are constrained by the
observed UV–X-ray flux just after the detection of the neutrino
event on 2020 January 8 and are similar to that reported for
neutrino production in TXS0506+056 by Reimer et al. (2019).
Specifically, a flux around ~1016–1017Hz of ‐n ~nF XUV

-
-F10 12

UV, 12 erg cm−2s−1 was observed, while the peak of
the X-ray spectrum was located around~1018 Hz at a flux close
to n ~ ´n

-F 3 10 12 erg cm−2s º- -
-F10 X

1 12
, 12 erg cm

−2s−1

with ~-F 3X, 12 . We first derive a general constraint on the jet
content of protons that might potentially be responsible for
VHE neutrino production and then consider two possibilities
for the source of the target photons for photopion production on
those protons.

The neutrino emission region propagates along the jet with a
Lorentz factor G = G10 1, leading to Doppler boosting char-
acterized by a Doppler factor =D D10 1. The observed
subhour-scale X-ray variability suggests a size of the X-ray
emission region of ´R D3.5 10 cmX

14
1 . As our analytical

and numerical modeling results below will demonstrate, it is
unlikely that the observed X-ray emission has been produced in
the same (photohadronic and cascade) processes as the neutrino
emission. Hence, the neutrino emission region may be different
from that producing X-rays. Assuming a neutrino emission
region of the size mentioned above would lead to an
unrealistically high compactness, with the required relativistic
proton pressure exceeding the magnetic pressure by many orders
of magnitude. For example, the assumed production of the
observed neutrino flux through photopion processes requires
characteristic proton powers of –~L 10 10p

48 49 erg s−1. Writing
=L L10p

48
48 erg s−1, the energy density in relativistic protons

is then (¢ ~u L R10p
3

48 16
2 ) erg cm−3, assuming a proton escape

timescale of =¢t 10esc
7 s (see Böttcher et al. 2013, for details).

Assuming relativistic protons, the pressure exerted by protons is

(¢ ~ ¢ ~p u L R3 350p p 48 16
2 ) dynecm−2. The magnetic pres-

sure, on the other hand, is ¢ ~p B400B 2
2 dynecm−2. Thus, for an

emission region size =1016 cm, the proton pressure will exceed
the magnetic pressure for any plausible value of the magnetic
field. Thus, confinement of the emission region in such a small
volume appears implausible. We therefore assume that neutrinos
are produced in a larger emission region of size ~R R1016

16
cm. In the following, primes denote quantities in the rest frame
of this emission region. The redshift of z= 0.5573 corresponds
to a luminosity distance of ~ ~ ´d 3.2 Gpc 9.7 10L

27 cm.

4.3. Proton–Photon Interactions and Neutrino Production

In active galactic nucleus (AGN) jets, neutrinos are most
plausibly produced through photohadronic interactions of
relativistic protons of energy g¢ =E m cp p p

2 with target photons

of energy ¢Et . This interaction is most efficient when the
center-of-momentum frame energy squared, ( )= +s m cp

2 2

( )b q¢ ¢ -E E2 1 cosp t p —where b g= -1 1p p
2 is the nor-

malized velocity (in units of the speed of light c) and gp is the
Lorentz factor of the proton—of the interaction is near the
D+ resonance, ( )~ =D+s E 1232 MeV2 2, where the gp interac-
tion cross section peaks. This translates into a condition
¢ ¢ ~ ´E E 3.2 10 MeVp t

5 2.
The proton energy required to produce neutrinos at observed

(i.e., Doppler-boosted) energies of hundreds of TeV, ºnE
E100 14 TeV (E14 is the neutrino energy in units of 1014 eV), is

( ) x¢E E D200p 14 1 0.05 TeV (i.e., g¢ = ¢ ´E m c 2p p p
2 105

( )xE D14 1 0.05 ), where x xº 0.05 0.05 is the average neutrino
energy per initial proton energy in photohadronic interactions
(Mücke et al. 1999). The Larmor radius of protons with
such energy is ( [ ])g~ ´ ¢ ´ -r B6.7 10 2 10L p

10 5
2

1 cm, where
=B B100 2 G is the magnetic field. This indicates that they are

expected to be well confined within the emission region and
can plausibly be accelerated by standard mechanisms.
For photopion (and neutrino) production by protons of

this energy at the D+ resonance, target photons of ¢ Et
xD E1.6 1 0.05 14 keV are required. In Section 4.5, we will

discuss two extreme options for the source of such target

Table 1
Summary of the SED Analysis

X-Ray
Epoch aGX β Normalization Flux χ2/dof Prob. Instrument

Jan 8 -
+1.74 0.10

0.11 L -
+14.11 1.03

1.03
-
+5.37 0.77

0.97 22.93/27 0.6 Swift-XRT

Jan 10 -
+2.83 0.38

0.44 1.100.49
0.54

-
+1.17 0.22

0.21
-
+1.89 0.48

0.67 14.07/21 < -10 4 Swift-XRT

Jan 11 -
+2.13 0.04

0.04
-
+0.17 0.03

0.04
-
+1.74 0.07

0.08
-
+3.80 0.17

0.14 456.94/462 < -10 4 NICER+NuSTAR

-
+2.11 0.15

0.21

Swift-UVOT
Epoch V B U UVW1 UVM2 UVW2

Jan 8 L L L L 5.75±0.56 6.03±0.54
Jan 10 3.78±1.24 3.13±0.70 4.03±0.59 4.58±0.58 5.54±0.55 6.23±0.70
Jan 11 L 3.54±0.72 3.91±0.58 5.20±0.72 5.36±0.51 6.75±0.74

Note. Swift-XRT spectral fitting (January 8 and 10) is done in the energy range of 0.3−10 keV, whereas it is 0.3−79 keV for the joint NICERand NuSTARanalysis
(January 11). Here GX is the power-law X-ray photon index, and α and β are the log-parabolic photon index at the pivot energy (fixed at 3 keV) and the curvature
around the peak, respectively. The X-ray normalization has units of 10−4 - -ph cm s2 1keV−1. The quoted flux values are in the 2−10 keV energy range, and in the
second row of January 11 data, we also provide the flux in 10−79 keV. The power-law and log-parabola models were compared by adopting the F-test, and the
derived probability of the null hypothesis (that the power-law model is a better representation of the data) is given in the column “Prob.” The flux values reported for
the Swift-UVOT filters are in 10−13 - -erg cm s2 1and corrected for Galactic reddening.
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photons: (a) the comoving electron synchrotron radiation field
and (b) an external radiation field that is isotropic in the AGN
rest frame. First, however, we derive constraints on the number
of relativistic protons that may be present in the jet.

4.4. Constraints on Jet Power

Protons of energy ( )x¢ =E E D200p 14 1 0.05 TeV radiate
proton synchrotron radiation at a characteristic frequency of

( )n g= ´ B D m m4.2 10 HzG p e ppsy
obs 6 2

( )
x

» ´
B E

D
9.2 10 Hz, 416 2 14

2

1 0.05
2

i.e., in soft X-rays. Given a number of protons of energy gp,
i.e., ( ) ( )g g g g~N dN dp p p p p p, one may calculate the produced
comoving luminosity in proton synchrotron radiation as

⎛
⎝⎜

⎞
⎠⎟

( )s
p

g
g

g
¢ »L

c B m

m

dN

d6
T e

p
p

p p

p
psy

2 2
3

( )
( )

g
g x

» ´ - -dN

d
B

E

D
2.5 10 erg s . 5

p p

p

2
2
2 14

3

1
3

0.05
3

1

The resulting observable soft X-ray flux, n ~nFpsy D1
4

( )p¢L d4 Lpsy
2 , may not overshoot the actually observed UV–

soft X-ray flux, thus constraining the differential number of
protons to

( )
( )

g
g

x
´

-dN

d

F

B D E
4.7 10 . 6

p p

p

X42 , 12 0.05
3

2
2

1 14
3

We consider a proton spectrum of the form ( )g =Np p

g a-N p0
p with a = 2p , extending from g = 1p,min to g ~ ´2p,max

( )xE D105
14 1 0.05 so that the resulting proton synchrotron

spectrum actually peaks (in n nF representation) at the
characteristic proton synchrotron frequency npsy evaluated in
Equation (4) above. The proton spectrum normalization is then

constrained to

( )
x

´ -N
F

B D E
1.9 10 , 7X

0
53 , 12 0.05

2
2

1
3

14

limiting the kinetic jet power in relativistic protons to

( )
g~

G
L

c m c N

R

3

4
lnp

p
2 2

0
p,max

( ) ( )
x

h´
G

+- - F

B D E R
6.4 10 12.2 erg s , 8X46 , 12 0.05 1

2

2
2

1
3

14 16

1

where ( [ )h xº E Dln 14 1 0.05 . For h = 0 and all baseline
parameters, Equation (8) evaluates to ´2.3 1048 erg s−1 for a
one-sided jet. In the following, we ignore the (presumed small)
correction arising from potential values of h ¹ 0.
Using the proton spectrum with the normalization given

by Equation (7), we may estimate the comoving neutrino
luminosity through the proton energy loss rate due to photopion
production given by Kelner & Aharonian (2008; see also
Berezinskii & Grigor’eva 1988; Stanev et al. 2000),

( ) ( )g s g» - á ñ ¢ ¢ ¢g g  c f n , 9p t t pp,p ph

where ( )¢ = ¢ E m ct t e
2 and sá ñ »g

-f 10p
28 cm2 is the

elasticity-weighted pγ interaction cross section. The factor
( )¢ ¢ ¢ n t tph provides a proxy for the comoving energy density of

the target photon field, ( )( )¢ » ¢ ¢ ¢ u m c ne t tt
2

ph
2. Considering

that the energy lost by protons in pγ interactions is shared
approximately equally between photons and neutrinos, the
VHE neutrino luminosity is given by

∣ ∣ò g g g¢ »n
g

g
g

-L N m c d
1

2
p p p0

2 2
p,p

1

p,max

⎛
⎝⎜

⎞
⎠⎟ ( )s

g
g

» á ñ
¢

¢g


c N m c f
u

m c

1

2
ln . 10p p

t

t e
0

2
2

p,max

1

Considering that the target photon is unlikely to be
monoenergetic, we set the lower limit in the integral in
Equation (10) to ( )g x= ´ D6.4 101

4
1 0.05 , corresponding to

Figure 3. Left: broadband SED of BZB J0955+3551generated using the data acquired on January 8 (red) and 11 (yellow) and also considering archival observations
(green). In the Fermi-LAT energy range, we show the bow-tie and spectral data points adopted from the 4FGL catalog. Right: same as the left panel but plotting the
results of the hadronic simulation performed using the parameters constrained from the observed optical-to-X-ray spectrum and derived from the analytical
calculations in Section 4.2. We divide the expected 100 TeV neutrino flux of 1×10−11 - -erg cm s2 1(black open star) by a factor of 100 (black filled star) to take into
account the Eddington bias (see Strotjohann et al. 2019).
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protons producing neutrinos with an observed energy of
∼30TeV. With this choice, the limit on the neutrino luminosity
(corresponding to the limit on N0 from Equation (7)) evaluates to

( ) ( )¢ ´
¢

n -
- -L

u
E

F

B D
1.7 10

erg cm
ln 3.1 erg s , 11t X41

3 14
, 12

2
2

1
4

1

which yields a limit on the VHE neutrino flux measured on
Earth as

( )

( )

´
¢

n
-

-
- - -F

u
E

F

B
1.4 10

erg cm
ln 3.1 erg cm s .

12

t X12
3 14

, 12

2
2

2 1

The single neutrino detection of IC-200107A corresponds
to an approximate neutrino energy flux of ~n

-F 10obs 11

erg cm−2s−1 (Section 2.5). Accounting for a possible Edding-
ton bias due to the large number of potentially similar blazars
from which no neutrinos have been detected (Strotjohann et al.
2019), the actual neutrino flux from this individual source
may, however, be up to a factor of ∼100 lower than the
estimate provided above. Therefore, we base our estimates

below on a neutrino flux of ~n n
-

-F F10 13
, 13 erg cm−2s−1.

Thus, Equation (12) translates into a limit on the comoving
target photon field energy density of

( )
( )¢ ´ n- -

-

-u
B F

F E
6.8 10

ln 3.1
erg cm . 13t

X

2 2
2

, 13

, 12 14

3

In the following, we will discuss the implications for the
nature of such a target photon field.

4.5. Implications for the Target Photon Fields

We will distinguish two possible scenarios, which can be
thought of as extreme limiting cases: (a) a target photon field
that is comoving with the emission region (such as the electron
synchrotron emission) or (b) a stationary target photon field in
the AGN rest frame.

4.5.1. Comoving Target Photon Field

If the target photon field is comoving (e.g., the electron
synchrotron photon field, which is routinely used in leptoha-
dronic blazar models as targets for photopion production), the

Figure 4. Top: optical spectrum of BZB J0955+3551 (black line) fitted with the stellar population synthesis tool pPXF (red line). The bottom panel refers to the
residual of the fit. The gray shaded areas denote the wavelength regions excluded from the fit to mask emission lines. The derived stellar velocity dispersion and
reduced c2 are quoted. Bottom: rest-frame OSIRIS spectrum (blue solid line, left panel) when fitted with a power law (black dashed line) and a single Gaussian
function with variable bLH . The right panel shows the variation of the derived c2 as a function of bLH . The vertical black solid line highlights the bLH value beyond
which c c>2 2 (99.7%).
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target photon energy ¢Et corresponds to an observed photon
energy of xE D E16t, obs 1

2
0.05 14 keV (i.e., hard X-rays). The

directly observed X-ray flux corresponding to the comoving
radiation energy density from Equation (13) is, in this case,
Doppler boosted by a factor of D4 with respect to the observer,
yielding a lower limit on the X-ray flux from this radiation
field of

~
¢

F
D R c u

d
t

t

L

obs,a
4 2

2

( )
( )´ n- -

-

- - F R B D

F E
2.2 10

ln 3.1
erg cm s . 14

X

11 , 13 16
2

2
2

1
4

, 12 14

2 1

Thus, a slightly smaller emission region size than 1016cm, a
magnetic field of <B 102 G, and/or a slightly smaller Doppler
factor of <D 10 might plausibly allow this estimate to not
overpredict the observed X-ray flux of ~ ´ -F 3 10X

12

erg cm−2s−1. This is contrary to the case of TXS 0506+056,
where the comoving electron synchrotron radiation field being
the dominant target photon field for photopion production to
produce a significant flux of VHE neutrinos could be safely
ruled out (see, e.g., Keivani et al. 2018; Reimer et al. 2019;
Rodrigues et al. 2019; Zhang et al. 2020).

4.5.2. Stationary Photon Field in the AGN Rest Frame

In the case of a photon field that is stationary (and quasi-
isotropic) in the AGN rest frame, the external (stationary)
target photon field is Doppler boosted into the blob frame, so
that xE E0.16t, obs 0.05 14 keV (i.e., UV-to-soft X-rays). In
this case, the target photon density is enhanced in the
comoving frame compared to the AGN rest-frame energy
density ~ ¢ Gu ut t

AGN 2. Assuming that the target photon field
originates in a larger region of size =R R10t t

17
,17 cm

surrounding the jet, the resulting directly observable UV–soft
X-ray flux amounts to

~
¢

G
F

u R c

d
t

t t

L

obs, b
2

2 2

( )
( )´

G
n- -

-

- - F R B

F E
2.2 10

ln 3.1
erg cm s . 15t

X

15 , 13 ,17
2

2
2

1
2

, 12 14

2 1

For most plausible parameter choices, this remains of the order
of the observed X-ray flux.

We therefore conclude that a scenario involving a dominant
external radiation field as the target for photohadronic neutrino
production in the jet of BZB J0955+3551 can more easily
satisfy all observational constraints. However, a comoving
target photon field (e.g., electron synchrotron) cannot be ruled
out or even strongly disfavored.

Using the 3σ upper limit on LBLR derived in Section 4.1, we
can determine whether the external photon field needed for
neutrino production (Equation (13)) could originate from the
BLR of BZB J0955+3551. Assuming that the emission region
is located within a spherical BLR of radius RBLR, the comoving
frame BLR energy density can be written as follows:

( )
p

¢ ~
G

u
L

R c4
. 16BLR

2
BLR

BLR
2

Adopting = ~R R 10tBLR
17 cm and G = 10, we get ¢ uBLR

0.72 erg cm−3. This implies that the BLR could act as a

reservoir of seed photons for photohadronic neutrino produc-
tion. However, since a definite value of LBLR could not be
ascertained, a strong conclusion cannot be made. Indeed, if we
consider the disk luminosity–BLR radius relationship (see, e.g.,
Tavecchio & Ghisellini 2008), a low level of accretion
luminosity of BZB J0955+3551indicates a small RBLR, and,
on average, the emission region would be located farther away,
as also reported in various blazar population studies (see, e.g.,
Paliya et al. 2017, 2019b). In the absence of a strong
photon field, relativistic electrons can reach up to VHEs,
leading to the observation of a high synchrotron peaked SED
(see Ghisellini et al. 2013). Therefore, though plausible, a BLR
origin of the external photon field cannot be ascertained with
high confidence.
In the following, we will further investigate the possibility of

photohadronic neutrino production in BZB J0955+3551 with
an external target photon field and check whether the observed
optical–UV–X-ray spectrum is consistent with constraints from
electromagnetic cascades initiated by the neutrino-producing
pion and muon decay processes.

4.6. Numerical Simulations

Following the analytical considerations in the previous
subsections, we now attempt to reproduce the observed
neutrino flux with a detailed numerical model while not
overshooting the observed emission. We employ the steady-
state, single-zone leptohadronic model described in Böttcher
et al. (2013), using parameters in agreement with the limits
derived from the analytical estimates in the previous subsec-
tion. In the numerical simulation, as described in Böttcher et al.
(2013), the code determines the radiating proton spectrum by
evaluating an equilibrium between injection of a power-law
proton spectrum, escape, and radiative cooling. The escape
timescale has been set as a multiple h = 30esc times the light-
crossing timescale, i.e., h¢ = *t R cesc esc (in the comoving
frame of the emission region). This is the same for electrons
and protons. Numerically, therefore, a proton escape timescale
of ¢ =t 10 sesc

7 was used in the simulation. The external photon
field required for photohadronic neutrino production is
represented by an equivalent electron synchrotron radiation
field with the same characteristics as the presumed external
radiation field in the comoving frame of the neutrino emission
region, because the code of Böttcher et al. (2013) does not
currently include external radiation fields for photopion
production. It has been shown that the anisotropy of the target
photon field has a negligible effect on the neutrino production
and electromagnetic radiation output.10 Thus, our equivalent
electron synchrotron radiation setup is an appropriate proxy for
the required external target photon field.
The results of the simulation reproducing the Eddington

bias–corrected neutrino flux of ~n
-F 10 13 erg cm−2s−1 are

shown in Figure 3 with red and magenta solid lines. The
corresponding parameters are listed in Table 2. The choice of
the SED parameters was based on the typical values found in
previous leptohadronic modeling of blazars (Böttcher et al.
2013; Keivani et al. 2018; Reimer et al. 2019; Rodrigues et al.
2019). The very intense target photon field provides a very high
γγopacity for γ-rays in the Fermi-LAT energy range and
higher, analogous to what was found for TXS 0506+056

10 https://indico.cern.ch/event/828038/contributions/3590902/
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(Reimer et al. 2019). This suggests that one would not expect a
significant correlation between neutrino and γ-ray activity.
Furthermore, the cascade synchrotron flux is well below the
observed optical–UV–X-ray flux, suggesting that all electro-
magnetic flux components are likely to be produced by
different processes and possibly even in a different emission
region than the neutrino flux.

The dashed model curves in Figure 3 show an attempt
to reproduce the neutrino flux of 10−11 - -erg cm s2 1, i.e.,
neglecting the Eddington bias. For this purpose, the target
photon density was increased by a factor of 36 with respect to
the previous simulation, leaving all other parameters
unchanged. It is obvious that, in this case, the electromagnetic
output from proton synchrotron and cascades overshoots the
optical–UV fluxes, and its spectral shape is very different from
the observed optical–X-ray spectrum of BZB J0955+3551.
This can, therefore, be ruled out.

Overall, our results suggest a scenario in which a relativistic
proton population responsible for the observed neutrino
emission from BZB J0955+3551may only make a subdomi-
nant contribution to the observed X-ray flare. The detection of
rapid X-ray flux variability also hints that the neutrino-
producing region may not be same as the one emitting X-rays.
Therefore, we argue that the detection of an X-ray flare from
BZB J0955+3551found close in time to IC-200107A is likely
a coincidence, and the two events may not be physically
connected.

A comprehensive analysis of the this neutrino event has also
been carried out by Petropoulou et al. (2020), who studied the
same event using various leptohadronic models with different
emission region conditions. Though cospatial neutrino and
electromagnetic radiation–producing regions were considered,
the neutrino emission was not found to be related to the
observed X-ray flare. These results are aligned with our
findings derived from analytical calculation and a crude
numerical simulation as discussed above. Moreover, among
various theoretical models, they also explored a case of a
hidden external photon field (a putative weak BLR) providing
seed photons for photohadronic production of neutrinos. In this
single-zone leptohadronic model with an external photon field,
they reported that the predicted neutrino flux would be even
lower during the X-ray flare to avoid overshooting the observed
γ-ray spectrum (see Petropoulou et al. 2020 for details). These
findings are in agreement with those reported in this work.

5. Summary

We have followed the X-ray flaring activity of BZB J0955
+3551(Giommi et al. 2020; Krauss et al. 2020) with
NuSTAR, Swift, and GTC and also used the simultaneous
observation from NICER. Using the high-quality OSIRIS
spectrum, we determined the spectroscopic redshift of the
blazar as = -

+z 0.55703 0.00021
0.00033. On the other hand, we could not

ascertain the nature of the companion object identified ∼3″
southeast of BZB J0955+3551in the ¢i -filter Pan-STARRS
image. From the stellar velocity dispersion measured using
pPXF, the central black hole mass of BZB J0955+3551was
derived as 108.90 0.16

M . Moreover, the optical spectrum of
the source reveals a faint [O II] 3727 emission line with a rest-
frame equivalent width of 0.15±0.05Å. We estimated a
very low level of accretion activity, which is consistent with
that expected from BL Lacs. There is tentative evidence
( s3.5 ) for the hour-scale flux variability in the X-ray band,
as estimated from the NuSTARand NICERlight curves.
Finally, we showed that a scenario involving an external
photon field as a target for photopion production of neutrinos
is more easily able to satisfy all observational constraints, but
a scenario invoking a comoving target photon field (e.g.,
electron synchrotron) cannot be ruled out or even strongly
disfavored. Any electromagnetic signatures of the photopion
processes responsible for the neutrino emission are likely to
only make a subdominant contribution to the observed
electromagnetic radiation from IR to γ-rays, suggesting that
the X-ray flaring event may not be directly connected with
IC-200107A.
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Table 2
Parameters Used/Derived from the Numerical Simulation

Parameter Value

Comoving photon field energy density (erg cm−3) 55
Comoving photon field peak frequency (Hz) ´3.5 1017

Magnetic field (G) 100
Bulk Lorentz factor 10
Emission region radius (cm) 1×1016

Viewing angle (deg) 5.7
Low-energy cutoff of proton spectrum (GeV) 1
Proton high-energy cutoff (GeV) 106

Proton injection spectral index 1.1
Kinetic luminosity in protons (erg s−1) 1×1049

Magnetic jet power (erg s−1) ´3.75 1047

Note.The shape of the proton spectrum is adopted as a power law.

11 Any opinion, finding, and conclusion or recommendation expressed in this
material is that of the authors, and the NRF does not accept any liability in this
regard.
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Software: XSPEC (Arnaud 1996), IRAF (Tody 1986, 1993),
PyRAF (Science Software Branch at STScI 2012), HEA-
soft (v6.26).
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